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PREFACE

The National Earthquake Prediction Evaluation Council (NEPEC) was established in
1979 pursuant to the Earthquake Hazards Reduction Act of 1977 to advise the Director-~
of the U.S. Geological Survey (USGS) in issuing any formal predictions or other
information pertinent to the potential for the occurrence of a significant earthquake. It
is the Director of the USGS who is responsible for the decision whether and when to
issue such a prediction or information.

NEPEC, also referred to in this document as the Council, according to its charter is
comprised of a Chairman, Vice-Chairman, and from 8 to 12 other members appointed by
the Director of the USGS. The Chairman shall not be a USGS employee and at least
one-half of the membership shall be other than USGS employees.

The USGS has published the proceedings of previous NEPEC meetings as open-file

reports; these reports are available from the USGS Open-File Distribution Center in
Denver, Colorado.

il
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JANUARY 11, 1990
Morning Session

T.McEVILLY, the new chairman of the National Earthquake Prediction Evaluation
Council (NEPEC), opened the Council meeting by welcoming the new members as well.~
as those continuing as members of the Council. All members were in attendance except
J.Stock and J.Davies.

R.WESSON began the meeting by providing members with a brief history of NEPEC.
The Council was formed was a direct outgrowth of the National Earthquake Hazards
Reduction Program and specifically serves as an advisory council responsive to the
Director of the U.S. Geological Survey (USGS). In the early years of its existence (late
1970’s - early 1980’s), the Council was primarily focused on reviewing earthquake
predictions and quasi-predictions, under the chairmanship of Clarence Allen. Later,
under the leadership of Lynn Sykes, NEPEC became more oriented to reviewing
developments in earthquake predictions, both in terms of regional focus and topical
work. Four regions were examined in detail: northern California, southern California,
Alaska, and the Pacific Northwest. In addition, two outstanding roles played by NEPEC
were in reviewing and recommending implementation of the Parkfield Prediction
Experiment and the California Earthquake Probabilities Report (USGS Open-file
Report 88-398).

Now entering its third era, under the leadership of Tom McEvilly, the newly convened
Council is being asked to decide how active it should be. Should it review topical
problems or continue to do regional studies? Should NEPEC consider public policy
issues associated with earthquake predictions, and perhaps look at related hazards such
as Mammoth Mountain, California? Should it begin to focus on another experiment in
southern California along the pattern of the Parkfield array? We are beginning to see
some real encouragement that we are gaining ground on earthquake predictions, based
in part upon the experience we have had with the Loma Prieta earthquake. It is
becoming more technologically feasible for us to make time-variable statements about
earthquakes in specific regions.

T.McEVILLY thanked Wesson for the helpful summary. He made the point that,
because of the Loma Prieta earthquake, the 1988 probabilities report, and the USGS
stating a successful forecast of the event, NEPEC was now being put in a position of
taking aggressive new steps in earthquake prediction evaluation.

K.AKI reminded the Council that NEPEC is an evaluation council, not a research or
operational organization.

R.WESSON agreed. Predictions are formulated by researchers somewhere else, and

NEPEC evaluates, e.g., the evaluation efforts of the Working Group for California
Earthquake Probabilities. Meanwhile, operational kinds of things will have to be done
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by the USGS and other institutions. NEPEC will need to look at issues, scenarios, and
documents that are concerned with time scales of years to months.

J.DAVIS believes that from the State of California perspective, NEPEC has been very
successful. NEPEC can effectively assess what is being published in the technical -~
literature. NEPEC played a key role in advising the USGS on what is needed to be
done to make Parkfield operational. However, NEPEC cannot deal with short-term
predictions, i.e., on a scale of hours to days in an extemporaneous manner; the Council is
not geared for that.

J.DIETERICH agreed. One of the values of regional evaluations is that it brought
NEPEC up to speed so that it can respond to predictions as they come up. NEPEC
could not have undertaken the Working Group Report if it had not had the extensive
background regional understanding. He felt that regional reviews should be continued.

T.HEATON felt it would be exceedingly helpful to the USGS and State of California to
have some prearranged policy on how to respond in southern California in a manner
similar to Parkfield. How to respond and what should be said need to be developed in
advance instead of in an ad hoc manner during the crisis. There are still some long-term
geologic problems on which NEPEC could offer some advice, e.g., the Los Angeles Basin
deformation issue and how to deal with the Cascadia Subduction zone; particularly,
NEPEC could help in dealing with local governments.

B.BAKUN reminded NEPEC that it has a lot of power in advising the USGS Director’s
office. It can offer good ideas and force actions to be taken by the USGS, e.g.,
Parkfield. Also, as a result of Parkfield, we have made a lot of progress in
communicating with the public, the California Office of Emergency Services, and the
local emergency-response community.

J.DAVIS recalled that NEPEC did review the Parkfield prediction in 1984, and the
California Earthquake Prediction Evaluation Council also did so in 1985. Advisories
from NEPEC stated that we should attempt to make a real-time prediction at Parkfield.
We need to get ready for predictions that may be developed for other fault segments,
and we need to preplan our advisories.

K.SHEDLOCK felt we need to be conscious of both our proactive function and reactive
function. We review conclusions from studies in a particular region and then try to
motivate further work to resolve questions. Also, she was curious about the results of
the NEPEC review of Pacific Northwest which occurred over 2 years ago.

R.WESSON said that there was not sufficiently compelling evidence at that time to issue
a statement for public concern for a major subduction zone earthquake.

R.WELDON indicated that Oregon needs to have some guidance from NEPEC on how



to respond to the individual statements of researchers indicating specific risks in the
State.

R.WESSON agreed, there has been a lot of new evidence that has come about since
1987 to make it appropriate to revisit the question of a major subduction zone -
earthquake in the Pacific Northwest.

A.JOHNSTON indicated that there is also a need to look at the Central United States.
He suggests that as you go from West to East, from California to Wasatch to New
Madrid, the data ranges from very good to very limited.

R.WESSON reminded NEPEC that from 1978 to present, several millions of dollars of
effort have resulted in our ability to write the California probability report. So far,
probability estimates in the Eastern United States are based on very limited research
expenditures.

H.KANAMORI reiterated that NEPEC's traditional role has been to review regional
earthquake predictions and that it is becoming more difficult, especially outside of
California, for the Council to have sufficient expertise to do these reviews. He thinks we
need to rely more on working groups in the various regions being addressed. Also, can
we make our long-term and intermediate-term predictions more useful to hazard
reduction, e.g., more practical applications, such as for engineers? How should we be
using earthquake predictions to reduce the risk?

T.HEATON agreed that NEPEC has the opportunity to make policy statements based
upon predictions and forecasts, i.e., to advise practicing engineers erecting buildings
whose design lives are within the prediction time window.

J.DAVIS pointed out that NEPEC also can have an effect on the decisionmakers at
Federal, State, and local levels.

R.WELDON would like to see an evaluation of current earthquake prediction
methodologies. Just how good are our understandings of processes? What research is
needed? What should be done to improve our abilities to issue forecasts or predictions?

J.HEALY was invited to give a summary of his views on the question, "Did the Soviets
predict the Loma Prieta Earthquake?" He provided NEPEC with some supporting
documentation (appendix A). He opened his presentation by summarizing the
organization of the new Soviet research group "International Institute for the Theory of
Earthquake Prediction and Mathematical Geophysics" which is led by V.Keilis-Borok
(see NEPEC Proceedings, USGS Open-file Report 89-144). After extensive interaction
with his Soviet colleagues, particularly V.Kossobokov, Healy felt he was able to give a
summary of the Soviet prediction methodology known as "M8." If he were asked the
question, "Did the Soviets predict the Loma Prieta earthquake?" he would answer in the



affirmative, but felt we must be careful of terminology. The methods of the United
States and Soviet Union are quite distinct. In the United States, all of our predictions
are based on the concept that we first know the fault and the size of the potential
earthquake before we attempt a prediction. The Soviets begin from an entirely different
starting point; they predict the time without knowing the location. Therefore, we would -
generally not accept their work as a prediction.

The Soviet method depends upon an existing catalogue of earthquakes for a region. The
Western United States probably has the best data set available anywhere in the world.
Once the data is entered into the computer with the proper program, you give the
magnitude you want to predict, and the algorithm gives you a radius. For example, at
magnitude 7, the radius is 282 km. Then, we process the data for a series of diagnostic
traits (the Soviets currently use 7). When 6 of the 7 traits are anomalous, a Time of
Increased Probability (TIP) is declared, and this TIP remains on for S years or until the
earthquake "closes" the TIP.

Next, Healy showed a series of viewgraphs which indicate: 1975, no TIP; 1976, no TIP;
1977, a TIP in northern California; 1978, TIP remains on; 1979, TIP remains on, and a
second TIP appears in southern California; this TIP closed the same year by Imperial
Valley earthquake; 1980, northern California TIP closed by Cape Mendocino
earthquake; 1981, no TIP; 1982, no TIP; 1983, no TIP; 1984, no TIP; 1985, a TIP in
northern California, region 5; 1986, TIP continues; 1987, TIP continues; 1988, TIP in
region 6 added to continued TIP in region S; 1989, both TIP’s closed by Loma Prieta
earthquake.

What Healy is suggesting is that he thinks the Soviets predicted three large earthquakes
in California. If this method is used in conjunction with the U.S. methodology, the area
of concern could be more focused in time and location. He doesn’t know what to
suggest about magnitude because various measures of magnitude (e.g., moment, surface)
are used from the catalogue. Aftershock clusters are filtered out. The 1977 TIP in
northern California was declared retrospectively in 1986, using the algorithm which was
trained outside of California. The southern California TIP was declared by an
earthquake that was questionably not large enough. The northern California TIP was
declared before Loma Prieta, in 1985, (although there seemed to be some discussion by
NEPEC members as to how this was actually publicized). For every 6 months, the
computer program is run to review the existing TIPs. At the present time, there are no
TIPs in California for M8.

There are two algorithms, M8 and CN. CN is more sophisticated, and Healy was not
prepared to discuss it. The CN areas are so large that it is not a prediction for public
response but a research prediction.

Healy has prepared a document for M8 which consists of a floppy disk plus the NEIS
catalogue plus program documentation which he is offering to NEPEC. Regarding the



question of probabilities, we cannot attach a definite probability to M8 predictions, but
the Soviets claim about 80 percent success worldwide on retrospective tests and that they
predicted in advance both Loma Prieta and Armenia. NEPEC members still question
the actual successes of this method.

The traits used in the algorithm include:

1) Average of the 10 largest earthquakes/year.

2) Average of the 20 largest earthquakes/year.

3) Cumulative number of earthquakes (a moment deficit parameter).

4) A larger catalogue of the cumulative number of earthquakes.

S) A measure of the concentration of earthquakes.

6) A larger catalogue of trait #5.

7) A count of aftershocks.
At present, there is no M8 TIP in California for magnitude 7. For magnitude 7.5 there
is a TIP, but Healy is not satisfied with it because the area is significantly larger (427 km
radius) and application is unsatisfactory.
R.WESSON thanked J.Healy for his review and our Soviet colleagues for their diligence
in working with us. NEPEC is glad to accept the documentation provided. He proposes
that the document and disk be published as a USGS open-file report for U.S. scientists
to individually test.
T.HEATON made the statement that there is no M8 magnitude 7 TIP, which says that no
earthquake of this magnitude will occur in California this year or until such time as a

TIP is declared.

A.LINDH believes that the algorithm and TIPs should be published in "Nature" or.
elsewhere so that the methodology is documented and can be tested.

B.BAKUN was invited to present a summary of the Loma Prieta earthquake; he used
figures found in USGS Circular 1045, "Lessons Learned from the Loma Prieta,
California, Earthquake of October 17, 1989." Some points he made were:

o Southern 45 km of 1906 break.
o First break to occur on the 1906 rupture zone.
o Largest earthquake on the San Andreas fault since 1906.



o Right lateral slip, southwest dipping with 1.9 m right lateral displacement and 1.3
m southwest thrust over northeast side.
o Occurs on a jog in the fault trace which tends to cause the southwest side to ride

up over the northeast side.
Mainshock at the base and in the middle of the rupture zone and rupture was

0
bilateral and upward.

o Aftershock zone dips 75 degrees southwest.

o Rupture zone extends from a depth of 18 km up to within 4-5 km of the surface.

o The rupture was over a wide zone and may involve the Sargent and Zyante fauits.

o Seismicity along the San Andreas fault prior to this earthquake showed a gap in

seismicity similar to Parkfield; this zone filled in by earthquake and may be a
future tool for looking at other parts of faults in the Bay area.

o Focal mechanisms of aftershocks are in all different directions suggesting they
may be off the main fault.

R.WESSON suggested looking retrospectively at this earthquake, back past the Lake
Elsman I and II, back to 1906. The Corralitos earthquakes in the 1960’s to the south of
Loma Prieta were, at the time, the most northern significant earthquakes of the San
Andreas fault as far back as the 1906 event. If we had been capable of making short-
term forecasts at that time, would we have issued advisories after those events too? If
we had, there would have been no follow-on events; thus, we should not become too
overconfident of our current abilities.

A.LINDH was asked to give a brief presentation to address the question: Did we forecast
the Loma Prieta earthquake? He began by showing space-time plots for northern
California which indicate that the seismic cycle is still very valid, and he points to the
significant difference in regional seismicity before and after 1906. He asks, does the
increased seismicity in the past 10 years indicate that there is an increased likelihood of
a big earthquake in the next 10 years, as per seismic cycle? He points to several
significant earthquakes in the last 10 years in a region where no 5.5 or larger earthquake
had previously occurred back to 1914. He reiterated Bakun by making the point that
microseismicity is a very valuable tool for defining segments of Bay area faults.

T.HEATON questioned whether we know confidently that the Loma Prieta earthquake
was actually on the San Andreas or may instead have been on a steeply dipping
subsidiary fault. For example, Loma Prieta could have been a thousand-year event on
some other fault rather than the characteristic Santa Cruz segment earthquake.

A discussion followed regarding rates of uplift and erosion relative to the displacement
observed in this earthquake. Are we clinging a bit too hard to the characteristic
earthquake idea for a given fault segment? Specifically, can the earthquakes of 1865 and
1989 be compared? The distinct characteristics attributed to Parkfield earthquakes are
not a concept being rigidly applied elsewhere.



J.DIETERICH reiterated that this was complicated fault movement, and it is not hard to
imagine slip through this zone occurring along a lot of subsidiary faults.

T.HEATON restated the point he was making was that this was not necessarily on the
primary San Andreas fault but instead on a subsidiary oblique slip fault.

J.DAVIS and J.DIETERICH agreed that the point is that strain release along this
segment of the fault zone has been accomplished, and strain release is the most
important issue.

H.KANAMORI felt we should face the possibility of variability in style of rupture which
bears that the characteristic slip may be different, and this could have bearing on our
probability of recurrence. We may not be able to rely on our simple model arguments.

A.LINDH pointed to the Thatcher diagram of the 1906 earthquake showing strain along
the fault and indicated that the important data point is the Wright Tunnel. He
compared drawing the end points of the segment according to Sykes, Nishenko, and
Scholz versus Thatcher and Lisowski. He felt that the only valid number for measured
offset is Wright Tunnel, and when you divide offset by slip rate, you get the estimate of
when Loma Prieta occurred.

W.PRESCOTT questioned why Wright Tunnel is given more credible weight than surface
features. Wright Tunnel is only one data point, and it could have been a landslide.

A.LINDH presented figures to show that Loma Prieta falls into his proposed seismic
cycle. Using the Berkeley Catalogue, there was an increase of seismic activity beginning
in the 1950°’s. He showed a series of illustrations of various researchers showing the
evolution of probability estimates of an earthquake on this segment over the past 2
decades.

W.PRESCOTT disputed that the slip measurement from 1906 was accurate because
Wright Tunnel should be considered a surface value. We may have ended up with the
right interpretation for the wrong reasons.

J.DAVIS reminded the Council that in the Working Group Report, this segment is given
a level E quality; the quality of our success might also be judged as E.

JANUARY 11, 1990
Afternoon Session

A.BERNARDI (Teknekron Communications, Berkeley) was invited to summarize ultra-
low frequency (ULF) electromagnetic observations he made prior to the Loma Prieta
earthquake. His research is supported by the Office of Naval Research for possible



application to Submarine Observational systems. Particularly, he is measuring
electromagnetic noise or "atmospherichess." Two observational stations are in operation:
10 hertz to 32 kilohertz (Stanford campus) and 0.01 hertz to 10 hertz (Corralitos). They
have been operating the Corralitos station for about 2 years. Normally what is measured
are very weak signals caused by the incidence of solar wind which causes changes in the -
magnetic field of the Earth. The daily variation is generally in a predictable range. This
monitoring system is simple, consisting of an electromagnetic coil about 2 m long with a
data logging system which records information every half hour. The record anomalies
began in mid-September when irregularities were noted in two frequency bands. On
October 5, substantial increase in noise was recorded over the entire range of ULF
operation. One day before the earthquake there was an anomalous drop in background
noise in the range of 0.2 to S Hz. At the preassigned recording time, at 3 hours before
the earthquake, there was an exceptionally large increase in noise in the 0.01 to 0.5 Hz
range. Thereafter, power went down after 5:00 p.m. due to the earthquake. Nothing
seems to have been happening in the upper atmosphere that could account for this
anomalous activity in terms of magnetic field fluctuations from solar sources. When the
system was brought back on line, records were examined for aftershock correlation; none
was observed. The suggestion is made that the observation 3 hours before the
earthquake could have been an electromagnetic precursor.

This is a low-budget system costing about $6,000 per station. The USGS is interested in
acquiring and testing this system and hopes to deploy three at Parkfield.

J.LANGBEIN presented a status report on the geodetic array deployed across the San
Andreas fault after the Loma Prieta earthquake. One week following the earthquake, he
deployed an array in the Los Gatos-Saratoga area to look for post-seismic slip. The net
is not particularly robust because of geographic and vegetation limitations of line-of-sight
for the 2-color geodimeter. So far there have been two sets of measurements, one at
installation, the other last week. The two sets indicate that the south line has shortened
by about 4 mm, the northwest directed line extended by about 4 mm, which together are
a raw slip rate equal to 30 mm/year. The line perpendicular to the fault shows no
change.

W.PRESCOTT said that the Black Mountain geodetic network has not been remeasured
but soon will be. The accuracy of the Loma Prieta network is not as precise as
Langbein’s, and preliminary data does not show this strain. He finds this new data very
surprising, and it appears to be strain not creep. The concern is whether this is a
coseismic event or whether this segment decided to start creeping and loading the
Peninsula segment. If it is simply a coseismic creep event, we won’t be able to do much
with it; if it indicates a creep rate change, it will be very significant for future study.

W.THATCHER emphasized that John’s net is within a few kilometers of the northern
end of the rupture zone of Loma Prieta.



J.LANGBEIN said he will probably resurvey these lines every 2-3 months.

J.DIETERICH was asked to give a status report on the new Working Group for San
Francisco Bay area earthquake probabilities. The Working Group was organized in the
aftermath of the Loma Prieta earthquake. A list of participants on the Working Group-~
was given (see appendix). The group’s charge was to review and revise the probabilities
for the Bay area as presented in Open-file Report 88-398. Some questions the Working
Group will address are:

1) Has the occurrence of Loma Prieta changed any interpretations we had that
pertain to probabilities in the Bay area?

2) Has the earthquake caused any physical changes that would alter the
probabilities, e.g., has the probability for the Santa Cruz segment been lowered?

3) Was there a stress change in the area?

4) Some new data have been generated for faults in the Bay area since the previous
report and need to be incorporated.

5) Are there any improvements we can make in our methodology?

The group has had three meetings to date, December 1 & 19, 1989, and January 8, 1990.
No preliminary report is available; this meeting will be a progress report.

A.CORNELL (Stanford University) discussed revisions of the Working Group
methodology. Two basic considerations in evaluating the methodology are:

1) What probabilistic models are available?
2) What are the statistical (parametric) uncertainties of those models?

He followed by offering a discussion of the statistical model used by the previous
Working Group and some improvements that are being made with the kind of
information we have on Bay area segments, i.e., one previous event, the dominant
uncertainty is the slip in the last event. In contrast to the previous method, which
basically divides "previous slip" by "slip rate" to estimate time to next event, a stronger
model is the "time predictable model" which says, if you can tell me the amount of slip
since the last event, I can tell you the time to the next event.

Since we have rather large parametric uncertainties of long-term slip rates, there is
probably not much difference in using the simple model or time-predictable model.

There are some limitations in our models because segments interact (overlap, may
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trigger one another), and stress may be loaded or released by adjacent segments, i.c.,
mechanics of system may interfere with the model. The time-predictable model fails to
capture these interaction effects. He then discussed criticisms offered by Davis, Jackson,
and Kagan (BSSA, October 1989) and Savage (draft, 1990) of the Working Group
methodology.

L~

The Working Group will be using some improvements in the statistical model. The
group will:

1) Be more careful about the assumptions used.

2) Employ logic trees, which is a way to try to display the debate going on in the
group in which they do not know for sure which hypothesis holds about the
elements of the problem being discussed.

3) Deal with the parametric uncertainties being employed.
4) Make some effort to consider the interaction of segments.

D.SCHWARTZ gave preliminary results of where we stand in our understanding of the
faults in the Bay area. He reviewed interpretations used in the 1988 report. Since then,
Lienkaemper and Williams have been working on the Hayward fault. The earthquake of
1868 ruptured a 40-km segment. At the north end of this rupture, at Lake Chabot, a
bend in the fault may account for the end of rupture. From San Leandro to Warm
Springs, there was continuous rupture in 1868. The 1836 earthquake may have involved
the Hayward fault north from the northern end of the 1868 rupture.

J.DIETERICH mentioned there may be some historic information from Spanish archives
about the 1836 event which has not been studied.

D.SCHWARTZ said Lienkaemper suggests stopping the 1836 and 1868 ruptures at the
bend. Segmentation in the 1988 report simply split the 100-km length of fault into two
equal parts. At the southern end, there is a change in complexity of the Hayward fault,
becoming broader and more diffuse, and Lienkaemper does not see evidence of creep
south of there. He estimates creep of 5-6 mm/year, up to 8-10 mm/year. at the south
end (Warm Springs) and south of there, no evidence of creep. He also sees no surface
fault south of Warm Springs.

R.WELDON questioned the uncertainty of the segmentation model of the Hayward fault,
which was followed by Council discussion of the various uncertainties of magnitude,
length of previous rupture, amount of offsets in 1868, etc.

D.SCHWARTZ believes we can hang our hat on the 1868 rupture length and summarize
J.Lienkaemper’s work on displaced alluvial fans. The initial results suggest slip rates for
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14,000 years of 7-10 mm/year. This is the first firm estimate of geologic slip rate.
Combined with a creep rate of 0-10 mm/year to the south and geodetic data of 10
mm/year, the group selected 9 mm/year, which is a step up in our understanding of the
Hayward fault. The Rogers Creek fault is an extension of the Hayward fault to the
north, on the north side of San Pablo Bay and up to Santa Rosa. It shows:

1) No surface creep.
2) About 6 km of stepover from Hayward fauit.
3) Absence of microearthquake activity.

Karen Budding and Schwartz have been working on this fault, which they conclude is a
locked fault. Results of their work at trench sites are:

Minimum slip rate: 4-5.5 mm/year (over 1270 years)

Slip per event: 2 m/event (but we don’t know when)
Recurrence interval:  256-620 years

Minimum elapsed time

since last earthquake: 181 years

He then made some comments regarding the Bay area San Andreas fault segments.

The 1988 report used the following parameters:

Peninsula segment: anta Cruz:
1906 slip 2.5+0.6 2.0+0.5
Length 90 km 30 km
Slip rate 16+2.5 1642.5

One of the important new concerns regards the model of segmentation. He pointed to
the importance of the Crystal Springs reservoir on this question. The geometry,
structure, slip step, geodetic data, and microseismicity make this a segment boundary, but
it may continue to Daly City. Also, perhaps a segment exists from Lexington Reservoir
to Black Mountain.

T.HEATON asked if the North Coast segment is being reevaluated.

D.SCHWARTZ said they are not going to look at it again.

T.HEATON was concerned about saying that the probability is so low for that segment
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that it is not worth worrying about.

R.WELDON agreed that there could be a repeat of large events in a relatively short time
interval.

A discussion of various aspects of the Bay area fault segments followed.
H.KANAMORI opened a discussion of uncertainties of slip rates. He questioned whether
there should be a new representation of the uncertainties in the report in the form of

error bars, which he followed by comments on the real usefulness of the Probability
approach in a report for public consumption.

J.DIETERICH then summarized similarities and differences of new probabilities
compared with the 1988 report. A guiding philosophy has been that we do not want the
probabilities to bounce around over the years because of a difference of composition of
the Working Group. We are looking for good reasons to make a change from the 1988
report. The probabilities comparisons are provided in the handout (see appendix), but
keep in mind these are preliminary and may change in coming weeks.
The significant changes in the new review are:

1) Southern Hayward probability was pushed up by the new slip rates.

2) Aggregate probability included Peninsula, San Andreas, N. Hayward, S. Hayward
in 1988, and now has the Rogers Creek fault added in.

We are pushing the data and the model to their limits. One of the things that drove the
Working Group to work on an emergency basis has been the historic earthquakes of the
1800’s which occurred in pairs:

1836 Hayward 1838 San Andreas

1865 San Andreas 1868 Hayward
Probabilities may be higher if there is a validity to the pairing pattern in the 1800’s.
Preliminary conclusions are given in the appendix.

R.WESSON asked two basic questions:

1) Is the expectation of completion of the preliminary report within the next 2
months acceptable?

2) What is the desire of NEPEC for a more detailed study prompted by the
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preliminary report?

B.BAKUN asked if the report is going to say something about the concept of how the
Loma Prieta earthquake has possibly loaded the Peninsula segment. There is a need to
address the question in the report.

S

A discussion followed with the general agreement and anticipation that something will be
said about the stress on adjacent segments and paired events.

J.DIETERICH suggested that we might need to have a standing Working Group to deal
with the Bay area as new data and concepts develop.
JANUARY 12, 1990
Morning Session

P.REASENBERG was invited to give a summary of the statistical model for the
aftershock probabilities technique and how it can be applied. There have been three
applications of the model in 1989:

1) The Brawley swarm (described in Science handout).

2) Lake Elsman earthquake in August with advisory issued by the State.

3) Loma Prieta sequence.

He offered some comments about Loma Prieta. The smoothness of forecasts through
time was interrupted by a couple of jumps due to:

1) Artificial effect of analyzing a numerical function used within the method at 1, 3,
10 days; this will be changed to a continuous adjustment.

2) The calculated magnitude of the mainshock changed the day after the
earthquake.

3) Aftershock sequence characteristics changed, starting off quietly followed by a
surge of moderate aftershocks.

4) Our choice of how to portray forecasts changed, started out with 1-day interval
for MS and M6 earthquakes during the first 4 days, then switched to 1 day and
next 2 months for the next 25 days. He suggests a uniform forecasting of 1 week
and 2-3 months.

He offered several applications of the method:
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1) After a moderate earthquake, the probability of a larger earthquake (e.g.,
Brawley swarm).

2) After a strong earthquake, the probability of strong aftershocks.

3) After a strong earthquake, the probability of an even stronger follow-on
earthquake.

4) Following a strong earthquake, the expectations for further activity for planning,
field studies, and instrument deployment.

5) The generic model can be a contribution to response plan scenarios.
Some policy issues were raised:
1) In what situation should short-term probability be released, and to whom?
2) How should forecasts be issued; what kind of timing, wording, and frequency?
3) How should we issue them consistently and with sufficient explanation?
4) When do we stop issuing forecasts?
R.WESSON raised a concern about utilizing a real-time model that is changing with the
events versus a generic model, as it affects public awareness in terms of consistency

through time.

P.REASENBERG said that if we had stayed with the generic model, our forecasts of
large aftershocks would have been about S times higher.

R.WESSON suggested that maybe we haven’t trained the model enough on large
magnitude earthquakes to use the real-time model and should stick with the more robust
generic model.

T.HEATON asked what the long-term Loma Prieta aftershock probability given to State?

P.REASENBERG

M7 in 1 year, based on Loma Prieta model=1.0%, beginning 1/1/90.
M7 in 1 year, based on generic model=1.5%, beginning 1/1/90.

M7 20% in 30 years, or 0.67% per year.

J.DIETERICH found this model was very useful for the public in the aftermath of the
earthquake.
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A discussion followed on the merits of the generic versus the real-time models.

J.DAVIS briefly described the findings of D.Mileti regarding the social impact of these
advisories. Three groups of public reaction:

1) Disregarded because already saturated with information.

2) Assimilation of this information into a form personally useful.

3) Denied because didn’t want to acknowledge continued hazard.
R.WESSON recommended we:

1) Continue to do what we have been doing.

2) Decide on a policy of what we are going to say during event.

3) Run the model further; discuss again at the next NEPEC meeting, and fine tune
the approach.

NEPEC was in general agreement that this was a very useful model to be applying in
significant earthquakes and concluded that Reasenberg should come up with a
standardized advisory, get review/comments, then bring it back to the next NEPEC
meeting for discussion.

B.BAKUN summarized his concerns regarding earthquake alerts and response plans.

The success of the plan developed for Parkfield is prompting use in other areas. Can we
use the same terms and methodology in other areas so that there can be some
consistency of message and understanding by the public? He reviewed the development
of the Parkfield Plan. An important question in developing a plan is who are you writing
it for? Write it for yourself. It must be clear and specific so it can be operated without
mistake. Use of alert levels is an effective way of triggering a certain response. In terms
of using response plans in other areas, how are we going to design the alert levels for
consistency?

At Parkfield, only "A" level triggers a public warning, that is, a prediction occurs. At "B"
level, there is only a scientific warning. To date, neither "A" nor "B" levels have
occurred. When you do a plan, are you doing a probability alert or a response? We
have had about 60 "D" and 20 "C" level alerts to date at Parkfield.

L.JONES was invited to explain her method of formulating prediction probabilities from

foreshocks. She uses foreshocks within 3 days of the mainshock. She recognizes three
types of events in the probability theory:
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1) Background earthquakes.
2) Foreshocks of mainshock.
3) Characteristic mainshock. .~

She presented a summary of the probability statistics methodology she is using for
foreshock predictions (see appendix H). For southern California, she lists the probability
of the characteristic earthquake occurring within 3 days of what is potentially a
foreshock. Three different foreshock magnitudes for each southern San Andreas fault
segment are listed:

Segment Probability level

10-30% 1-1 01-1%
(suggested alert level) (B) © (D)
San Bernardino 59 49 38
San Gorginio 6.4 53 4.2
Coachella Valley 5.9 4.7 3.6

And magnitudes for potential foreshocks for the San Jacinto fault:

Segment Probability level

(suggested alert level) (B) (&) (D)
San Bernardino 5.8 4.8 3.8
San Jacinto Valley 5.7 4.6 3.6
Anza 6.1 5.0 39
Borrego 5.5 4.5 3.5

And for Parkfield:
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Segment Probability level

10-30% 1-10% 0.1-1%
(suggested alert level) (B) (@) (D)
Parkfield 4.6 38 23

Characteristic earthquakes followed those given in the 1988 Working Group report. The
larger the magnitude of a background earthquake, the more likely it is a foreshock of a
mainshock and, therefore, the higher probability and alert level results.

J.DIETERICH was concerned that foreshocks to characteristic earthquakes are a
separate class to background earthquakes.

T.HEATON replied that this is a statistical function, not a physical function; there is a
population of background earthquakes that turn out to be foreshocks and no physical
difference is inferred.

LJONES said the alert levels being used are tied to probabilities. There are other
physical circumstances where activity could change months before the mainshock, but
that is a different phenomenon than is being considered here (references to Australian
earthquakes and Loma Prieta-Lake Elsman). She is only dealing with immediate
foreshocks as part of a foreshock-mainshock-aftershock cluster.

R.WESSON asked if we should move toward using this technique as an alert plan for
OES’s use or should it continue as a research effort?

B.BAKUN questioned if we can use this approach in a response plan since it is tied to
probabilities rather than to specific signals. He is concerned that there is not a
consistency of what alert levels mean; they mean different things in different methods.

R.WELDON wondered if the intent of the alerts is strictly to advise the public or if it is
also intended to notify the scientists so that they can make special plans in advance of
the earthquake.

B.BAKUN said that the scientific aspect is built into the alerts but is not the main
reason.

D.HILL came to address NEPEC about the Long Valley volcanic problem and ask how

the experience of Parkfield-type alerts can perhaps be employed at Long Valley. Since
1979 there has been a high level of activity at Long Valley. He summarized the seismic
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activity of the caldera and surrounding region which is one of the most productive
earthquake areas in California. Accompanying the earthquakes is uplift from 1979, up to
25 cm in one vear. They saw no activity prior to the last decade. He summarized the
warnings beginning in the 1980 earthquakes; after the third M6, the USGS issued a
"watch." Activity of the area continued, and the USGS issued the lowest level of "notice"
of volcanic activity." The local officials are now asking for an alert system that they can
use more effectively. Hill is trying to adapt Parkfield to a volcanic area that we have
never seen erupt. It is difficult to establish the criteria for alert levels. What do we do
for an "A" level alert? We can get some information from the other volcanic centers, but
we have never seen a caldera-type eruption like this any place in the world.

The alerts applied to this area may serve as a template for other volcanic centers.

R.WESSON said we have some informal systems working at the Cascades and in Alaska
but nothing like what we are after at Long Valley.

H.KANAMORI cautioned we may be making up alert levels which are based on no prior
activity to use as data. Can we really use the Parkfield approach? We are dealing with
a very different situation.

J.DAVIS suggested that volcanologists use a sequence that goes from repose to unrest to
eruption. It seems that the transition criteria to go to from unrest to eruption is
important. We will be forced to use a group of criteria which are approximate and
qualitative. Discussion followed on how alerts on earthquakes and volcanoes are similar
and different.

B.BAKUN reiterated that we need advice from NEPEC as to whether a uniform alert
level can be applied to the various hazard areas.

JANUARY 12, 1990
Afternoon Session

R.WESSON raised the issue of whether we should focus on other regions including New
Madrid, Wasatch of Utah, Hawaii, and perhaps the Northeast. There are perplexing
issues arising regarding the midcontinent.

J.DIETERICH would like to make a case from Hawaii. After Alaska and California, it
is one of the most active areas in the country. There are some forecasts in print. An
alternative may be a USGS "Red Book" conference.

R.WESSON will explore the possibility of convening a Red Book conference on the
earthquake hazards and predictions of Hawaii.
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After extensive discussion there was general agreement that the future agenda for
NEPEC will tentatively be:

Spring 1990
Review of Bay area probability report revision from the Working Group. -

Fall 1990

Focus on items of investigation which could be pursued to add light on a probabilistic
evaluation of the New Madrid region.

Winter 1990-91
Southern California and Los Angeles basin.

Mid-vear 1991
Hawaiian Red Book Conference

Fall 1991
Wasatch fault, Utah

J.DIETERICH summarized the issues related to the Bay area Working Group and
sought guidance from NEPEC regarding recommendations to take back to the group.
He offered the following considerations:

1) Revised interpretations of data as a result of the Loma Prieta earthquake.

2) Physical changes in the Bay area resulting from the earthquake.

3) Seismicity patterns of the 1800’s and the issue of paired earthquakes.

4) New data on faults of the San Francisco Bay region obtained since the 1988
report was produced.

5) Consider possible improvements in the methodology used by the group such as
the logic tree approach.

Items 1, 3, and 4 are the easiest to address.
R.WESSON was somewhat disappointed that the Working Group is not going to be able
to convey our concern for increased hazards in the Bay area as a result of the Loma

Prieta earthquake. Can the Working Group make some kind of qualitative statement?

A.JOHNSTON thought it would be a mistake to push the report through without looking
at a possible increase in earthquake probability for the Peninsula segment.

20



J.DIETERICH said the Working Group is divided between those who are mildly of the
view of an elevated hazard because of Loma Prieta and those who are of the strong
opinion that there is no increase in probability. Actually, for the entire Bay area, the
probability will remain as it was reported yesterday. We don’t want to revise the original
report without good evidence to support it. -~

R.WESSON asked if there was a way to use the logic tree approach to look at the paired
events issue and the question of stress changes related to Loma Prieta?

J.DIETERICH suggested that one way to approach this is that NEPEC request the
Working Group to address:

1) Truncated logic tree to look at our perception of the existing data on the
Peninsula segment in light of what we learned from the Loma Prieta earthquake.

2) Truncated logic tree to capture the sense of probability change as a result of
Loma Prieta (stress effects and paired events).

3) Recommendations about what work should be done next.

Tentatively, the deadline for the draft report will coincide with the scheduling of the next
NEPEC meeting, mid-March to beginning of April. It would be most valuable if we
could have a rough draft report before the Congressional hearings where Loma Prieta
will be discussed.

R.WESSON sought views on how to proceed on earthquake alert protocols including
Coachella Valley, Long Valley, and the Bay area. Is it premature to have a Parkfield-
type response plan? Or follow ideas suggested by L.Jones?

Extended discussion followed which generally supported the idea that the alerts should
be for response purposes. The characteristics may be different for various fault
segments, but the implications will be the same for each alert level.

R.WESSON asked if it was possible to prepare a draft plan for Coachella Valley based
on a cross-fertilization of the Parkfield methodology with the L.Jones - D.Agnew
Working Group methodology which employs probabilities in alert levels.

B.BAKUN thought it might be possible.

R.WESSON announced that E.Roeloffs, USGS Branch of Tectonophysics in Menlo Park,
will take over as chief scientist of the Parkfield prediction experiment, replacing A.Lindh,
who is becoming more involved in the Bay area faults. T.McEvilly tentatively set the
time for the next NEPEC meeting to be the first week in April in Menlo Park.
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APRIL 30, 1990
Morning Session

T.McEVILLY opened the meeting by noting that all members of the Council were
present with the exception of W.Prescott and K.Aki. A.Lindh, D.Schwartz, A.Cornell, -~
W.Ellsworth, and W.Thatcher were in attendance representing the Working Group on
Bay Area Earthquake Probabilities.
J.DIETERICH, chairman of the Working Group, began the meeting by discussing the
"bottom line" conclusions of the Working Group, which was charged with conducting a
new evaluation of the probabilities for earthquakes in the San Francisco Bay region.
The segments considered were:

1) North Coast segment, San Andreas fault.

2) San Francisco Peninsula segment, San Andreas fault (considering both rupture of
entire segment and broken into two subsegments).

3) Southern Santa Cruz Mountain segment, San Andreas fault.

4) Southern East Bay segment, Hayward fault.

5) Northern East Bay segment, Hayward fauit.

6) Rodgers Creek fault.
(Note: A draft of the report was distributed to the Council prior to the meeting.)
The Working Group was charged with this new evaluation due to:

1) New data that has been obtained on various fault segments in the past 2 years
since the release of the first probabilities report.

2) The concern that regional stress patterns may have changed due to the Loma
Prieta earthquake in 1989.

3) Historic seismicity patterns of the 1800’s as contrasted and compared with current
activity.

4) New information and methods for evaluating the existing data.
The principal revisions include:

1) San Andreas fault slip rate was revised upward from 16 to 19 mm/year.
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2) Logic tree analyses used.

3) Consideration of increased stress on the San Andreas fault resulting from the
Loma Prieta earthquake.

4) Hayward fault slip rate was revised upward from 7.5 to 9 mm/year.
5) Rodgers Creek was evaluated.
6) Incorporated uncertainties into probability determinations.

A discussion followed as to the function of NEPEC with respect to the current report
and its relationship to the previous report. NEPEC is to review the new report and
provide recommendations to the Director of the USGS regarding its release and use by
the public.

J.DAVIS suggested that, as was the case with the first report, the California Earthquake
Prediction Evaluation Council (CEPEC) should also review this new report in order to
advise the State of California. The Council agreed that this should happen within the
next month.

A.CORNELL presented a discussion of the methodology used in the new report,
emphasizing that the approach is the same as the previous report with some substantial
enhancements of that approach. He discussed in some detail the statistics used,
particularly focusing on the intrinsic and parametric uncertainties. There was an
extended interaction of Cornell with the Council on details of the use of data and the
methodology. The methodology is summarized in appendix L.

J.DIETERICH summarized the logic tree method used for the San Andreas fault (SAF),
which was an outgrowth of recommendations at the last NEPEC meeting. The logic tree
approach allowed weighting of different interpretations on three aspects of the
probabilities calculations:

1) Segmentation models.

2) Recurrence time models.

3) Effect of stress changes on elapsed time.
Details of this part of the report are provided in appendix M.
R.WELDON questioned the slip rates used by the Working Group and how serious an

impact the uncertainties in slip rates have upon the weighting of the logic tree and the
resulting calculations.
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J.DIETERICH went through the details of the logic tree (appendix M, figure B-1). He
then discussed the stress calculations which he did with R.Simpson (USGS-Menlo Park).
These calculations were originally going to be incorporated as an appendix to the current
report, but it has been decided that these calculations will be published by Dieterich and
Simpson as a separate open-file report, which will be released prior to release of the -~
probabilities report. He emphasized that there are uncertainties in the stressing rate on
the individual fault segments (Mid-Peninsula, northern Santa Cruz Mountains, and San
Francisco Peninsula segment models). Several members of the Council discussed the
implications of the weighting of the logic tree based upon the stress calculations.

Dieterich then discussed how the final probabilities resulting from the logic tree
approach were affected by various weighting factors (appendix M). Extensive discussion
by the Council focused on the concern that breaking out smaller fault segments of the
San Andreas can reduce the probabilities for large earthquakes on major segments.
Dieterich showed that the report will provide the quartile probabilities on the conditional
probability for each segment (table C-2).

For the Hayward fault, the major revision was in slip rate, from 7.5 to 9 mm/year based
on J.Lienkaemper data. An extended discussion by the Council followed, focused on the
assumptions in segmentation of the fault and decisions on selection of slip rates, based
upon surface creep rates. They assumed that the fault is creeping at the surface but
locked at depth. Alternatively, maybe the Hayward fault is in some type of afterslip
mechanism from the 1868 event.

R.WESSON introduced the contrasts between the Rodgers Creek and Hayward fault,
including no observed creep or seismicity on the Rodgers Creek and the apparent
stepover from the Hayward to Rodgers Creek fault in the San Pablo Bay area.

The Council discussed the Hayward fault, including surface rupture in the 1800’s and
changes in the segmentation of the fault used in the current study.

W.BAKUN introduced his concern regarding the Working Group’s seemingly arbitrary
change in the relative lengths of the two segments of the Hayward fault as compared to
the previous report. He feels some statement is needed to indicate why that change was
made.

R.WELDON raised the question of the validity of the strain rate that was used for the
Rodgers Creek fault as an extension of the value determined for the southern Hayward
fault. Discussion of the validity and supporting evidence followed.

J.DIETERICH presented the "bottom line" comparison of the 1988 report with the
present report:
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M Syr 10yr  20yr  30yr
1988 -~
San Francisco Peninsula segment 7 0.1 0.2 0.3 0.5
of the San Andreas, North and

South East Bay segments of the
Hayward fault

1990
Same as above plus the Rodgers 7 0.1 0.3 0.5 0.7
Creek fault

D. SCHWARTZ summarized what is currently known about the Rodgers Creek fault,
particularly what has been found since the previous report was prepared.

T.McEVILLY asked what the essence of changes are in the new report, which, if
dropped, would take us back to the 1988 probabilities.

J.DIETERICH summarized that we would be back to the 1988 values if:
1) Change the San Andreas fault slip rate from 19 back to 16 mm/yr.
2) Change the Hayward fault slip rate from 9 back to 7.5 mm/yr.
3) Displacement from 1.5 back to 1.4 m for Hayward fault.
4) Drop the Rodgers Creek fault.
About half of that difference is due to the Rodgers Creek fault and the remainder due to
the other factors. One final issue is that we now have 19 plus 9 mm of slip that we are
accounting for in the Bay area across the SAF zone. There is some additional amount of
slip that is not accounted for by these two values (total should by 33 to 44 mm/yr), so we
should consider these as lower bound probabilities.
W.BAKUN suggests that a section should be added to the report that is a statement
which would outline what kinds of data could improve the probability estimates.

APRIL 30, 1990

Afternoon Session

J.SAVAGE presented a critique of the probability report. He provided a draft document
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to NEPEC (appendix N), which summarized his concerns. He questioned the validity of
the probabilities as presented in the 1988 open-file report, and by association of the
same methodology, the probabilities that will be presented in the new report. He raised
three separate arguments:

1) The distributions of recurrence times of the four best-observed characteristic
earthquake sequences (i.e., Miyagi-oki, Japan; Parkfield, CA; Conception, Chile;
Valparaiso, Chile) are only marginally consistent with the Nishenko-Buland log
normal distribution (used by the Working Group).

2) The range of possible 30-year conditional probabilities for many of the fault
segments is so great, due to uncertainty in the average recurrence time for that
segment, that the assigned probability is meaningless.

3) The 1988 forecasts not subject to the foregoing objection are those in which there
is a low probability of an earthquake in the near future (North Coast segment
and Carrizo segment). However, the same reasoning would assign only a 5
percent probability before mid-1993 to the southern Santa Cruz Mountains
segment which ruptured in 1989, i.e., the Loma Prieta earthquake came too soon.

The Council, Working Group representatives, and Savage held an extended discussion
regarding his criticisms, particularly focused on the use of the mean, the mode, and the
entire distribution as representations of the uncertainties.

R.WESSON felt that NEPEC must resolve two issues:

1) The challenge offered by Savage, that is, that there is so much breadth in these
distributions that we cannot say we know anything.

2) We should identify what key issues have been raised by the discussions and how
these issues should be resolved.

H.KANAMORI questioned how the previous report has been used and whether the
reliability was incorporated in the use of the probability numbers.

T.TOBIN said the information prompted significant use by State and local governments
and by insurance companies for risk evaluation.

R.EISNER thought that most users understood the level of reliability of the probabilities
due to limitations in the data. He thought the numbers were extremely valuable.

J.DAVIS did not think that there was a great deal of change in State policy before and

after the 1988 report and cautioned overemphasis of its impact. In contrast, as a result
of Loma Prieta, there will be greater attention paid to the current report.
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A.JJOHNSTON believes it is extremely important to express numerically what is already
an intuitive risk for the Bay area.

W.BAKUN asked if there was an actual use of the reliability factors attached to the
numbers.

R.EISNER said that the numbers were the primary focus. The aggregate numbers were
most commonly used so that the lack of use of the reliability factors was minimized.

T.HEATON raised the point that prior to 1906, we had an 80-year period where we had
5 large earthquakes in the Bay area, and in the 80 years after 1906, we had none, so are
we confident that we are now back in a period similar to the 1800’s?

T.McEVILLY asked that each member of the Council offer a few brief comments
regarding his or her opinion of the report draft. The comments included:

1) We must resolve the issue of statistics, as raised by Savage.

2) The reliability of each number must be emphasized.

3) The report itself is very good but far too detailed for general consumption; either
the Executive Summary must be carefully prepared or a separate document is

needed.

4) There is a need to specify what has changed since 1988 that determines the new
probabilities.

5) The summary perspective diagram has problems; reliability needs to be added.
6) The proper line of decision science has been used, and we should go with it;
Savage’s comments reflect the underlying uncertainty but does not negate the

effort and current results.

7) The current report should provide the direct contrast with the equivalent
segments discussed in the 1988 report.

8) Should the Working Group add the probability for a 6.5 magnitude on the
possible northern Santa Cruz Mountains segment?

The representatives of the Working Group were excused to discuss the recommendations
of NEPEC.

A.LINDH provided NEPEC with a brief summary of recent seismicity in the San
Francisco Bay region, including Monterey Bay, the Chittenden earthquake (a 5.5
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aftershock at the south end of the Loma Prieta rupture zone), the Danville swarm and
the Alamo swarm in the East Bay.

MAY 1, 1990 -~
Morning Session

The session began with a discussion of what action NEPEC should take on the Working
Group Report, as presented to the Council and discussed on the previous day.

J.DIETERICH brought forward his compiled list of seven main issues that need to be
resolved by NEPEC so that the Working Group can take action.

1) The criticism of the report and, specifically, the methodology as brought forward
by J.Savage. It appears that Savage will present his criticisms in the scientific
literature and so NEPEC must be prepared to deal with that. If the Working
Group goes ahead to publish this report, the Group needs to know that NEPEC
is behind the Working Group.

2) With regard to the northern Santa Cruz segment, there was concern that it was
downgraded and then pushed aside. Would NEPEC be satisfied, assuming the
segmentation is correct, to state that the segment is included with the 0.4
probability, given that the Working Group was split 50-50 on this issue resulting
in a 0.2 probability? The aggregated Bay area probability will probably stay at
0.7. We should more prominently flag the potential for this earthquake. The
Council felt that the issue of heightened probability as a result of Loma Prieta is
important enough that it should be included.

3) The question was raised regarding the aggregated probabilities and a tie-in
between the 1988 and 1990 reports. The problem is how to include the Rodgers
Creek fault. R.Wesson suggested that the Working Group recalculate the 1988
probability by including the southern Santa Cruz Mountain segment and adding
what we know about the Rodgers Creek fault to have an "expanded Bay area
aggregate probability,” which we could then compare to the 1990 probability (to
which the northern Santa Cruz segment is being added). Then we are in a better
position to state how Loma Prieta has affected the aggregated probability.

4) The summary figures in the tables could be rounded or left to two decimal
places; also the figures could be presented as percents or decimals.

5) The question came up in reference to the Hayward fault and changing the prior

displacement from 1.4 to 1.5 m. The Working Group felt that the number should
change even though it appears arbitrary.
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6) There is a need for a publication plan. The Group would accept a popular
version of the report as a USGS circular, the technical version as an open-file
report, and the ability to publish the resuits in a peer-reviewed scientific journal.

7) There is a question of the release and use of the document. Perhaps J.Everndes-
could prepare a separate document based on his intensity models which would
show what might happen in various selected localities as a result of an
earthquake on each segment.

L.JONES was asked to present a summary of the revised version of a report entitled
"Short-Term Earthquake Alerts for the Southern San Andreas Fault," which was
prepared by a Working Group for southern California earthquakes (appendix P). The
first version of this report was presented to NEPEC at its January 1990 meeting. The
recommendations of NEPEC at the previous meeting have been incorporated into the
radically rewritten current version, which include alert responses patterned after the alert
model used at Parkfield. The alert levels from D (lowest) to A (highest) are based
primarily upon the observation of foreshocks within 10 km of one of four segments of
the southern San Andreas fault, as well as creep events (rapid aseismic surficial slip on
faults) and anomalous strain events.

After some questions from various NEPEC members, it was agreed that the Council
members will review the report subsequent to this meeting and forward comments to the
Council chairman within the next few weeks. In addition, the report will be forwarded to
CEPEC for review and comments.

P.REASENBERG presented a summary of the USGS aftershock sequence model and
particularly addressed a question raised at the last NEPEC meeting regarding the
establishment of guidelines for the use of the model in drafting aftershock forecasts. He
recommended that the forecasts focus only on potentially damaging aftershocks
(magnitude 5 and larger). Regarding time intervals for forecast statements, he
recommended in the document short-term (1 week) and long-term (3 months) time
intervals; since writing the document, he recommends only a 1-month window. As far as
the frequency of issuing these forecast advisories, he suggests daily forecasts at first, then
2-3 times per week, and when the probability of a magnitude S decreases to 20 percent
or less, the forecasts should be stopped. These advisories should be distributed to the
media after a half-hour delay to allow time to notify various government agencies such as
the Office of Emergency Services. He also discussed the options of the generic model
versus the real-time model and revisions he has made.

J.DIETERICH emphasized the usefulness of issuing advisories on the short-term
likelihood for moderate aftershocks, particularly as demonstrated by the Loma Prieta
earthquake.

T.McEVILLY will draft a letter of endorsement of the aftershock forecast methodology
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with reference to both its technical merit and utility in post-earthquake response.

R.WESSON returned the discussion to the Working Group Report and offered a number
of suggestions:

S

1) NEPEC has offered a few minor suggestions for modifications; the Working
Group should go ahead and finish the report.

2) In parallel to the above effort, further consideration by appropriate experts in
statistics of the concerns raised to confirm or negate the methodology being used
by the Working Group.

3) In cooperation with the California Division of Mines and Geology (CDMG) and
the Bay Area Regional Earthquake Preparedness Project (BAREPP), begin work
on a series of maps that will link the Working Group Report to expected
intensity patterns in the Bay region.

4) Within the USGS, begin the preparation of a popular report which would distill
the essence of the Working Group Report and possibly include the intensity
work.

S) Suggest that NEPEC reconvene in June to review these various items as available
at that time.

The members of the Council were asked to individually comment on the Working Group
Report. Some individual concerns were reiterated, with particular emphasis on resolving
the J.Savage issue. However, in general, the Council will be in support of this document.
The review by appropriate decision scientists was highly recommended.

In review of R.Wesson’s suggestions, the Council agreed with the actions but with
concern that action proceed as quickly as possible. It was agreed that the final revisions
of the Working Group Report can be completed by June and that a review of the
methodology should be completed by that time. The intensity mapping effort should
proceed independently and will not be completed in the short-time window. As for a
popular version of the report, the USGS will initiate efforts to draft a document that can
come out at the same time as the Working Group Report. An interim letter will be
prepared by T.McEvilly for the USGS Director to inform him of the progress on this
entire effort. The final Working Group Report and the "popular" document will move
forward on parallel tracks with the intent that the formal report will be released first
with a press release and the popular report will follow within a week.
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JUNE 6, 1990
Morning Session

NEPEC reconvened at the same location as the April 30 - May 1 meeting to continue
review and prepare final recommendations regarding the San Francisco Bay area -~
Working Group Report. '

The first item discussed by the Council was the aftershock forecast model of
P.Reasenberg. Hearing no objection from the members of NEPEC, T.McEvilly will draft
a letter to the Director of the USGS recommending adoption of this methodology by the
USGS.

The second item was the implementation of the foreshock earthquake alert report as
presented by L.Jones at the May 1, 1990, meeting.

W.BAKUN indicated that there is some immediacy for NEPEC action before September
and to have this plan in place in the event of near-future activity in southern California.

T.HEATON felt that we need to use the report plan. Although the report needs an
introduction, it is basically pretty clean. L.Jones will be giving a presentation to the
Southern California Earthquake Preparedness Project (SCEPP) and would like NEPEC’s
endorsement. If the Coachella segment were to "go" in the near future, would NEPEC
endorse the use of this plan?

J.DIETERICH cautioned that the approach is new and novel and has not been rigorously
tested.

R.WESSON reminded NEPEC that the Director of the USGS is identified by law as the
person responsible for issuing earthquake predictions. NEPEC could recommend to the
Director that he agree in advance that USGS-Pasadena can issue predictions based upon
this model.

After extended discussion of the implications of the alert plan, the Council agreed to
adopt this report on an interim basis and make this recommendation to the USGS
Director. It is suggested that the word "Proposed" be added to the title of the report,
and after review by CEPEC, USGS move quickly toward publishing the report as a open-
file report.

T.McEVILLY informed NEPEC that he had received a letter from the Central United
States Earthquake Consortium (CUSEC) regarding an earthquake prediction on or about
December 3, 1990, for the Central United States. The Council was asked to advise
CUSEC on the prediction. The prediction is not appropriately documented but is
apparently based upon tidal forces. Local governments and the media are taking the
prediction seriously and are initiating preparation plans. The letter should not have
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been directed to NEPEC directly but to the Director of the USGS. It was agreed that
T.McEvilly will draft a letter back to CUSEC which indicates the proper procedures for
NEPEC evaluation of predictions, indicate NEPEC's interest in focusing on the Central
United States in the near future, and invite CUSEC to meet with NEPEC regarding
earthquake probabilities in the Central United States. -~
T.McEVILLY provided a brief summary of the progress and decisions thus far regarding
the report of the Working Group on Bay Area Earthquake Probabilities. The revisions
of the report have been completed. Three individuals have been asked, as experts in
decision science statistics, to review the report methodology. They have responded, and
their reviews are attached as appendices Q, R, and S. A "popular version" of the report
has been initiated, under the guidance of P.Ward. The draft was sent to CEPEC for
their comments in their May 11 meeting; comments from CEPEC have been received by
the Working Group (appendix T). Additional comments on the methodology used in the
Working Group Report are provided in appendices U, V, and W.

J.DIETERICH summarized changes of the Working Group Report (appendix X) as
recommended by NEPEC including:

1) Regarding the reporting of probability numbers, the Working Group decided not
to round but report as 2 decimal places; however, differences of less than 0.1 are
not significant.

2) On summary figures, the other faults are added, and various changes are included
to clarify the data presentation.

3) The report now has an executive summary.

The members of NEPEC offered several additional comments on specific points within
the report. These points included:

1) Comments on earthquakes of less than maximum magnitude.

2) Changes in the length of North and South Bay segments of the Hayward fault.
3) Possibility of an earthquake on the North Coast segment.

4) Clear use of reliability letters and use of "uncertainty words."

5) Difference in opinion on slip estimates for various fault segments.

6) Use of quartiles in probability tables.

7) Clarification on the role of the Loma Prieta earthquake/southern Santa Cruz
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Mountains segment and its involvement in the Bay area faulting.

8) Some indication that these probabilities are actually on the low side and
aggregate probabilities could be larger than those reported.
T.McEVILLY concluded that NEPEC is accepting the report with the exception of what
may be discussed later with J.Savage, i.e., statistics of the methodology.

J.SAVAGE presented a rebuttal presentation of his criticisms of the methodology used in
the Working Group Report. Discussion centered around difference of opinion on use of
statements of uncertainty on reported probabilities which Savage asserts are needed in
order to judge the validity of the probability estimate. For a period of 2 hours, NEPEC
and representative Working Group members debated the various differences of opinion
on the use of probability distributions and what details of the statistics are meaningful to
report. Savage felt that the uncertainties are so significant that the Working Group does
not know enough to make a meaningful probability statement. If the confidence
intervals were put into the report, a lot of people would look at the report and say,
"They don’t know very much." NEPEC members felt that the A through E reliability
letters give the reader a relative assessment of the data reliability and, therefore, of the
probability estimates.

R.WESSON suggests that a paragraph could be added to appendix stating the concerns
and issues raised by Savage.

T.McEVILLY will draft a letter to Dallas Peck, Director of the USGS, indicating that
NEPEC is in unanimous agreement that they endorse the new probabilities report, and it
should be issued as a public document. NEPEC suggests that the report should appear
as an open-file report or a circular with late June or early July as a target for release.

R.WESSON outlined the procedure that should occur. The Working Group Report
would be submitted to Bakun who will act as the manuscript reviewer, followed by
review by Wesson and the Director. In contrast, the public interest document will be
discussed today by NEPEC. P.Ward will incorporate suggestions from NEPEC; he will
then go through an approval process with State and local groups and go to press with the
final manuscript. The target for release of the formal report should be mid-July with a
briefing of the public officials 24 hours prior to the official press conference and release.
The public interest document will be available then or be distributed broadly within a
week.

P.WARD welcomed the input of NEPEC regarding the scope and format of the public
interest document (appendix Y). The document should not just summarize the hazard
but tell people what they can do to reduce their personal risk. Therefore, the approach
being taken is to briefly summarize the results of the new report, then tell what it means
to the public, tell what the public can do to prepare for the earthquake, and then
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document how the hazard was determined. A map will be included to show the relative
hazard across the Bay region. The brochure must get wide distribution to be effective;
options of mailing or newspapers are being considered. The goal is to print on the order
of 2 million copies of the brochure with various underwriting agencies.

Members of NEPEC offered a variety of suggestions on the content and layout of the
brochure. Some Council members felt that the draft did not contain enough of the
science from the Working Group Report. Ward emphasized that numerous USGS
scientists have reviewed the manuscript and provided construction improvements.

R.WESSON announced that out of the Dire Emergency Appropriation to the USGS as a
result of the Loma Prieta earthquake, the USGS has set aside about $1 million to focus
on the hazard from future Bay region earthquakes. A new "megaproject” has been
established called the "Bay Region Future Earthquake Project." That project will be
headed by a chief scientist; Bill Bakun has been named to fill that responsibility. An
integrated program will be developed which will include studies of what the effects of
future earthquakes will be, as well as anticipating those earthquakes.

T.McEVILLY led a discussion to select the region that should be the topic of the next
NEPEC meeting. The two areas needing attention are the midcontinent region and
Utah. It was decided that the midcontinent region should be the topic of the next
meeting and probably should convene in the fall or early winter of 1990.
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Appendix A

Document provided by J.Healy to accompany presentation to
NEPEQC, January 11, 1990.
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SOVIET EARTHQUAKE PREDICTIONS
Presented to NEPEC on January 11. 1990

John H. Healy

Soviet scientists visited Menlo Park after the Loma Prieta
Earthquake and presented their work on Earthquake Prediction.
Oone of their algorithms, M8, configured to predict earthquakes of
magnitude 7 or larger, gave a before-the-fact warning of this
earthquake.

Prediction Terminology

Some confusion has arisen over differences in terminology between
the U. S. "official" terminology and general usage in the Soviet
Union. Implicit in American terminology is the assumption that
we will predict the location and magnitude of an earthquake
before we can make an intermediate-term or short-term prediction
of the time of occurrence. The Soviet prediction research is
based on the assumption that the timing of an earthquake can be
predicted by changes in the pattern of regional seismicity
without specific knowledge of an earthquake’s location.

We recommend the term research prediction to identify predictions
made for the purpose of formulating and testing an hypothesis. In
viewgraph 1 we show a prediction model in which we try to
encompass many different uses of the term prediction. We make
many predictions in our daily activities. For example, we make
hundreds of predictions when we drive our cars through traffic.
These predictions are so natural and intuitive that we don’t
think about them as predictions in a formal sense. Astrologers
make predictions, Psychics make predictions, gamblers make
predictions, and Doctors make predictions. To cover all these
varied uses of term prediction the general terminology is
necessarily broad and imprecise. We add some precision by
considering the range of actions we may take as a result of the
prediction. Many predictions are not taken seriously. They may
be used in the news media primarily for their entertainment value
on days when no significant news is available. Other predictions
are taken very seriously and have a great impact on human
behavior.

When we make formal earthquake predictions they must be precise
and go through a process of formal evaluation and testing. In
my judgment the method used to make these predictions should be
formulated as a computer algorithm with fixed parameters so that
it can be tested as a "black box" by a number of investigators.
At a minimum the investigator trying to evaluate a prediction
algorithm should be able to vary the data base and observe the
changes in the predictions without excessive effort.

NEPEC’s task, in the terminology of viewgraph 1, is to determine
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when a method of prediction is sufficiently reliable to pass from
the category of research to the stage where it is used as part of
a public warning. This decision obviously requires a much more
intensive review than is normally required for publication in
leading scientific journals. 1In turn it is reasonable for NEPEC
and the reviewers who are assisting them to expect that the
authors of prediction schemes assume the burden of presenting
their material in a form that facilitates evaluation.

Soviet Scientists

Our Soviet colleagues have made a considerable effort to make
their algorithms and data available to us and to explain their
methods. In viewgraph 2 we list some of the Soviet scientists who
are participating in this cooperation. Volodya Kossobokov is
currently in Menlo Park, and with his aid we have implemented the
algorithm M8 on IBM PC-compatible computers. This algorithm, set
to predict magnitude 7 or greater earthquakes, successfully
predicted the Loma Prieta Earthquake. This prediction was made
before the earthquake, but the presentation of the prediction may
have been confused by the simultaneous presentation of other
Soviet predictions.

The M8 Algorithm

The M8 algorithm can be set to predict earthquakes of different
magnitudes. When the magnitude and a point of investigation is
chosen the algorithm selects a radius of investigation and
examines all the earthquakes within a circle centered on the
chosen point. When set to predict a magnitude 7 earthquake the
radius of the circle is 280 kilometers. The algorithm removes
the aftershocks from the data and then calculates seven measures
of seismic activity. Six of these measures are an average of
activity for the preceding six years in the circle of
investigation. The seventh measure is a count of the number of
aftershocks in the first two days after each main shock.

When six of the seven measures are in the top ten percent of
their historic range an alert or Time of Increased Probability
(TIP) is declared. Once declared a TIP lasts for five years or
until it is terminated by an earthquake.

The Loma Prieta Prediction

With the aid of Volodya Kossobokov we have prepared plots that
show the predictions of the M8 algorithm configured to predict
magnitude 7 earthquakes in California. The algorithm was run in
eight overlapping circles of investigation, figure 1. The two
circles of investigation relevant to the Loma Prieta Earthquake
_are shown in an expanded view, figure 2. Figures 3 through 17
show the areas where alerts were declared and the earthquakes of
magnitude seven or greater for the years 1975 through 1989. Four
alerts were declared in this period. An alert in region four was
closed by the Eureka Earthquake. An alert in region 8 was closed
by the Imperial Valley earthquake (this earthquake has reported
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magnitudes ranging from 6.5 to 7.0). Alerts in regions five and
six were closed by the Loma Prieta Earthquake which occurred in
the overlap of the two regions. During the 15 year interval from
1975 through 1989 there were four alerts which preceded
earthquakes and no false alarms.

Oother Predictions

The Soviet researchers also reported TIPs from two other
algorithms. They run an algorithm known as CN and they run the
algorithm M8 configured to predict magnitude 7.5 earthquakes.
These algorithms have both produced results that are interesting
for research, but in my Jjudgment their reliability and
specificity is not adequate for use in a public warning system at
this time.

The algorithm CN is designed to make predictions for two large
regions in California and Nevada figure 18. The size of these
regions is so large that it is hard to envision a useful public
response even if the predictions were very reliable. The
territory covered by the algorithm CN includes about 30,000,000
people. Divided in two parts the number of people affected by a
prediction will be more than 10,000,000. False predictions that
affect such large populations can do serious damage to our
credibility.

We have not run this algorithm successfully in Menlo Park. I
recommend that NEPEC not accept this algorithm for evaluation
until it can be run successfully by independent American
investigators. By success I mean duplicating the Soviet results
exactly.

The algorithm M8 configured to predict magnitude 7.5 has produced
ambiguous results in California. It produced a TIP in the region
including the Eureka Earthquake. It produced a TIP in Central
California in a region that included the Loma Prieta Earthquake.
This TIP will remain in force until the middle of 1992. No
other TIP’s were produced between 1975 and 1990.

These results suggest that the TIPs for magnitude 7.5 may have
been set by activity associated with the smaller earthquakes at
Eureka and Loma Prieta. A magnitude 7.5 or larger earthquake in
Central California would probably require a repeat of the 1906
rupture. If we interpret these results literally they suggest
that the 1906 earthquake would repeat before the middle of 1992.
Based on other evidence I believe that this is very unlikely, and
I conclude that the M8 algorithm set to predict magnitude 7.5
earthquakes is not producing reliable TIPs in California. There
are a number of reasons why the reliability of the algorithm
might be dependent on the magnitude threshold chosen for
‘prediction. This question will be investigated in future
research.

The algorithms CN and M8 set to to predict magnitude 7.5
earthquakes are both producing research predictions that have
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considerable scientific interest, but the predictions of these
algorithms do not have the demonstrated reliability needed for
use in a public warning system at this time.

Conclusion

The algorithm M8 set to predict magnitude 7.0 earthquakes appears
to be generating reliable alerts in California, and this
algorithm may be useful as part of a public warning system. We
will run this algorithm in Menlo Park and in Moscow, and we will
report the TIPs generated by this algorithm to NEPEC.

After-thoughts

In addition to the NEPEC presentation I presented this talk in a
seminar, and I have discussed it individually with other
thoughtful people. I have received many good suggestions for
further research, but most of these suggestions don’t deal
directly with the more difficult gquestion of evaluating the
reliability of this particular algorithm.

Consider the development and testing of a new drug as an analog
that may provide some insight for this problem. Research
laboratories may use very sophisticated methods to develop a new
drug. When the a drug appears to have great promise it starts a
long and costly period of testing which must be completed before
it is released for prescription to the general public. This
testing process is very different from the research needed to the
develop the drug. Testing 1is carried out by specialists in
testing who have different skills than the research scientists
who developed the drug. Once the drug goes into the testing
process its composition cannot be changed. Results on similar
drugs and theoretical considerations do not play an important
part in the testing process. Drug testing involves a search for
unfavorable side effects, and many drugs are rejected or
restricted because of these side effects. If a drug cures 25% of
the patients or even 10% of the patients with no negative side
affects then it will be accepted. If a drug cures 25% of the
patients and kills 10% of the patients it will be rejected.

In my judgment the M8 algorithm configured to predict magnitude 7
earthquakes in California has passed from the stage of research
to the stage where we must design a test program to evaluate its
reliability for public earthquake predictions.

_A Test Plan
We have fixed the algorithm and the control parameters. The
algorithm uses the National Earthquake Information Center Global

Hypocenter Data Base, which is available to all researchers. We
will run this algorithm in the future and report the results. If
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it continues to perform in the future as it has in the past with
no missed predictions and no false alarms it would take about 15
years to establish the reliability of this algorithm.

The challenge is to design test procedures that will shorten the
time for evaluation. With the control parameters fixed the only
parameter that can be varied is the center of the circle of
investigation. The algorithm is now configured to investigate
eight overlapping circles in California. We can increase the
data base by choosing additional circles of investigation. In
fact we can run it everywhere in the world where the NEIC Global
Hypocenter Data Base has a low enough magnitude threshold to run
the algorithm. Unfortunately, the data is not adequate to run
the algorithm in many areas with high seismicity, but we will
search the data base and run the algorithm at all possible sites.

We believe that the algorithm may not produce reliable results in
some regions. We will search for regions where the algorithm has
a good record on past data and then test the algorithm in the
future in these regions.

We need to define the criteria for acceptance or rejection of the
algorithm. The negative side effects in our case are the false
predictions. If any algorithm could predict 25% of the
earthquakes with no false alarms it would be very useful. False
alarms at this stage of our research can be very costly because
they threaten our credibility not only for future earthquake
predictions but for all statements which we make about
earthquakes. Loss of public confidence in our recommendations
about mitigating the earthquake hazard will have serious
consequences for years in the future. Thus we will make false
alarms the main criteria for rejecting the algorithm.

We will run the algorithm with centers of the circles of
investigation spaced at 20-kilometer intervals everywhere in the
Western United States where the data permlt. If we g_ng;g;g any

séigr Buhlif oI £he as
un_sm:_a_mg Q__r&nquék_n:edis_usms_,.

If the algorithm generated a TIP for a magnitude 7.0 earthquake
that was followed by an earthquake of 6.5 or larger we would not
regard that case as a "clear false alarm". Similarly if the
algorithm produced a TIP in a circle of investigation and the
earthquake occurred just outside the circle in an overlapping
circle that also had a TIP we would not regard that case as a
"clear false alarm".

If the algorithm generates no false alarms in the Western United
States and if there are favorable results in some other areas in
the world then we will recommend that NEPEC use this algorithm in
“combination with other data for future earthquake alerts.
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Appendix B

Handouts provided by A.Lindh to accompany presentation to
NEPEC, January 11, 1990.
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PROCEEDINGS OF THE
SECOND JOINT MEETING OF THE U.S.-JAPAN CONFERENCE
ON NATURAL RESOURCES
(UJNR) PANEL ON EARTHQUAKE PREDICTION TECHNOLOGY

JULY 13-17, 1981

Panel Chairmen:

David P. Hill
U.S. Geological Survey
Menlo Park, California 94025
u.s .A.

Keiji Nishimura
Geographical Survey Institute

Ibaraki-Ken 305
Japan

U.S. Geological Survey

Open~File Report 82-180

This report is preliminary and has not been reviewed for conformity with
U.S. Geological Survey editorial standards and stratigraphic nomenclature.
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HISTORIC SEISMICITY OF THE SAN JUAN BAUTISTA, CALIFORNIA REGION

A. G. Lindh, B. L. Moths, W. L. Ellsworth, and J. Olson
0.S. Geoclogical Survey
Menlo Park, California Qu025, U.S.A. -

Th€1N3O-km-lons segment of the San Andreas fault that ruptured in
the great 1906 earthquake (M 8) has been seismically quiet at the M 6
level for the last 75 years (Ellsworth et al., 1981). The historic
record of earthquakes in the 19th century for the southernmost 100 kz of
the rupture, extending from San Francisco to just north of San Juan
Bautista, indicates that it was the site of three or four M 6 or greater
earthquakes in the 110 years preceding 1906: 18007; 1838, M 77; 1865, M
6.5; 1890, M 5.9 (Toppozada, 1980). We believe that these earthquakes
are plausidbly accounted for by repeated slip on the southernmost 50 kx of
fault, just to the northwest of San Juan Bautista (Fig. 1).

Geodetic data indicate that strain is currently accumulating across
this zone at a rate (0.6 ustrain/a; Prescott, 1980) which can be
explained if the right lateral displacement across the fault is 2 cm/a,
and the upper 10 kn of the fault are locked. This rate of strain accumu-
lation is consistant with short and long term geologic determinations of
displacement rates in the region, and is sufficient to account for a
M 6.5 earthquake every 30 years (Fig. 2), a close approximation to this
segment's behavior in the nineteenth century. The long interval without
a large event since 1906 can plausibly be accounted for by the 1.5 m of
slip that occurred on this portion of the fault in the 1906 earthquake.
If this model (Bufe et al., 1977; Shimazaki and Nakata, 1980; Sykes and
Quittmeyer, 1981) is correct, it suggests that a large (>M 6) earthquake
could occur in this region at any time. This idea is reinforced somewhat
by the pattern of lower magnitude seismicity following 1906. Quiescence
extending down to the M 4.5 level lasted for 40 years, with sctivity
resuning in the mid-1940's (Fig. 2). These variations are suggestive of
2 small scale, stress modulated “seismic cycle".

Since 1979, a sequence of M 4 earthquakes have occurred on the
San Andreas in the region northwest of San Juan Bautista., Micro-
earthquake hypocenters associated with each of these larger events map
out nonoverlapping areas on the fault plane and highlight two portions of
the fault where future large events might reasonably be expected (top,
Fig. 3). One is a 10-15-km-long zone between San Juan Bautista and
Pajaro (0-15 kz on the horizontal scale at the top of Figure 3) that has
not ruptured in the past twelve years. The other is a %0 k= zone north-
west of Pajaro (15-55 lm, top Fig. 3), which not only has been anomalously
quiet in the last twelve years, as compared to the preceding eighteen
(Fig. 2), but also was the probable location of at least some of the large
earthquakes of the nineteenth century.
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In cross section, the pattern of microseismicity on the fault plane
at San Juan Bautista strongly resembles that at Parkfield, some 150 km to
the southeast (bottom, Fig. 3). Lindh and Boore (1980) have determined -
that fault slip during the M 5.5-6 1966 Parkfield earthquake, (dashed
line, bottom, Fig. 3), started near a dense cluster of activity at the
leading edge of the seismically active zone (left side, bottom, Fig. 3),
and propagated 20-25 km southeast to a single deep cluster (right side,
bottom, Fig. 3). By analogy, we speculate that the 1865 earthquake near
San Juan Bautista occurred within the dashed line shown in the top of
Figure 3. Furthermore, several of the recent M 4 earthquakes have
occurred at the ends of the 40-km-long zone on which we believe a >M 6
event is passible today.

Further similarities exist between the San Juan Bautista and Park-
field regions. Each region contains the terminus of a historic rupture
zone for a great earthquake on the San Andreas fault, 1906 to the north
and 1857 to the south. 1In both cases the transition from locked to
creeping behavior is accompanied on the east side of the San Andreas by a
change from a high-density, high-velocity basement (gabbroic and/or green-
stones) to a low-velocity, low-density crustal section of predominantly
graywacke character. The transition from locked to creeping behavior is
also accompanied by the appearance of a high level of microseismicity on
the fault plane that persists along the length of the creeping zone, by
geometrical complexities in the fault zone, and by the occurence of
poderate (M 5-6) earthquakes. We believe that the distribution of rock
types along the fault plays a major role in determining whether or not a
given section of fault slips seismically or aseismically, in determining
the character of the microseismicity, and in determining where large
earthquakes will occur. Thus we believe an integrated study of the
geology, tectonics, seismic velocities, densities, and seismicity of a
region forms a rational basis on which to build an earthquake prediction
progras.
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Fig. 2. (top) Equivalent slip plot of the events of M 5.5 from the middle
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(middle) Stick figure of the events above the dashed line in the space time plot.
This represents activity at the southern end of the 1906 break.

(bottom) Space time plot of the seismicity along the San Andreas from Bear Valley
to Los Gatos. M 5 prior to 1900, M 4.5 since that time.
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US-Soviet Cooperation in Earthquake Prediction

(Some important Soviet participante)

Acadery of Sciences of the USSE

International Institute for the Theory
of Earthquake Prediction
and Kathematical Geophysics

Address:warshavskoe Sh., 79 k.2, Moscow 113556, USSE
Phone: (095)110 77 95

FAX #: (095) 310 70 32

Telex: 441 628 IFZIWA SU

V.I.Eeil1s-Borok - Director

J.Rotvaln - author of the CK algoritho

.G.Kossobekov - author of the M8 algorithn

M.Molchan - leading statistician

M.Gabrielov - mechanical models

V.Eouznetsov - author of software for
analysis of catalogues

A.Lander - geophysicist

T.A.Levshina - physicist

I.Vorobieva - applied mathematician
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Appendix C

Reprints provided by A.Bernardi to accompany presentation
to NEPEC, January 11, 1990.
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THE STANFORD UNIVERSITY ELF/VLF RADIOMETER PROJECT:
MEASUREMENT OF THE GLOBAL DISTRIBUTION OF
ELF/VLF ELECTROMAGNETIC NOISE

A.C. Fraser-Smith and R.A. Helliwell
Space, Telecommunscations and Radioscience Laboratory
Stanford University, Stanford, CA 04305 o~

Abstracl. Stanford University is currently conducting 2
global survey of electromagnetic noise in the 10 - 32,000 H:
(ELF/VLF) frequency band using 3 network of eight
computer-controlled receiving systems, or 'radiometers.” One
gool of this measurement program is o improve
communication in the ELF/VLF band by providing more up-
to-date and complete information about the properties of
ELF/VLF noise (both natural and man-made) than is
currently available--the last extensive survey of noise in the
same {requency band was made over two decades ago. In this
presentation we describe the Stanford ELF/VLF noise
measurement  project, including the instrumentation
comprising each of the radiometers, the form of their analog
and digital measurements (which are made under the control
of a2 minicomputer), and the data processing techniques that
will be used. The results of previous noise surveys are briefly
reviewed and the significance of the overall decline of noise
power with increasing frequency revealed by these surveys and
other studies is discussed in the context of the scientific
applications of the noise data obtained by the radiometer
network.

Introduction

The Stanford University ELF/VLF Radiometer is 2 new
dual-channel computer-controlled system that provides
quantitative measurements of electromagnetic activity in the
frequency range 10 Hz to 32 kHi. Botb analog and digital
recording are used, the latter covering 16 parrowband
channels (5% bandwidths) distributed throughout the specified
frequency range; the actual frequencies are listed in Table 1.
Synoptic recordings of wideband ELF/VLF analog data (200
Hz to 32 kHz) are made on a routine basis, usually in the
format of 1 minute of recording every 30 minutes. However,
during periods of unusual activity, or during intervals of
cooperative measurements, it is possible for the operator to
record the analog data continuously. Synoptic recordings of
wideband lower-ELF data (10-400 Hz) are also made, but in
this case the data are recorded digitally. Furtber technpical -
details of the radiometer are provided below.

The radiometer project was undertaken in response to
several different requirements io ELF/VLF studies. Perhaps
the most important of these requirements is the need for
accessible well-calibrated data with continuous high time and
amplitude resolution over a3 wide range of frequencies. This
need led to the adoption of the predominantly digital
recording capability in the design of the radiometer, and the
inclusion of automatic calibration circuitry. The analog
recording capability provides an essential check on the digital
data. a backup in case of [lailure of the digital system, and
wideband data for a variety of special studies and cooperative
observations. Anotber important requirement in ELF/VLF
research is information about the global distribution of
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ELF/VLF noise, and this need will be satisfied by locating up
1o eight of the radiometers at widely-separated locations over
the earth’s surface.

The present actual and plaoned locations for the
radiometers are: (1) Thule, Geenland, (2) Sondre Stromfjord.
Greenland, (3) New Hampshire (1.c., East-Coast USA} {4)
L'Aquila. ltaly, (5) Stanford, Calilornia {i.e. West-Coast USA).
{6) Kochi, Japan, (7) Dunedin. New Zealand, and (8} Arnival
Heights, adjacent to McMurdo Station, Antarctica.  The
geographical coordinates of the locations are tabulated 1n
Table 2 and their distribution is shown in Figure 1.

Operstion of the radiometers is largely automatic.
However, tape changes are necessary every 2 - 7 days,
depending on the adopted recording schedule (currently
changes every two days are required}, and a daily check of the
system operation lasting for approximately 30 minutes is also
required. \With the exception of the Stanford and Arrival
Heights radiometers, which™ are operated either by Stanford
scientists or by scientists and technicians located at McMurdo
Station, operation of the radiometers is the responsibility of
local scientists involved in ELF/VLF studies, who assume
responsibility for the operation of the radiometers oo a
cooperative basis. We sbould also point out the opportunities
for other cooperative work. lo particular, independent
observations at the f{requencies indicated in Table 1, or st
other {requencies in the oversll range 10 Hz to 32 kHz, could

Table 1: Center frequencies and bandwidths for the 16
narrowband channels of the ELF/VLF radiometer.

Chansel Center Frequency Bandwidth {553)
ELF system | 10 Hs 0.5 Hu
2 0 1.5
3 0 4.0
4 135 .78
$ 78 13.78
s 3%0 19.0
VLF sptem | 500 25.0
2 750 Hs 378
3 1 kHs 50
4 13 78
. 5 3 100
[ 1 3 10
7 4 200
] s 400
1 10.2 §10
10 2 kHs 1600 Hs

CH2116-2/85/0000-305 $1.00 € 1985 IEEE
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Figure 1: Locations of the eight radiometer installations.

be mutually beneficial. It is anticipated that the radiometers
will be operated simultaneously for at least a year following
the completion of their deployment, i.c., until approximately
the end of 1986.

Fortuitously, the radiometers in California, Italy, Japan,
and New Zealand are located either in or close to seismically
active regions and their continuous operation for up to a year
may make possible a study of the relationship that has been
reported between ELF/VLF electromagnetic wave emissions
and the occurrence of earthquakes [e.g., 7, 10, 11]. The
feasibility of conducting this study will depend on the
earthquake activity that occurs during the ELF/VLF data
aquisition period.

Frequency Designation

From the point of view of its signal input, the radiometer
consists of two independent receivers, one for the frequency
range 200 Hz - 32 kHz and the other for the range 10 - 400
Hz. These frequency ranges straddle the VLF (3 - 30 kHz)
and ELF {5 Hz - 3 kHz) frequency ranges, as well as extending
slightly above the official VLF range, which causes some
difficulty in nomenclature. For simplicity, throughout the
remainder of this communication, we will refer to the
radiometer’'s upper frequency range (200 Hz - 32 kHz) as VLF
and we will refer to its lower frequency range (10 - 400 Hz) as
ELF.

Some Technical Details of the Radiometer

A block diagram showing the various subsystems
comprising the radiometer is given in Figure 2; the following
discussion of the radiometer is essentially a guided tour of the
block diagram, starting at the input end (i.c., at the antennas)
and working through the system to the output end (i.c.. to the
tape recorders). As noted above. the radiometer consists
initially of two independent receivers, one for the [requency
range 200 Hz - 32 kHz (referred to as VLF) and the other for
the range 10 - 400 Hz (referred to as ELF). Note further that
each of the receiving systems is dual chanpel. i.e., both North-
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South (N-S) and East-West (E-W) data are measured
simultapeously. The total electric power required to operate
the system lies in the range 1 - 2 kW, with the largest power
usage occurring when all the systems, including the two tape
recorders in particular, are all operating.

Antennas. There are two pairs of crossed antennas. one
pair for VLF signals and the other for ELF signals. Within
each pair, one antenna is oriented in a N-S direction and the
other 1n an E-W direction (these directions could change if
strong local interference 1s encountered). The VLF antennas
are conventional single-turn triangular loop antennas. They
are 9 m in height and 18 m across at the base, with an area of
81 m?; their resistance is 0.062 ohms and their inductance 65
microhenries. Antennas of this type bhave been wused
extensively at Stanford installations for many years. The ELF
antennas are specially designed and constructed loop antennas
of circular cross-section with a mean radius of about 0.49 m.
To control their electrical characteristics, the cotls were
wound in 12 segments of 97 turps, giving a total of 1164 turps.
Their resistance is 75 ohms, their inductance 2.7 henries, and
they weigh roughly 30 kgm (63 Ib}. The VLF antennas can be
supported above ground by means of a mast, but to avoid
wind-induced noise the ELF antennas must either be buried or
carefully shielded from the wind with an appropriate
structure.

Preamplifiers and Line Receivers. The preamplifiers and
line receivers were designed and comstructed at Stanford.

They are of conventional design, but extensive use was made
of circuits and components that would ensure stable, reliable,
low-noise operation. Notcb filters are built-in to remove up to
four power-line frequencies. The four frequencies are 60, 120,
180, and 300 Hz for locations with 60 Hz local power systems,
or 50, 100, 150, and 250 Hz for locations with 50 Hz local
power systems. Individual filters can be ibserted or omitted as
desired.

Mixer/Monitor. ~ The mixer/monitor is an interface
between the VLF line receiver and the analog tape recorder.
It bas a 4 channel capability (altbough pot all channels will be
used initially) and provision is made for voice anpotation on
the tapes. While the design of the mixer/monitor is largely
conventional, an important innovation is the inclusion of a
capability for it to feed information on all the front panel
settings to the computer, so that the settings can be included
automatically in the log.

Table 2: Geograpbical coordinates for the eight radiometer
sites.

Station Coordinates

Arrival Heights, Antarctica 78°S, 16T°E
Sondre Stromfjord, Greenland 67°N, 50°W
Thule, Greenland 80°N, 60°W
Dunedin, New Zealand 46°S, 170°E
Kochi, Japan 33°N, 133°E
Stanford, California 3TN, 122°W
New Hampshire 43°N, 72°W
L’Aquila, Italy 42°N, 13°E
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Figure 2: Block diagram of the Stanford ELF/VLF radiometer.

Noise Filter Unit. The purpose of this unit is to provide
the 16-[requency [iltered data for input to the analog-to-digital
(A/D) converter. The unit contains 16 dual bandpass filters
and rms detectors, with one pair of filters and detectors
assigned to each {requency channel. Because of their dual
characteristies, each pair of filters and detectors can
simultaneously process both Narth-South and East-West data.
The center [requencies for the 16 [ilters are listed in Table 1
and their bandwidths, as has already been described, are 5%.
For each frequency channel there are two apalog outputs
giving the N-S and E-\ detected data. These analog data are
then sent to the A/D converter.

Analog-te-Digital Converter.  The A/D converter is
manufactured by Computer Products Inc. {Model RTP
7431/30). It digitizes input samples in any order under the
control of the computer that will be described in the next
section. It has 14-bit resolution and it will digitize up to 4,000
samples/second in our system. The input range is £10.24 V,
but there is 8 programmable gain of either 1, 2, 4, or 8, giving
a minimum input range of +128 V. In the present
configuration the A/D converter bhas 32 single-ended input
channels and 8 differential-input channels. The 32 single-
ended input channels will be used for the analog data from the
noise filters and two of the differential-input channels will be
used to digitize the ELF broadband signal (sampled at a 1000
sample/sec rate); the remaining six differential-input chaonpels
are uncommitted at the present time.

Computer. The radiometer is computer controlled, and its
data measurement capability is greatly enhanced as a result.
We use a MicroNova MP/100 minicomputer with 84 kbytes of
- memory. in the form of 32 kbytes of RAM., and 32 kbytes of
EPROM (erasable programmable memory). lo addition to
monitoring and controlling the operation of the radiometer,
the computer will have some time available for data
processing. One of its data processing tasks will be to
compute the total rms signal in each of the 16 frequency
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channels by taking the square-root of the sum of the squares
of the digitized N-S and E-W parrowband dats. It will slso
calculate minimum, maximum, and average signal level
statistics from the narrowband data.

Control Coupler. This unit was designed and coonstructed
at Stanford. Its function is to allow the computer to read and
contro] the status of all of the important subsystems in the
radiometer (except for the A/D converter, clock, and digital
tape deck, which are controlled directly by the computer).
The computer will write control coupler status information
onto the digital magnetic tape at regular intervals, tbus
providing a continuous log of the system operation.

Video Displav_Terminal (CRT/Kevboard). The system
operator can commeunicate with the computer through a video
display terminal. Status information can also be displayed
and certain modifications to the system operation can be made
by means of commands entered through the keyboard. We
are using Zenith Z19 and Z29 termiaals for this purpose.

Clock /Frequency Standard. A Stanford designed and
constructed clock is used in conjunction with a 1 MH:z
commercial frequency standard (Spectracom) to provide
accurate time information. The clock is read by the computer
and in addition to giving standard time of day and day of vear
information it also provides (1) a two-character station code,
{2) 10 msec interrupts to the computer for timing the
operation of the digitizing system, and (3) synchronizing pulses
to the A/D converter. The clock and frequency standard

" automatically switch to battery power during power failures,

thus maintaining correct time information. Further, if the
external frequency standard should fail, the clock bas an
internal crystal standard of reduced sccuracy which
automatically takes over.

Tape Recorders. Each radiometer has both an analog
{Ampex 440C or TASCAM 42, 1/4-inch 1/2-track}) and a
digital tape recorder (Kennedy 9000, 800/1600 bpi), whose



operations are controlled by tbe computer. The sumber of
times {resh tapes must be loaded will depend on the samphing
rate (digital data) and on the format adopted for the synoptic
recordings (anaiog data), which can be varied by the operator.
According to our currept mode of operatiop. {resh tapes are
required every two days for the analog data and every four
days for the digital.

Format of the Digital Data on_Tape The digital data
acquired by the radiometer will be written onto the digital
data tape in 4086 32-bit-word blocks. These digital data will
include system status information (i.e.. the system log),
operator messages entered via the video terminal, the
broadband ELF synoptic data, and the digital samples of the
16-channel narrowband data. The latter data can be written
onto the tape at a variety of operator-selectable rates in the
range of 0.1 - 5 samples/second; we are using a rate of 1
sample/second as the standard for our current data
acquisition.

The dvnamic range ol the narrowband digital data is
approximately 80 db. This range cao be improved by further
processing. but the standard 00 db range is expected to be
adequate for most purposes.

Chalibration. As’is indicated i the block diagram (Figure
2), calibration signals ultimately derived (rom the
clock/frequency standard are inserted into the ELF/VLF data
stream by the computer at all the important stages of the data
processing.

Size of the Radiometer. The radiometer modules fill two
standard equipment racks, with the video terminal located on
a separate stand (or table)  The terminal could be
incorporated into the racks to save space if pecessary, but it is
more convenient for the operator to use when it is separate
from the racks.

Previous ELF /VLF Noise Measurements

The present standard atmospberic radio poise reference 1s
Report 322 of the International Radio Consultative
Committee (C.C.IR.) [1]. This report summarizes atmo-
spheric noise measurements from 16 stations distributed over
the earth’s surface and it makes worldwide predictions of noise
level values. However, the data are limited to the range 10
kHz to 20 MH:z and therefore provide no information about
ELF noise or about VLF noise in the lower part of the VLF
range. Furthermore, the data are over two decades cld and
may no longer be completely applicable.

More specifically relevant to our npoise measurement
project are the data provided by Watt and Mazwell {18, 18],
Mazruwell and Stone [12]. and Mazwell {13]. The data displays
in the latter reference are particularly pertinent, since they
cover much the same [requency range as will ours and both
temporal and geographic vanations are indicated. Figure 3
shows an illustrative example of these data. Our noise data
will differ from Maxwell's in many details (for example, we
measure the magnetic field of the noise, whereas Maxwell
measured the electric field, and we will have much higher time
resolution), but in the initial stage of our data processing it
will desirable and comparatively simple for us to display
similar noise spectra and their temporal and geographic
variations. From this start, we will expand our analysis to
include computations of V, (delined as the ratio of the noise
envelope to its mean value, expressed in db), which is a direct
measure of the impulsiveness of the noise, and the amplitude
probability distribution.

While there do not appear to have been apy wideband
measurements of ELF/VLF noise since the work of Watt,
Maxwell, and Stone referenced above, there have been a
number of studies of specific sections of the ULF (frequencies
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78



less than 5 Hz). ELF. VLF, and LF (frequencies in the rapge
30 - 300 kHz) bands that bave implications for our ELF/VLF
measurements. For example, superconducting magnetometer
measurements of magnetic noise io the {requency range 0.1 -
14 Hz by Fraser-Smith and Burion [4] provide information
about the noise background at the low [requency end of the
ELF/VLF range. while measurements by Gurnett |8] apnd
others help define the characteristics of auroral kilometric
radiation (AKR). which is observed in space near the earth
and which influences the npoise background there at
frequencies just above the upper end of the ELF/VLF range.
Within the ELF/VLF range the measurements of Dinger et al.
{2] are noteworthy for the detailed information they give
about noise in the 1 0 to 4.0 kHz [requency band.

When an attempt is made to obtain an overall picture of
the [requency dependence of natural electromagnetic bnoise
over a broad frequency range that includes the ULF, ELF,
VLF. and LF bands as sub-ranges, an interesting and
suggestive picture of the general trend of the noise becomes
apparent. This trend is illustrated in Figures 4 and 5. The
first of these figures is taken from Spaulding and Hagn |15,
and 1t shows the variation of their external noise figure F_

with [requency. Fz is a measure of the available noise power
{in units of dB above kT B, where k is Boltzman’s constant

(1.381 X 10™3 J/°K), T, is a relerence temperature taken, in

this case. to be 288 °K. and B is the bandwidth in Hz). As
can be seen. there is a general downward trend of the noise
power over the frequency range covered by the display (0.1 Hz
to 10 kHz). which includes most of the range of our
radiometer measurements.  Other displays by the same
authors (also see the review by Flock and Smith [3]), covering
higher frequencies, indicate that the downward trend
continues until the frequency reaches about § GHz. The noise
data in Figure 5 are taken from Lanzerolti and Southward
[8]. Despite the different units used for noise power and the
emphasis given in the display 1o the dominant varieties -of
noise at various frequencies, the same downward trend of
noise power with increasing frequency is clearly evident.
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Figure 4: Variation of the external noise figure F_ with
frequency in the range 0.1 Hz 1o 10 kHz [15]. The solid curve
(D) shows minimum expected values of F. at the earth’s
surface and the dashed curve {C) shows maximum expected
values.  Section A of the two curves denotes geomagnetic
pulsations and scction B the location of the first earth-
joncnphere cavity resonance.
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Figure 5: Power flux levels for various [requency ranges of
naturally-occurring electromagnetic and plasma waves in the
earth's environment and in astrophysical sources as observed
at the earth [9].

A possible clue to the form of this downward trend.
together with a framework for the interpretation of the noise
data, is provided by the ULF/ELF measurements of
Fraser-Smith and Buzton [|4).  After apalyzing their
measurements, Fraser-Smith and Buzton tentatively
concluded that geomagnetic noise on the earth’s surface could
be divided into two components as follows: (1) a class of
comparatively stable background activity, where the magnetic
field amplitudes drop off with frequency as /™", where n is in
the range 1.0 to 1.3, and (2) a class of comparatively transient
events with center frequencies, bandwidths, and durations that
vary widely on an event to event basis. The transient events
in the latter class grow out of the stable background activity,
reach a maximum field strepgth that can be large in
comparison to the background level, and then decay until they
finally disappear back into the background activity. There
can of course be spatial and temporal variations of the
background activity. For example, the measurements of
Fraser-Smith and Burton indicated that their ULF/ELF
background activity was stronger during the day and during
times of geomagnetic disturbance (the measurements were
only made at one middle latitude location, so they gave no
information about the spatial variation of the background
activity).  Extrapolating these measurements slightly in
frequency, Figure 6 provides a model for the background noise
in the frequency range 0.001 - 100 Hz: the magnetic field
amplitude, in units of pT/Hzllz, can be written B=B//
where the constant Bo has values 2, 4, .and 8 for nightime
quiet. average, ot disturbed periods, respectively, or 4. & and
16 for daviime quiet. average, or disturbed periods,
respectively.

Returning now to the general declining trend of noise
power with increasing frequency exemplified in the work of
Spaulding and Hagn (15} and Lanczerotti and Southward [9],
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we have prepared a dispiay similar to that of Lanzerotti and
Southward, but with f°! and f? trend lines drawn in (see
Figure 7). Since it is now power that is displaved, the
background noise should have an f'2 decline with increasing
frequency if the trend shown for amplitudes in Figure 6 were
to be continued st higher frequencies. As can be seen, the !'2
trend line fits the dats quite well, particularly whep it is
remembered that the fit is to the background activity - the
comparatively stable and continuous level of activity out of
which grow the more transient varieties of activity, such as Pc
1 pulsations, VLF chorus, plasmaspberic and auroral hiss, and
AKR. Thus, the best fitting trend line for the background
activity should appear as & base to the other forms of activity.

The background noise described above, and its frequency
dependence, is of interest for several reasons. First, and
foremost in our work, it is of interest because it is the source
of the minimum level of non-instrumentsl noise in any
communication band and thus has important implicstions for
communication.  Second, the source (or sources) of the
background noise are not known. Fraser-Smith and Buzton
[4] speculsted that the source of their background ULF/ELF
magnetic field fluctustions was interplanetary magnetic field
fluctuations; however, there is no reason at this time to expect
that the entire spectrum of background noise (up to
frequencies near 1 GHz) originates in the interplanetary field.
Studies of the frequency dependence of the background noise
may help determine its origin. Finally, as described in
particular by Voss and Clarke (16, 17}, although there are
many different forms of noise encountered in nature and in
our society, a large proportion of fluctuating physical variables
have a spectral density that is ®1/f-like,* i.c.. the power

spectrum varies as f %, where n lies in the approximate range

65 - 1.5. The background noise discussed in this com-

munication does not appear to be 1/f-like (the f°! trend line
in Figure 7 1s clearly an inferior fit to the poise compared with
the j'2 line), but instead it appears to belong to a less
widespread class of noise that is variously described as being
*correlated.® *Erownian.® or *brown® [e.g.. 6] and which is
characterized by a 1/f 2 variation of spectral density. Studies
of the background noise in the more-general context of
correlated noise could provide new insight into its origin and
properties,

Applications of the Noise Data

The Stanford University ELF/VLF noise survey will
provide new information about the global distribution and
temporal variation of ELF/VLF bpoise.  An immediate
practical application of the poise measurements 1s to
communication in the ELF/VLF band. Another possible
practical application, still speculative at this stage. 1s to
earthquake prediction, based on the reported observation of
ELF/VLF signals as precursors to earthquakes. Among the
many potential scientific applications of the data, in addition
to the obvious application in studies of electromagnetic noise
in the earth's environment, specific reference may be made to
applications in (1) the study of wave-particle interactions in
the magnetosphere (which produce a number of the transient
varieties of noise shown in Figures 6 and 7, and which may
contribute to the background noise), (2} studies of the
ionosphere (which influences the noise both as a transmission
and absorbing medium and as the upper region in the earth-
ionosphere waveguide), (3) studies of the effects of map on the
electromagnetic environment, by using digital processing of
the noise data to detect *weekend effects® [5] and other
possible indicators of human influence, and (4) studies of the
general characteristics of noise [e.g., 16, 17].
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Measurements of BART Magnetic Fields with an
Automatic Geomagnetic Pulsation
Index Generator

A. BERNARDIL, A. C. FRASER-SMITH, AND O. G. VILLARD, JR

Absiract—Measurements of the large-amplitude magaetic fleld fluciu-
ations produced by the San Francisco Bay Area Rapid Transit (BART)
system using an sutomatic compuler-based geomagnelic pulsation index
generator jucated on the Stanford campus, which is approximately 40 km
from the center of the BART system, are described. Because (he temporal
varistion of the fluctuations is well defined on an bour-to-bour and day-
to~day basis, due to the tramsit sysiem scheduling, they provide a
convenieal mesns for evaiuailag the performaace of the ladex generator.
The index generator, ia turn, provides mew isformation about the
frequency content of the BART fleld Nuctuations, and it can be used, ina
general sense, to moslior activily on the BART system.

1. INTRODUCTION

City and suburban environments are notorious for the variety and
strength of their low-frequency electromagnetic noise sources, which
force those interested in making measurements of the natural noise
background 10 remote locations. Even then, it may be difficult 10
avoid some man-made low-frequency noisc from widely distributcd
systems such as electric railroads, telephone lines, and power
transmission lines. There is even a possibility, which is still
speculative ai this stage, that the man-made sources of low-frequency
noise are now sufficiently intense 10 influence some of the sources of
the natural noise (see, ¢.g., [1)).

Somc years ago, our research group drew atiention to the large-
amplitude ultra-low frequency (ULF—frequencies less than 5 Hz)
clectromagnetic fields being produced by the new dc-powered Bay
Area Rapid Transit (BART) system that had been constructed in the
San Francisco Bay area [2]-{4]. We showed that the BART system
could generate magnetic field fluctuations at Stanford Univenity,
which is roughly 40 km from the center of the BART tracks, that
were an order of magnitude or more larger than the natural
geomagnetic noisc background in the same frequency range. Further,
the energy of the ULF signals was found to be concentrated below
about 0.3 Hz, although it was still easily detectable above the natural
background noise at 1 Hz.

Manuscripe received April 6, 1989, revised June 10, 1989. This work was
supponied by the Office of Naval Research under Contract NOOO14-83-K-
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Since our research interest is primarily natural ULF geomagnetic
field fluctuations, our ultimate response Lo the presence of the BART
magnetic field fluctuations on the Stanford campus and throughout
the San Francisco Bay area and its vicinity was typical of geomag-
netic field researchers during this last century: we moved our
measuring equipment to 8 more remote location. Thus, we ceased
making measurements of the BART ficlds. However, in 1986, as pan
of the evaluation of 2 new geomagnetic activity monitoring system we
were developing, we set up one of the systems in an isolated area of
the campus and measured the BART magnetic fields for several
months. The new ULF measurement system (which we will refer 10
as a magnetic activity index (MAD) generation system) differcd from
the systems used for the earlier measurements primarily through its
use of a small computer to run the sysiem and to compute half-hour
indices of the geomagnetic activity in nine narrow nonoverlapping
bands covering the frequency range 0.01~10 Hz. Since the index
generation system is calibrated and each index is proportional to the
logarithm to the base two of the average power in its corresponding
frequency band. the indices provide a new quantitative measurement
of the BART magnetic fields. As we will show, they closely follow
the level of service being provided by the BART system.

II. DESCRIPTION OF THE INDEX GENERATION SYSTEM

Each MAI generation system has two main sections that are
connected to each other via a 500-ft shiclded cable. The first section
consists of the computer that operates the system and its associated
signal receiving and sending circuitry. This section is normally
housed in a shed or other shelter that is equipped with ac power and a
telephone line. The telephone line gives authorized users remote
access to the indices via a modem linked to the computer, and it also
enables users with the correct priority to initiate certain system
operations. For example, a self-calibration procedure can be either
initiated or turned off by telephone commands. The second section of
the index generator consists of its magnetic field sensor and
associated high-gain low-noise amplifiers, which are located as far
away from the first section as the connecting cable and measurement
site will allow in order to prevent the pickup of electromagnetic
interference from the computer and other electronic and electrical
equipment housed in the shed. Fig. | shows a block diagram of the
system as a whole.

The sensor used in the MAI generation system is made up of a pair
of solenoidal coils of aluminum wire connected in series and
enclosing a high-permeability steel core (see Fig. 1). A single-turn
calibration coil is inserted between the two sense coils; it can be used
to inject a known magnetic field variation into the sensor either
automatically under the control of the computer or in response to
commands given to the computer over the telephone.

The small voltages produced at the terminals of the coils by
variations of the magnetic field in the core are amplified by low-noise
amplifiers with an overall voltage gain of approximately 118 dB (800
000 times) that arc located immedistely adjacent to the coils. The
amplified signals are then sent back to the second section of the
system (in the shed) by a set of differential line drivers, which are
used to minimize external noise pickup in the cable.

A differential line amplifier in the second section is used to receive
the transmitted differential signals. The difference signal can be
further amplified at this stage if necessary (the additional amplifica-
tion is optional; no extra amplification is required at either of the two
middle latitude locations at which we have been operating MAI
gencration systems), after which the signal is passed through a sharp
antialiasing filter before being sampled. An §-bit analog-to-digital
converter is used for the sampling, which takes place at a rate of 30
samples per second. Finally, the digital stream of data is sent to the
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Fig. 1. Block diagram of the MAI gencration system. It consists of two main
sections separated by a 500-ft cable.
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Fig. 2. Relative response of the analog section of the MA‘I .genemion
system. In practice, a 100-pT peak-to-peak sinusoidal variation of the
magnetic field at the sensor will produce a 2.6-V peak-lo-peak output from
the analog section at 8 Hz (the point of maximum response). Measured
values are shown by holiow boxes and interpolated values are shown by
solid boxes. The sharp drop in the response above 10 Hz is caused by the
antialiasing filter in the system.

computer for processing. Although we use a relaively simple
computer, it has adequate speed to continually process the incoming
data samples without loss of any of the incoming data.

The relative response of the analog section of the MAI generation
system 10 a fixed amplitude sinusoidal variation of the magnetic field
is shown in Fig. 2. The data were obtained by applying a known
sinusoidally varying magnetic field from another large air-cored coil
as part of an absolute calibration process and stepping through the
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frequency range of the sysiem. Al irequencies less than 0.1 Hz, the
response of the system is interpolaied. Above 10 Hz, the sharp drop
in response of the system is produced by the low-pass sntiahiasing
filter. In general, and as may be seen below 10 Hz, the relauve
response of the system increases with frequency due 1o the increase 1n
the induced voliage across the solenoidal sensor as the frequency of
the incident magnetic field is increased. That is, if the magnetic field
applied to the coil sensor is

B(t)= B, sin (wi) 4}
the voltage induced across the coil terminals is
daBs
V(t)= p, AN d: ) =u,ANByw cos (wl) 2)

where N is the total number of turns of wire in the coils. and A, is the
effective cross sectional area of the coil. The relative permeability of
the core material is denoted by y,. and it 1s in general a nonhinear
quantity that can depend both on the frequency and ampliude of the
applied magnetic field. The core material can saturate at large signal
levels, but such large signal levels are not expected from exposure to
natural geomagnetic activity.

In the MAI generation system, the valuc of g, lies in the 10-20
range, depending on the core used, and it remains constant over the
{requency range of the sysiem. We can rewrite (2) as

V(1) = Cuw cos (wl) (3)

where C is defined as

C=u, A NB,. 4)
Thus, the amplitude of the induced voltage increases linearly as the
frequency is increased, with the slope being approximately equal to i
on a log-log plot (Fig. 2).

The digitized stream of data from the analog-to-digital converter is
processed continuously by the computer. The data are collected in
biocks of 4096 samples (136 seconds of data) multiplied by a 4096-
point Hamming window and frequency analyzed using a fast Fourier
transform (FFT), after which the average power in each of the desired
frequency bands is calculated. The use of the Hamming window
(which smooths the spectral estimates at each frequency), combined
with the averaging over each frequency band, reduces the statistical
variance of the power spectrum estimates for the bands. This process
is constantly repeated, and it gencrates a set of spectral estimates
every 136 seconds. The statistical variance of the spectral estimates is
funther reduced by the method of averaging nonoverlapped modified
periodograms [5]. The averaging is performed over haif-hour
intervals, which include 13 or 14 spectral estimates (depending on the
exact timing of the transform operations), and the final results of
these computations, consisting of logarithms 10 the base 2 of the
averages, are siored every half hour.

The information stored in the MAI generation system therefore
consists of a collection of logarithms (o the base two of the half-
hourly average of the average power in the various frequency bands.
These numbers comprise our magnetic activity (MA) indices, and
currently, we compute at least nine basic half-hour indices MA3~
MAI1 for nine nonoverlapping frequency bands in the 0.01-10-Hz
range. Table ] lists the nine frequency bands, together with the FFT
bins that are used in calculating each MA index. Notice that the bands
span the 0.01-10-Hz frequency range without gaps as well as without
overlapping.

To limit the quantity of data stored by the computer, we do not at
this time convert the power in the various frequency bands to system-
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TABLE |
FREQUENCY BANDS COVERED BY THE MA INDICES AND THEIR
ASSOCIATED FFT BINS

MA index Frequency Band (Hz) FFT Bins
MA3* 0018 2
MA4 0 022-0 044 3-6
MAS 00510 095 7-13
MAS 0103-0 198 14-21 -
MA7T 0.205-0 498 28-68
MAS 0 505-0 996 69-136
MA9 1 003-2.000 137-213
MAID 2.007-4.995 274-682
MALS 5 002-9.998 683-136%

*Only one FFT bin included.

TABLE U
CONVERSION OF MA INDICES TO MAGNETIC FIELD UNITS. TO CONVERT
A PARTICULAR MA INDEX VALUE M TO A CORRESPONDING AVERAGE
MAGNETIC FIELD AMPUTUDE a IN pT/vHz, SUBSTITUTE M AND THE

APPROPRIATE CONVERSION FACTOR C IN THE EXPRESSION a=2M x C
pTNﬁ;

MA Index Center Frequency (liz)  Converswon Factor (C)
MA3 0.018 2.704 x 10*?
MA4 0.033 4.790 x 10+
MAS 0.073 1.070 x 10*!
MA6 0.150 2.645 x 10°
MAT 0.352 4.992 x 10~}
MAS 0.751 1.213 x 10~}
MAS 1.502 3.698 x 10~?
MA10 3.501 1.368 x 107
MAL) 7.500 7.129 x 1073

independent units, ¢.g., 1o power measured in (magnetic field unit)?/
Hz. Thus, quaniitative comparison of the indices measured in the
different bands must be done cautiously. It is of course possible to
convert the indices to more absolute units by using the calibration
data in Fig. 2 and by allowing for the different bandwidths used for
the indices. When this is done, the conversion factors given in Table
11 are obtained.

Unlike the other indices, the MA3 index is derived from only one
frequency bin of the frequency transform, and it is comparatively
strongly influenced by the spectral estimates in the two adjacent
frequency bins as a result of the use of the Hamming window. Thus,
the values of MA3 should not be given as high a significance as the
values of the other indices. The power spectral estimate for this single
bin has been included as an MAI primarily to allow for the study of
the activity in frequency bands extending up from 0.01 Hz to optional
higher limits within the overall operating range of the index
generation system.

Datz collection by each MAI generation system is entirely
automatic, and no operator is needed. A visit is required roughly once
every seven months 1o change the magnetic disk on which the half-
hourly MAI's are stored. All other sysiem-related operations can be
performed remotely by communicating with the MAI generation
sysiem via computer terminal, modem, and telephone line.

IIl. BART MEASUREMENTS

Following completion of our first MAI generation system, a series
of testing und calibration measurements were made on the Stanford
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Fig. 3. The MAI's measured at Stanford during the week of April 20-26,

1986. The repetitive pattern we associate with BART is evident in most
bands, but it is concentrated in the 0.10-0.20-Hz band. for which the
corresponding index is MA6. Note that April 20 was a Sunday, and April
26 was a Saturdsy.

campus prior to the relocation of the system to a remote site for
measurements of natural magnetic field variations. By March 1986,
the system was running well, and it was left in operation until June
1986. The data described here were obtained during that four-month
interval between March and Junc 1986.

Fig. 3 shows a plot of the indices generated by the index generator
during the week beginning Sunday, April 20, 1986. The data are
typical of the indices that were generated during other weeks of the
measurement interval. It can be seen that the variation of the indices
follows a repetitive daily pattern from Monday through Friday, with
2 similar, but slightly different, pattern on Saturday and Sunday.
Following our earlier work, we did not hesitate to ascribe the
magnetic field variations 10 BART, and indeed, as we will describe,
the variation of the indices conforms closely to use of the BART
system. It will be noticed that the repetitive BART activity is
strongest in the MAG band, which corresponds to the 0.10-0.20-Hz
frequency range. It is only weakly evident in the MA3 index (0.01
Hz) and in the MA9-MA11 indices (1-10 Hz). Thus, the activity is
concentrated in the frequency range 0.02-1 Hz, with a peak around
0.1-0.2 Hz. This frequency variation is in accord with our earlier
measurements at Stanford [2].

To quantify the BART magnetic ficlds in greater detail, Fig. 4
shows two plots of average Stanford magnetic field amplitudes
against frequency for Tuesday, April 22, 1986. The amplitude data
were derived from the index measurements made during the intervals
between 2:00 and 4:30 AM (BART off) and 6:00 and 9:00 aAM (BART
on) by converting the indices to magnetic ficld amplitudes, using the
conversion data in Table I and averaging the amplitudes for each
interval. The measurements made when BART was not operating
correspond very closely to those made over a decade ago at the same
location with an entirely different system [6). Furthermore, other
measurements we have made in Northern California at a location well
avay from the San Francisco Bay area indicate that the background ~
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Fig. 4. Comparison of the magnetic ficld amplitudes measured on April 20.
1986 when BART was on (6:00-9:00 AM) with those when BART was off
(2:00—4:30 AM). Note that the picotesia unit we use here is equivaient to
the older milliggmma unit (1 pT = imy).

noise measurements made during the time interval between 2:00 and
4:30 AM remain typical through 6:00 and 9:00 AM, except possibly
for a small enhancement in the range between 0.015 and 0.2 Hz
corresponding to the commencement of daytime Pc 3 pulsation
activity. By comparison with these BART off data, the measurements
made when BART was operating arc approximately an order of
magnitude larger for frequencies in the 0.07-0.40-Hz range.
Although these particular measurements apply only to a specific day.
the BART magnetic field fluctuations are highly predictable when
averaged over intervals of the order of an hour or more, and thus. the
amplitude data in Fig. 4 can be considered typical.

To extend this quantitative comparison of our index measurements
with activity in the BART system, we obtained information from
BART's public affairs office on the total number of cars operating on
the tracks as a function of the time of day [8). Because the BART
system, like other similar transit systems, adds and removes cars 1o
their trains as demand varies during the day. it is the number of cars
in use that provides & measure of the activity in the system, as
opposed to the number of trains. Following our earlier conclusion
that the magnetic field fluctuations gencrated by BART has ampti-
tudes proportional to the changes in the dc current drawn by the trains
as they accelerate or decelerate, and noting that the power spectrum
of the magnetic field is proportional 10 the square of the magnetic
field, we decided to use the logarithm to the base two of the total
number of cars operating on the BART tracks as a measure of BART
activity to compare with our logarithmic MA indices.

Fig. S compares the variation of the MA6 index during the week of
April 20-26, 1986, with the variation of our logarithmic measure of
BART activity. To compare the two variations on the same scale
without overlapping, we have added 20 to the BART logarithms. and
at times when BART is not in operation (during the early morning
hours), we have avoided having to take the logarithm of zero by
setting the BART activity index to 20. The two variations are very
similar. Both show the same variation from Monday through Friday.
with the moming and afternoon rush hours being clearly evident as
maximums, and the reduced service during the day. further reduced
service during the evening. and end of service late at night are also
easily identifiable. On Saturdays. BART begins its service at the
same time as on Mondays through Fridays, but it only provides 1wo
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Fig. 5. Comparison of the MAG indices (0.1-0.2 Hz) measured at Sunford
during the week of April 20-26, 1986, with the number of BART cars 1n
use during the week. The lower plols shows that variauon of the MAG
indices. and the upper plot shows the simuliancous variation of the quantity
(20 + log;(1otal number of BART cars in operation)).

levels of service during the day. On Sundays, BART starts its service
later than the usual time, and again provides only two levels of
service. All these features of BART weckend activity are also
mirrored by the MAG6 indices.

IV. DisCussioN

Even though our measurements of the BART magnetic fields are
made 2t some distance from the center of the BART sysiem, the
indices we computed nevertheless followed the level of service being
provided by BART very closely, and they could be used to monitor
overall activity on the BART system, if there was a need for such an
application. The frequency content of the BART magnetic ficld
fluctuations probably also relates to the level of service, although we
have not been able to investigate this aspect of the field variations in
any detail. In the measurements reported here, the field fluctuations
are concentrated in the 0.02-|-Hz range with a peak of activity in the
0.07-0.4-Hz range. We broadly relate these frequency ranges to the
number of accelerations and decelerations per unit time of the trains
in the BART sysiem taken as a whole; if it was possible for this
aumber to be doubled, we would expect 1o see the frequencies
doubled as well.

Our results have one interesting practical implication. The center
of the growing Washington, DC Metro system, which closcly
resemblies the BART system in the use of dc power and other related
features, is located roughly 80 km from the Fredericksburg geomag-
netic observatory, whose measurements are incorporated into the
widely used K, and A, indices of planctary geomagnetic activity [7).
Our measurements suggest that the observatory may be becoming
significantly exposed to magnetic field fluctuations from the Metro
system. Fortunatcly, the magnetic measurement specifically incorpo-

rated into the geomagnetic indices is the three-hourly range of one of
the magnetic field components, and that measurement is relatively
immune 10 the Metro magnetic ficlds at this time. However. let us
consider the implications of magnetic noise similar to that produced
by BART for magnetic field measurements by a conventional
observatory analog magnetometer at Fredericksburg.

If typical, the magnetometer will be capable of responding to
magnetic ficld fluctuations with peniods in the 10-100-s range. where
the Metro activity is likely to be concentrated, but the Lime resolution
of its magnetograms will only be on the order of | mun. As a result,
the magneiometer trace will be thickened, thus giving somewhat
grester maximums and lower mimmums than would otherwise be
recorded, and consequently, a slightly greater three-hourly range will
be measured. Assuming a noise smplitude of about 2000 pT/VHz, as
is the case for BART in the 10-100-s penod band (Fig. 4), the
amplitude of the thickening will be roughly 1000 pT, or | y. This
laticr amphitude is only just measurable in a conventional observatory
magnetometer, and thus, we can conclude that the Metro magnetic
noise is unlikely 10 be 4 threat to the integrity of the Fredericksburg
magnetic field measurements at this tme, but 1t may be on the point
of becoming a threat. The Metro signals can be removed by filtering,
and new digital magnctometers being introduced at Fredericksburg
will make such filiering possible, but this will also limit the response
of the magnetometers to natural activity in the same frequency range.
As a resub of these considerations, it appears cvident that the
continued growth of Metro can only have negative long-term
implications for the Fredericksburg measurements.
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ABSTRACT: American Geophysical Union Meeting, December 1989

ULF, ELF, and VLF Electromagnetic Field Observations
Close to the Epicenter of the Mg 7.1 Loma Prieta
Earthquake: Possible ULF Precursors

A.C. Fraser-Smith, A. Bernardi*, P.R. McGill, M.E. Ladd, R.A.
Helliwell, and O.G. Villard, Jr. (STAR Laboratory, Stanford University,
Stanford, CA 94305)

Our Laboratory has been operating two independent electro-
magnetic noise monitoring systems in the general vicinity of Stanford
University for several years. Both systems made measurements right up
until the occurrence of the Loma Prieta earthquake of 17 October 1989.
As a result, we have a uniquely detailed record of the electromagnetic
noise background variations prior to the earthquake. Specifically, our
measurements cover 25 narrow frequency bands in the more than five-
decade frequency range 0.01 Hz - 32 kHz, with a time resolution varying
from a half hour in the ULF range (0.01 - 10 Hz) to one second for the
ELF and VLF ranges (10 Hz - 32 kHz). The ULF system is located near
Corralitos, and it was within about 7 km of the epicenter. The Corralitos
system was therefore nearly vertically above the focus, which was about
18 km deep. The ELF/VLF system, one of a global array of eight
identical systems, is located on the Stanford campus, and it is 52 km from
the epicenter.

Analysis of the ELF/VLF data has revealed no precursor activity that
we can identify at this time. However, the ULF data have several
distinctive and anomalous features that may prove to be precursors.
First, there was a substantial increase in the noise background starting on
5 October and covering the entire range of operation of the ULF system.
Second, there was an anomalous drop in the noise background in the
range 0.2 - 5 Hz, starting one day ahead of the earthquake. Third, and
perhaps most compelling, there was an exceptionally large increase of
activity in the range 0.01 - 0.5 Hz starting approximately three hours
before the earthquake. There do not appear to have been any magnetic
field fluctuations originating in the upper atmosphere that can account
for this increase. Further, while our systems are sensitive to motion,
seismic measurements indicate that there were no significant shocks
preceding the quake. Thus, the large-amplitude increase in activity
starting three hours before the quake appears to have been an
electromagnetic precursor.

* Present Address: Teknekron Communications Systemns, Berkeley, CA 94704
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Appendix D

Viewgraphs used by J.Langbein to accompany presentation to
NEPEC, January 11, 1990.
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Appendix E

Viewgraphs used by J.Dieterich to accompany presentation to
NEPEC, January 11, 1990.
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Working Group on Probabilities of Earthquakes in

Purpose:

Considerations:

the San Francisco Bay Region

Review and revise probabilities from Open
File Report 88-398

Revised interpretations of data resulting from the
Loma Prieta earthquake

Physical changes resulting from the Loma Prieta
earthquake

Seismicity patterns of the 1800's
New data on faults of the San Francisco Bay region

Consider possible improvements in method
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PRELIMINARY CONCLUSIONS

The probability of a M~7 earthquake along the San Francisco
Peninsula segment of the San Andreas fault has not decreased as
a consequence of the 1989 Loma Prieta earthquake. The 30-year
probability is at least 0.2 (Open File Report 88-398).

New interpretations and new data increase the the 30-probability
of M~7 earthquakes along both segments of the Hayward fault
from 0.2 (Open File Report 88-398) to 0.3 for each segment.

New data for the Rodgers Creek fault yield a 30-probability of 0.2
for a M~7 earthquake.

The estimated probability of one or more M~7 earthquakes in the
San Francisco Bay region is 0.7 for the coming 30 years. This is
not a final result.

There is an acute need for intensive studies of all major faults in
the San Francisco Bay region.

Significant earthquake hazard also exists in southern California.
The total 30-year probability is 0.6 for one or more M=7%-8
earthquakes along the southern San Andreas fault and the total
30-year probability is 0.5 for one or more M=6":-7 earthquakes
along the San Jacinto fault (Open File Report 88-398).
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Appendix F

Viewgraphs used by A.Cornell to accompany presentation to
NEPEC, January 11, 1990.
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Appendix G

Handouts provided by P.Reasenberg to accompany
presentation to NEPEC, January 12, 1990.
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OUTLINE FOR JANUARY, 1990 NEPEC MEETING

. Request was to summarize the method and update NEPEC on new developments.

Formulation of the model -- described in Science report (1989)
a. Gutenberg-Richter magnitude distribution
b. Modified Omori Law time distribution
c. California data: 62 M>5 sequences, a priori distributions
d. Probabilities for generic sequence (Table 1)
e. Addition of ongoing sequence data

. Numerical Uncertainties in the model probabilities --
Science Comment I Response (1990)

a. Large standard errors for generic model at t=0

b. Acceptably small uncertainties after about 1 day

. Applications to date

3.1 Brawley (M4.7) ~- Science Comment II (1990)

3.2 Lake Ellsman (M5.2) 1989 -- Probabilities for a larger
follow-on earthquake were calculated, faxed to OES, and
released to the media. OES issued an advisory. SJ Mercury News
printed a front-page color graph showing probabilities for
an M>5 earthquake.

3.3 Loma Prieta (M7.1l) -- Science Comment II (1990)
Some Additional Points:

a. Smootheness of the model results in time.
1. (artificial) a numerical function was evaluated piecewise
in time in a computer code, instead of continuously.
2. (real) change in mainshock magnitude from 6.9 to 7.1
3. (real) delayed surge of M>4 events

b. We could reduce the jumpiness by increasing the variance of
the sample estimates accordingly.

c. Appearance of jumpiness:
Reports were for l-day intervals for first 4 days
Then, l-day and 2-month intervals for next 15 days
Then, l~week and 2-month intervals for next 25 days.
-=~>In future, recommend consistent (l-week and 2- or 3-month)
intervals for all forecasts.

. Types Uses of the Model -

4.1 Use after a moderate earthquake, to estimate the short-term
probabilities of a larger follow-on earthquake.
(e.g., The Brawley and Lake Ellsman sequences)
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4.2 Use after a strong earthquake, to estimate the probabilites of
hazardous aftershocks (smaller than the mainshock)
(e.g., Loma Prieta sequence)

4.3 Use after a strong earthquake, to estimate the probabilites of
an even stronger follow-on earthquake (e.g., memo to the
NEPEC Working group on Post-Loma Prieta Probabilities)

4.4 Use fter a strong earthquake, to estimate probabilites
of aftershocks for planning seismological field studies
(e.g., U.8.G.S. response to Loma Prieta)

(not of direct concern to NEPEC)

4.5 The generic model can contribute to the development of an earthquake
prediction scenario and response plan. In a region for which the
contemporary seismic and palecoseismic data are lacking or insufficient,
so that the Agnew-Jones foreshock methodology cannot be used,

the Generic aftershock model could provide intermediate- and long-term
probabilites representative, in some sense, of an average for
California. -->However, where the seismological

data support it, the Agnew-Jones model would be prefered.

5. The USGS should consider policies concerning:

a. IN WHAT SITUATIONS should short-term probability estimates
be released, and to whom.
The decision is clearly sensitive to location,
because the hazard associated with
a given earthquake depends strongly on its location. Scme
pre-defined criteria are needed to guide this application.
Possibly these criteria might imply certain alert levels
that could suggest appropriate responses.

b. HOW to issue forecast information (i.e., timing, wording
and frequency of information releases to OES and the press)

C. HOW to issue them consistently and with sufficient
explanation that they be understood. Background
information, comparisons with other earthquakes,
and interpretations of probabilities should be provided to
insure that the forecast is fully understood.

Cc. When to STOP issuing them. After Loma Prieta we tapered the
frequency of forecasts, and terminated after 6 weeks.
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United States
Department of the Interior
Geological Survey, Western Region
Menlo Park, California 94025

Public Affairs Office (415) 329-4000

WEDNESDAY, OCTOBER 25, 5:00 PM PDT

THE LOMA PRIETA, CALIFORNIA. EARTHQUAKE OF OCTOBER 17, 1989
AFTERSHOCK SEQUENCE OBSERVATIONS AND FORECAST

As of 5:00 PM PDT Wednesday, October 25, eight days after last Tuesday’s earth-
quake, 79 aftershocks of magnitude 3.0 and larger were recorded by the U.S. Geological
Survey in Menlo Park. The largest aftershock, magnitude 5.2, occurred 37 minutes after
the mainshock. The second largest aftershock, magnitude 5.0, occurred Thursday at 3:14
AM PDT. In addition, a total of 20 aftershocks of magnitude 4.0 and larger have occurred
so far. Fifty-one magnitude 3.0-3.9 aftershocks occurred during the first 24-hour period
after the mainshock, and 16 occurred during the second 24-hour period. During the third
day of the sequence, four aftershocks with magnitude 3.0 and larger occurred. The most
recent widely felt aftershocks were two magnitude 3.7 events today at 6:01 AM and 3:02
PM, PDT.

The magnitude of the earthquake was revised to 7.1 by the National Earthquake
Information Service in Golden, Colorado, at 11:00 AM Tuesday, October 24. This revision
is the result of additional data received from 18 seismographic stations around the world,
and represents an average of the observations made at these stations. Such revisions in
magnitude are normal and reflect the increasing number of observations coming in from
seismographs around the world.

Seismologists advise that additional aftershocks are expected in the next few weeks to
months, some possibly strong enough to cause additional damage, especially to structures
weakened in last Tuesday’s quake. Because of this continuing hazard, scientists urge that
earthquake preparedness measures continue to be taken, and that extreme caution be
exercised in and around damaged structures.

EARTH SCIENCE IN THE PUBLIC SERVICE
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24-HOUR FORECAST:

The probability for aftershocks decreases with time most rapidly during the first week
after the mainshock; then, the probability for aftershocks decreases more slowly in the
later weeks and months of the earthquake sequence. To assess the chances for additional
damaging aftershocks, scientists rely on the average behavior of past California sequences,
and on observations of the current earthquake sequence. The aftershocks recorded so far
generally follow the behavior of a typical California sequence. From these observations, a
stalistical model has provided a forecast of future strong aftershocks. As of Wednesday,
October 25, at 5:00 PM PDT, there is less than a one percent chance of a magnitude 6.0
or larger aftershock in the next 24 hours. In the same 24-hour period, the probability of a
magnitude 5.0 or larger aftershock is four percent.

LONG TERM FORECAST:

The long term outlook underscores the enduring nature of aftershock sequences. It
is not uncommon for a strong aftershock to occur several weeks or months after a main-
shock. Over the next two months the probability of a magnitude 6.0 or larger aftershock
is approximately 9 percent, while the probability of a magnitude 5.0 or larger event in the
same two-month period is about 43 percent. Also, in the next two months, approximately
three additional magnitude 4.0 or larger aftershocks are expected.

Most probably, additional earthquakes in the next few days will be smaller than last
Tuesday’s M = 7.1 earthquake. As for the possibility of an earthquake comparable to or
larger than Tuesday’s quake, scientists characterize the chances for that as “very small,
but not zero”. In a small fraction of the cases observed in California, a large earthquake
has triggered a comparable or larger earthquake on an adjacent segment of the same fault,
or on a neighboring fault. In particular, scientists are focusing attention on the Peninsula
segment of the San Andreas fault, from Los Gatos to Daly City. This segment of the San
Andreas was previously identified as being capable of producing a magnitude 7 earthquake,
and was given a 20 percent chance of doing so in the next 30 years. There is concern among
scientists that last Tuesday’s earthquake may have increased the stress on the southern
end of that fault segment, thus increasing the chances for a strong earthquake on the
San Francisco Peninsula over the next few years. Such triggering, however, is considered
unlikely. For example, no such triggering occurred after the magnitude 6.5 earthquake

believed to have occurred on the same Santa Cruz segment of the San Andreas fault in
1865.

Seismologists will continue to monitor the aftershock sequence, as well as any unusual
earthquake activity elsewhere in the San Francisco Bay area, and update the forecast for
future aftershocks as the sequence progresses.
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san Josc
fHercury News

1989 Lake Elisman Earthquake

Figuring the odds'for another jolt

Tues.,
Aug 8
Wed., )
Thurs., Aug 10
Fri., Aug "

Sat., Aug 12
Sun., Aug. 18

Days sfter
main shock

Earthquake forecast:
becoming less likely

This diagram shows the chance, at any given time
after Tuesday's earthquake, that another quake, of

at least magnitude 5, will occur within the next 24
hours or within the next 7 days. For example, this
moming, 2 days atter the quake, there is roughly a
5 percent chance of a quake within a week and a
2 percem chance of a quake within the next
24 hours. The forecast is based on
quake behavior, atter adjustment
to fit the latest Lake Elsman
- quake aftershock data.

~ - “Source: Plul Reasenberp, U.S. Geological Survey

Ron Coddington — Mercury News

Wax'-nings that Tuesday’s earthquake indicated drops with each quakeless day after the main
a higher probability of a strong temblor made shock. The colored band shows probabilities for
people wonder what that meant. Probability another quake to strike today.

_Loma Prieta Earthquake

o 24-hour

" Tues .
Oct 17

Thurs ., Oct. 19

]
; Fri., Oct. 20
: Sat., Oct. 21

Thurs.,

. Sun., Oct. 22

; Days after Mon,, Oct. 23 :

. main Tues.. Oct. 24 —-
[ quake Wed,, Ocl. 25

o

Oct. 26

Aftershock forecast:
becoming less likely

The chance of a damaging aftershock drops quickly in the
days afier a major earthquake. This diagram shows just
how fast. Normally, the chance of & magnitude 5
earthquake is about 1 in 10,000 in a given week. Butin the
24 hours afier Tuesday’s quake, the chance jumped {o 68
percent. And in fact, two such Quakes occurred. Now the
chances are declining; in the 24-hour period that begins
at 5 p.m. today, for instance, they are € percent.
The forecast is based on studies of previous
Quakes and on the aftershocks that have
come in so far from the
Tuesday's quake.

e s

e ——

Source: Paul Reasenberg, U.S. Geological Survey
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Appendix H

Handout provided by LJones to accompany presentation to
NEPEC, January 12, 1990.
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Appendix A

Prediction Probabilities from Foreshocks
Duncan Carr Agnew and Lucile M. Jones

1. Introduction

Many damaging earthquakes have been preceded by immediate foreshocks, smaller
earthquakes that occur within a few days and a few kilometers of the mainshock (e.g.,
Jones and Molnar, 1979). If those foreshocks could be recognized as such before the
mainshock occurs, they would be a very effective tool for short term earthquake prediction,
but so far no characteristic of foreshocks has been recognized that would allow them
to be distinguished from other earthquakes. However, when any earthquake occurs, the
possibility that it might be a foreshock increases the probability that a larger earthquake
will occur at the same site within the next few days. Jones (1985) showed that in southern
California this increased probability is 6% that an earthquake larger than the first will
occur within five days. Indeed, on this basis, the U. S. Geological Survey has issued four
short term earthquake advisories after moderate earthquakes had occurred (Goltz, 1985).
The probability of another earthquake occurring is significantly lower for a much greater
earthquake; the probability of an earthquake two units of magnitude larger than the first
is only 0.2%.

The results of Jones (1985) are from an emperical study of foreshocks previously
recorded in southern California. It is intuitively obvious that the probability of a very
large earthquake should be higher if the candidate foreshock were to occur on or near a
fault known to be capable of producing that very large mainshock, especially if the fault
is towards the end of its seismic cycle. This increased probability cannot be accounted for
by the generic, emperical results of Jones (1985).

An expression for this probability can be analytically derived from sormne of the basic
tenets of probability theory. We find that using this approach allows us to express the
probability of a major earthquake characteristic to a particular fault, given the occurrence
of a potential foreshock near to that fault as a function of several quantities that can be
determined from other sources of data. The derivation of this probability is presented
below. We show that it depends on the long term probability of the characteristic main-
shock, the rate of background seismicity along the fault and some assumed characteristics
of foreshocks. This derivation is then applied to the southern segment of the San An-
dreas fault—the one fault segment in California considered most likely to produce a major

-- earthquake within the next few decades (Agnew et al., 1988).
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2. Models for Probabilities from Foreshocks

Because of the nature of the seismicity along the southern segment of the San An-
dreas fault, we have been led to address certain fundamental issues about the relation-
ship between foreshocks and large events. This area illustrates in an extreme form the
“maximum-magnitude” model introduced by Wesnousky et al. (1983), in which the fre-
quency of the largest earthquakes on a fault zone is much higher than would be predicted
by the extrapolation of the frequency-magnitude distribution for background events. For
the southern segment as for many other parts of the San Andreas fault, this is a straight-
forward consequence of the low level of present-day seismicity. Extrapolating the present
level of seismicity to higher magnitudes predicts that a magnitude 7.5 earthquake would oc-
cur every 2900 years, whereas the recurrence rate estimated from slip-rate data is 200-300

years.

The implication of this is that the large characterteristic earthquakes on a fault zone
are somehow “different” from the background seismicity along it. This in turn suggests
that the foreshocks to such events might share in this difference, and so should be regarded
as a separate class of earthquakes from the background events. Making this conceptual
distinction does not of course imply that we can distinguish foreshocks from background
events from the records we have of them; rather, they can only be identified statistically,
and after the fact. This is, of course, exactly the case for another class of earthquakes,
namely aftershocks.

2.1 Zero-Dimensional Model

From the assumption that foreshocks are a separate class of event from background
earthquakes, we can set out a formal probabilistic scheme for finding the probability of
a large event, given the occurrence of a possible foreshock. To keep matters simple, we
begin with a “zero-dimensional” model, ignoring spatial variations, magnitude dependence,
and other complications. We thus define events (in the probability-theory meaning of the

term):
B: A background earthquake has occurred.
F: A foreshock has occurred.
C: A large (characteristic) earthquake will occur.

We assume that B is independent from C and that F and B are disjoint (we have a
foreshock or a background event, but not both).

The probability that we seek is the conditional one of C, given either F or B (because
*" we do not know which type we have). This is, by the definition of conditional probability,

P(C N (FuUB))

P(F U B) (1)

P(C|FUB) =
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Because F and B are disjoint, the probability of their union is the sum of the individual
probabilities. Thus, the numerator of (1) can be written as

P((CNnF)yu(CnB))=P(CNnF)+P(CNnB)=P(CNF)+ P(C)P(B)
and the denominator can be written as
P(FuB) = P(F)+ P(B)

By the definition of a foreshock, P(F|C) = 0 (we cannot have a foreshock with no main-
shock), and then
P(F) = P(F|C)P(C) (2)

where P(F|C) is the probability that a mainshock is preceded by a foreshock. Using the
definition of conditional probability once more to get P(C N F), we find that

P(F|C)P(C) + P(C)P(B) (3)
P(F|C)P(C) + P(B)

P(C|FuUB) =

Equation (3) has a number of desirable properties. If P(F|C) is zero (no foreshocks),
we find that P(C|F U B) = P(C), the background rate; if, however, we had P(B) = 0, the
expression becomes one (any candidate event must be a foreshock).

This expression is a function of three quantities, which in practice we obtain from
very different sources. P(B), the probability of a background earthquake, would be found
from long-term recordings of the seismicity of the fault zone. P(C), the probability of
a characteristic earthquake, would be found from calculations of the type presented by
Agnew et al. (1988). If we had a record of the seismicity before many such characteristic
earthquakes, we could evaluate P(F|C) (which we shall hereafter call Rpc) from it. (For
this simple model, Rpc is just the fraction of large earthquakes preceded by foreshocks.)
Of couse, we do not have such a record, and so are forced to make a kind of reverse ergodic
assumption, namely that the time average of Rrc over many events on one fault is equal
to the spatial average over many faults. This may not be true, but it is for now the best
we can do.

2.2 A One-Dimensional Model

As a simple extension of the previous discussion, suppose that we have N “regions,”
and that C;, B;, and F; denote the occurrence of an event in the i-th regions, with C (for
example) now being the occurrence of a large earthquake in any possible region. These
regions can be sections of the fault, or (as we will see below), areas in a multidimensional
space of all relevant variables. The quantity of interest is now P(C|F; U B;): we have a
candidate foreshock in one region, and want the probability of a large earthquake starting
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in any region. Assuming that the C;’s are disjoint (the epicenter can only be in one place),
we then have that

N
P(C) =) _P(C))

and so N
P(C|Fiu B:) = Y _ P(Cj|F;u By)

=1

and by similar manipulations to those of the last section we find that
N .
PCIFUB) =Y = (C’)Rfv"("’ ) + P(B) (4)
i=1 P(B;) + 3. P(Ci)Rpcli,l)
i=1

where Rpc(t,j) = P(F;|Cj). We may regard Rrc as a kind of “transition probability”
between a large earthquake in region j and a foreshock in region ¢; we call it the reverse
transition probability because it operates in reverse time. In this simple case we might
suppose (for example) that Rpc(i,j) = aé;j, which would imply that large events are
preceded by foreshocks only in the same region, and even then only a fraction a of them
have foreshocks at all.

If we extend equation (2) to the one-dimensional case we get

N,
P(F) =Y Rec(i,§)P(C}) (5)

=1
in which case equation (4) reduces to

Equations (5) and (6) are the basic ones we shall use in the more general case. Equation
(5) shows us how to compute the probability of a foreshock happening in the location of
our candidate event, by summing over all possible mainshocks. The use of the reverse
transition probability Rpc is the key to this approach; we can (and in the next section
shall) design it to embody our knowledge and assumptions about the relation between
foreshocks and the earthquakes they precede. Having found the foreshock probability, we
then use equation (6) to find the conditional probability of a large event.

An important consequence of equation (5) is that we may sum over all possible fore-
shocks (again assuming disjointness) to get

N N
P(F) =YY Rrcl(i,j)P(C;) (7

=1 =1

giving us the overall probability of a foreshock somewhere in the total region. This must
satisfly P(F) = aP(C), where a is the fraction of mainshocks with foreshocks; these two
equations supply a constraint on Rg, which must be so normalized as to make them hold.
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3. Multidimensional Model and Application to Foreshocks

We now proceed to develop an expanded version of equation (5), which contains all
the relevant variables. To begin with, we must define our events more thoroughly; they
now are:

B: A background earthquake has occurred at (Cartesian) coordinates (zg + €g,yo * €g),
during the time period [¢,¢ + &), with magnitude M + u. (All of the quantities eo,
6o, 1 are small and are included because we will be dealing with probability density
functions; as will be seen below, they cancel from the final expression).

F: A foreshock has occurred, with the same parameters as in event B.

C: A major earthquake will occur somewhere in the region of concern, which we denote
by Ac (also using this variable for the area of this region). This earthquake will
happen during the time period [¢ + A,t + A + 8], with magnitude between M¢c and

Mc + pc.
Once again, we assume that we are computing the probability at some time in the interval

(t +6,,t + A); the possible foreshock has happened, but the predicted mainshock is yet to
come.

3.1 Rate Densities of Earthquake Occurrence

We begin by defining a rate of occurrence for the background seismicity (in the lit-
erature on point processes this would be called an intensity, a term we avoid because of
existing seismological usage). This rate (or strictly speaking rate density) is A(z,y, M),
such that the probability of B is:

t+ 69 Zo+en Yo+eo M4y
P(B) = / dt / dz / dy / dM A(z,y, M) (8)
¢t Zg—eq Yo —¢€o M-u
by not making A dependent on the time t we make the occurrence of background events

into a Poisson process, with P(B) « &o. If we assume that at any location the Gutenberg-
Richter magnitude-frequency relation holds, we may write

A(z,4, M) = Ay(z,y)e PN | (9)

where 3 is 2.3 times the usual b-value. If 3 is constant over a region of area A, and during
a time interval T the cumulative number of earthquakes of magnitude M or less is given
by the usual formula

N(M) =10°"*M (10)
then, since
T 0o
N(M) = /dt/d"\r[//dz:dyl\,(x,y) e M (11)
o M A
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we have that A, = (10°3)/(AT) for A, constant within the region.

Similarly, we can define a rate density for the occurrence of large events,
Qz,y, M,t) = ﬂ,(x,y,t)e“ﬁ'("y)M (12)

In this case, we introduce a2 dependence on time t because the occurrence of large earth-
quakes is often formulated (e.g., by Nishenko and Buland (1986)) as a renewal process,
with time in practice being measured relative to the last event. The probability of C is

then
t+A+6; Me+upc

P(C) = / dt//dzdy / dM Q(z,y, M, t) (13)

t4+A Ac Mn

where Ac is the area of concern; in this case, the Coachella segment of the San Andreas.
In most cases {1 changes very slowly with time, so that the time integral in the above
expression can be replaced by a simple proportionality to 6;.

For lack of better information, we would usually take {2, to be a constant, but we
could choose to make it spatially varying. Such variation could include increases near
fault jogs and terminations if we think that rupture nucleation is more likely there, or a
proportionality to A, if we suspect that background events are (on the average) the likely
triggers of large ones. For {1, constant, we have that

I ()
*7 AcbrePMa(1 — g=F'ue)

(14)

Note that while we have regarded both A and Ac as two dimensional regions (and
hence also as the areas of such regions) we may in fact make them three-dimensional or
one-dimensional if we so choose, making sure that we adjust the numbers of the integrals
in equations (8) and (13) accordingly. The one-dimensional model is easiest to develop
analytical expressions for, and may be an adequate approximation for the case of a long
fault zone. In this case, of course, we need to project the background seismicity (out to
some distance away) onto the fault zone.

3.2 Computation of the Foreshock Probability

We are now in a position to write the formal expression for the foreshock probability,

P(F), in the same way as was done in equation (5) for the discrete one-dimensional case.
In this case, Rpc~ becomes a density function over all the variables involved, its value

~ indicating with what relative frequency foreshocks with different parameters occur before
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mainshocks with particular ones. Instead of a single sum, as there, we have a multiple
integral:

fo Zo+eo Yo+¢o M+u t4+A+6, ‘4
P(F) /dt/d:c/ y/dM / dt’//dzdy f M’
Zo—¢€o Yo—¢o M~-u t+A A M.
: RF'C(t9t 592y M, M') Qa(z'v Y, t')c—ﬂ‘(Zl’y')M' (15)

Of these eight integrals, the last four are the integration of the reverse transition density
times the density of mainshock occurrence over the space of possible mainshocks; these
multiple integrals are the equivalent of the sum in equation (5). But this gives only the rate
density for foreshocks, which must in turn be integrated over the space of the candidate
event (the first four integrals) to produce the actual probability, P(F).

Equation (15) is clearly quite intractable as it stands. To render it less so, we assume
that we can separate the behaviors in time, magnitude, and location. This implies the
following assuptions:

1. The frequency-magnitude dependence for the mainshock described by 3’ does not in
fact depend on z/ or y'.

2. Over the range of integration, 1, does not depend on t'.

3. The dependences of the reverse transition density on time, space and magnitude are
not interdependent, so that we can write it as

Rpc = Ry(z,y,7',y') Re(t,t") R (M, M')

Of these assumptions, only the third seems controversial, as the dependence on dis-
tance and the dependence on time might both seem likely to be correlated with magnitude.
In this particular case, the most likely correlation (with mainshock magnitude) does not
matter very much, since our range of integration of this variable is small.

Once we make these assumptions, we can divide the integral in equation (15) into a
product of three integrals (in space, time, and magnitude), so that

t+5o t+A+6, M4p Me: +pher
/ dt / dt'Ry(t,t') - / dM / dM’ R (M, M') ¢=P'M".
t t4- M-u M;:

Zo+e€q Yo +eo
dz / dy / / dz' dy' Ry(z, 9,2, y') Al ¥') (16)

To—Cn Yo —¢y A
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3.3 Functional Forms for the Foreshock Density

These three reverse transition densities, R;, R,, and Ry, can be used to incorporate
our knowledge and assumptions about foreshocks. In the following sections, we detail what
is known about the temporal, spatial and magnitude dependences of foreshock occurrence.
From these data, we determine a functional form for the relevant R; this form must include
both the actual dependence on the variables and a normalization. The nature of the
normalization can be seen if we imagine extending the range of the first four integrals
in equation (15) to cover all possible foreshocks (however we chose to define them) the
resulting P(F) must then be equal to aP(C), where « is, as for the one-dimensional
model, the fraction of mainshocks preceded by foreshocks.

3.3.1 Time

Foreshocks occur very close in time to their mainshock. An increase in mainshock
occurrence above the background rate has only been seen for a few days (Jones, 1984; 1985;
Reasenberg 1985) to a week (Jones and Moinar, 1979) after the occurrence of potential
foreshocks. Mainshocks are most likely to occur within 1 hour of the foreshock (26%
of Californian mainshocks) and the rate of mainshock occurrence after foreshocks decays
rapidly with a 1/t type behavior (Jones, 1985; Jones and Molnar, 1979) as shown in Figure
1. The change in rate is well fit by a dependence of the same kind as represented by Omori’s
law for aftershocks; we use the form found by Reasenberg and Jones (1989) for California
aftershock sequences, and write

N
Re(t,t') = ;,—:t't:; (17)

where, as before, t is the foreshock time and t’ that of the mainshock; ¢ is a constant,
found by Reasenberg and Jones (1989) to be 200 seconds for aftershocks. The integral can
then be written as

t46 t+A+6,

/ dt / dt' Ry(t,t') = 6oNeIn[1 + 6, /(B + ¢)] (18)

t t+a

where we have assumed that 6, (the uncertainty of the time of the ca.ndic}ate event) is
small. The normalization is determined by the requirement that

t+80+tiy
dt' Ry(t,t') = 1 (19)
t+60

where t,, is the total time window within which we admit preceding events to be foreshocks.
This then gives
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t+6, t+60 +tw
dt / dt’' Ry(t,t') = 6

t t+60

In[1+6/(A +¢)]
®In[1 + tw /(60 + ¢)]

= 5OI¢(A,61) (20)

where, with an eye to future simplifications, we have separated out the 6§y term. Note
that equation (17) predicts a finite rate for all times, whereas the assumption of a limited
time window automatically forces the rate to fall to zero beyond some time; we can easily
modify R; to allow for this.

3.3.2 Location

Foreshocks not only occur close in time to the mainshock, but are also nearby in space.
Epicenters of mainshocks (M > 7) and their foreshocks in the NEIC catalog were found to
be almost all within 30 km (approximately the location error for the NEIC catalog) of each
other (Jones and Molnar, 1979). With more accurate locations, epicenters of mainshocks
(M > 3) and their foreshocks in the Caltech catalog were found to be almost all within 10
km of each other (Jones, 1985). Relative relocations of the foreshocks to M > 5 mainshocks
within the San Andreas system (Jones, 1984) also showed the epicenters of foreshocks all
within 10 km of their mainshocks. Even the largest foreshocks (M > 6 at Mammoth
Lakes and Superstition Hills}, have had epicenters within 10 km of the epicenters of their
mainshocks.

To examine the dependence of the distance between foreshocks and mainshocks on the
magnitudes of the earthquakes, a data set of sequences with high quality locations has been
put together. This data set includes all foreshock-mainshock pairs with Mfopeshock > 2.5
and Mpmainshock = 3.0 recorded in southern California since 1977 (the start of digital
seismic recording). In addition, sequences relocated in a special study with relative location
accuracy of at least 1 km were included. The distance between foreshock and mainshock
is plotted versus magnitude of the mainshock (a) and magnitude of the foreshock (b) for
this high quality data set in Figure 2.

The epicentral distance between foreshock and mainshock does not correlate strongly
with the magnitude of either the foreshock or the mainshock (Figure 2). The data could
be described as falling into two classes, foreshocks that are essentially at the same site as
their mainshock (< 3 km) and foreshocks that are clearly spatially separate from their
mainshocks. Only foreshocks to larger mainshocks (M,, > 5.0) occur at greater epicentral
distances (5-10 km). Of these spatially separate foreshocks, some, but not all, had rupture
zones that closely approach the epicenter of the mainshock as shown by the hatched zones
in Figure 2. The greatest reported distance between foreshock rupture zone and mainshock
epicenter is 6.5 km.

Another spatial question is whether foreshocks are preferentially located in some sec-
tions of major faults. Several authors have suggested that foreshocks (Jones, 1984) and
the epicenters of mainshocks (Nabelek and King, 1985; Bakun et al., 1986) are more com-
mon at points of complication of the faults. This could well be true but the complexities
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are small enough that differentiating between the many possible complex sites and the
“smooth” parts of the fault would requiring gridding at the kilometer scale. We do not
feel that our knowledge and data are sufficient to justify this level of differentiation.

One further choice we might wish to consider is whether to make R, dependent on
the local rate of background activity A,. This would assert that most mainshocks with
foreshocks occur in areas with high background seismicity. This could be true if,

1. Mainshocks preferentially occur on faults with high seismicity, or

2. The epicenters of mainshocks are preferentially located at points of relatively high
seismicity for that fault, or

3. Foreshocks are more likely to precede mainshocks that occur at points of high seis-
micity.

The first premise was proven false with the installation of the first local seismic net-
works. The greatest earthquakes occur in general on the faults with the lowest levels of
background activity. Recent results have also refuted the second premise. Studies of the
Calaveras and San Andreas faults have shown that the slip in the largest earthquakes
occurs on the areas of the fault that do not have background seismicity or aftershocks
(Oppenheimer et al., 1989; Mendoza and Hartzell, 1988). In addition, one of the two
great, historic San Andreas earthquakes, the 1857 event, appears to have nucleated near
Parkfield where the seismicity is the highest for that rupture zone (Sieh, 1978) while the
other great earthquake, the 1906 event, nucleated in San Franciso bay (Boore, 1977) where
the rate of background activity is particularly low. The rate of foreshock activity preceding -
moderate earthquakes in California (Jones, 1984) does not support the third premise. The
percentage of moderate earthquakes preceded by foreshocks does vary by region but does
not appear to be related to background seismicity. This is exemplified by the complete
lack of foreshocks on the Calaveras fault of central California which has a relatively high
rate of background activity.

These data clearly show that foreshocks and mainshocks occur close together in space,
within 10 km of each other in all resolvable cases. No other dependence of foreshock rate
on spatial variables can be recognized. We therefore have made R, depend only on p, the
distance between candidate event and possible mainshock (p = [(z — z')? + (y — ¥')?]'/?).
The condition for R, to be properly normalized is

[ [as [ [aray Ranzine = [ [aaay) @)
Acr

Av Al

which in general can be done only numerically, even for {1, constant and R, having a
. simple dependence on p. If, however, we make the simplification, mentioned in Section
3.1, of making our spatial integrals one-dimensional (with Ac then being the length of the
fault), assume 2, constant, and make R, constant for p < p,, and zero for larger p, we can
determine that , ‘
R,={m:zz7m if p < pu (22)
0 if p> pw

12¢



We use p, = 10 km to agree with the data presented above. Then, provided that the
location zg of the candidate event is more than a distance p,, from an end of the fault
zone, and that {2,(z’) is constant over a distance 2p,,, the integral needed in (16) is

Zo “+eq

dz’ s\ Ty ! s = T o = s
i [ ' Rule,) Ala) = 2eoqy e = 2000 (23)
Zo—¢€o Ac

where we have defined I, in a parallel way to I;; the dependence on zy comes through the
dependence on the value of {1, near the candidate event.

3.3.3 Magnitude

The functional form for R,,(M, M’) is probably the least certain part of Rpc. Plots of
the difference in foreshock and mainshock magnitudes with a uniform magnitude threshold
for foreshocks and mainshocks (e.g., Jones, 1985) have shown a negative exponential dis-
tribution to the magnitude difference curve. However, to consider all possible foreshocks
to a given mainshock, the completeness threshold for the foreshocks should be much lower
than for the mainshocks. A bivariate plot of foreshock and mainshock magnitudes for all
recorded foreshocks in southern California (Figure 3) suggests that for any given narrow
range of mainshock magnitude, all foreshock magnitudes are equally likely.

If all foreshock magnitudes are equally likely, this implies that R,, is constant, and
thus may be set equal to the normalizing factor Np,. The value of this quantity is given
by the formula

o M oo
/ / Rm(M,M')dM dM' = o / e P'M gnM’ (24)
Mp

Mp Mp

Equation (24) says that if we look before all mainshocks with magnitudes greater
than Mp, for foreshocks above a cutoff magnitude of Mp, we find that a fraction a of the
mainshocks have foreshocks. Above, we have normalized R; and R, to be equal to one, so
that R,, must contain the information about the likelihood of a foreshock preceding the

mainshock.

Equation (24) also implies that the percentage of mainshocks preceded by foreshocks
should increase monotonically as the magnitude threshold for foreshocks decreases. This is
consistent with reported foreshock activity. The data suggest that foreshocks are relatively
common before major strike-slip earthquakes. Jones and Molnar (1979) found that 30%
of the M > 7.0 earthquakes occurring outside of subduction zones were preceded by
foreshocks in the NEIC catalogue (M > 4.5-5.0) and almost 50% had foreshocks M > 2
reported in the written literature. Jones (1984) showed that half of the M > 5.0 strike-slip
earthquakes in California were preceded by M > 2.0 foreshocks. (Foreshocks were less
common on thrust faults).
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For R, constant, equation (24) implies that

_ af’
= 1+ 5(Ms — Mp)

N (25)

The data presented by Jones (1984), with Mg 5.0 and Mp 2.0, gave a equal to 0.5 for
strike-slip events. Adopting this value, with a 8’ of 2.3, gives N,, = 0.15. A consequence
of taking Rm constant is then that all earthquakes should have foreshocks within 6.5 units
of magnitude of the mainshocks; clearly the form of R,, cannot be constant for all M, but
for the problem at hand this does not present any difficulties.

The integral needed for equation (16) is then
M+pu M +pc .
y ’ —ﬂ'M‘ _p,M l_e_ﬂﬂl.’
dM dM'Rm(M,M')e = 2uNpe ‘»’——ﬂ—’—
M—p Mo
= 2ulm(Mc,uc) (26)

where we have assumed u small, and again separated it out from the rest of the expression.

3.4. Estimate of Mainshock Probability

We now can combine the integrals in equations (18), (23), and (26) into equation (16)
to get the foreshock probability,

P(F) = 4bopeo It I 1,
Solving the integral in equation (8) for the background event gives
P(B) = 46ueoA,(zo)ePM
We substitute these values of the background and foreshock probabilities into (6) to obtain:

I,Itlm + P(C)A,(.’L’o)e-ﬂM
II I, + A,(zo)e—PM

P(C|FUB) = (27)

The candidate event errors &g, €9, and 4 have canceled out. )

For making preliminary calculations, it is also useful to set I; equal to one (solve for
the probability in a fixed time interval), and (for the case of a linear fault) take I, in (23)
to be equal to 01,(zo). If we take 2, to be constant, and combine (14) and (26), we find
" that the dependence on M¢ and . cancels out, and we are left with

(N P(C)/Acér) + P(C)A,(zo)e=?M
(NmP(C)/AcS)) + Ay(zo)e=PM

P(C|FuUB) = (28)
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4. Application to the Southern San Andreas Fault

We have now an expression for the conditional probability of a characteristic earth-
quake, given the occurrence of a candidate event that is either a background event or a
foreshock, applicable to any fault. We now further refine the procedure by applying it to
the southern segment of the San Andreas fault. We can estimate the probability for any
time period. We use a time period, é;, of 3 days to match the recent usage of the U. S.
Geological Survey and the California’s Governor’s Office of Emergency Services in issuing
earthquake advisories.

Because we do not have a long history of foreshocks to southern San Andreas main-
shocks on which to base Rpc, we have, as discussed above, used the average properties
of Californian foreshocks for Rpc. P(C) and P(B), however, can be specified for the
southern San Andreas fault.

The long-term probability of a characteristic mainshock of 7.5 to 8.0 (M¢c = 7.5,
uc = 0.5) on the southern San Andreas fault was estimated by Agnew et al. (1988) to
be 0.4 over 30 years. With §, equal to 3 days (1.09 - 10° seconds), the 3-day probability,
P(C), is 1.09 - 10~*. We assume 8’ equal to 2.3. This is equivalent to a b-value for the
mainshocks of 1.0. This is used only to solve for N, from a. We use a length, Ac, for the
southern San Andreas fault of 222 km, from the Salton Sea to Cajon Pass.

The one remaining quantity to put into the equation (28) is the rate density for the
background seismicity. This is determined from the earthquakes recorded between 1977
and 1987 by the Caltech/USGS Southern California Seismic Network (Given et al., 1988).
Background seismicity can be defined in many ways; it is important in this application
that it be defined in the same way as the foreshocks will be. Because foreshocks can be up
to 10 km from their mainshock (Figure 2), background seismicity up to 10 km from the
surface trace of the San Andreas fault are included in the background rate.

It is well known that earthquakes exhibit short term temporal clustering such as
aftershock sequences and earthquake swarms. If an earthquake of, say, M = 6 were to
occur on the southern San Andreas fault with an aftershock sequence, we will evaluate the
probability that the M = 6 earthquake is a foreshock; we will not individually determine
the probability that the M = 6 and each of its aftershocks is a foreshock and then sum
the probabilities. We therefore define the background seismicity to be from a declustered
catalogue. In a declustered catalogue, sequences are recognized by some algorithm and
replaced in the catalogue with one earthquake at the time of the largest event in the
sequence with a magnitude equivalent to the summed moment of all the events in the
sequence. We use the declustering algorithm of Reasenberg (1985).

The rate of background seismicity is not constant along the length of the southern
San Andreas fault. This section of the fault includes the most seismically active part of
the whole fault north of Banning and one of the quietest sections in the Coachella Valley
(Figure 4). To account for this variation, we have divided the southern segment into 4
subsegments based on the rate of background seismicity—San Bernardino, San Gorgonio,
Indio and Mecca Hills. San Bernardino is the moderately active section from Cajon Pass to
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the intersection with the Crafton Hills fault where normal faulting predominates (Jones,
1988). San Gorgonio is the most active section of the fault and runs from the Crafton
Hills fault to the eastern end of the 1986 North Palm Springs aftershock zone (Jones et al.,
1986). All types of earthquake faulting occur within this region, with reverse faulting
quite common (Jones, 1988). At the eastern end of the 1986 aftershock zone, the rate
of seismicity drops significantly, almost all of the background activity jumps to the east
of the surface trace of the fault and the type of faulting changes to mixed strike-slip and
normal faulting (Jones, 1988). This region is the Indio subsegment which extends south
to the city of Indio. At this point, the rate of seismicity again drops significantly, so that
the largest earthquake recorded between Indio and the Salton Sea in the last 55 years was
M = 3.6. This subsegment, Mecca Hills, extends south to the end of the San Andreas
fault and the intersection of the Brawley Seismic Zone.

The rates of background seismicity within each of these regions has been determined
from the earthquakes recorded between 1977 and 1987. The lengths of the segments and
the parameters of the backgorund seismicity are given in Table 1.

TABLE 1. Parameters for the Microseismic Regions
of the Southern San Andreas Fault

Segment A(km) e b g A,(events/km-s)

San Bernardino 65 4.32 1.00 2.30 2.13-10"%
San Gorgonio 70 4.62 097 2.23 3.83-10"¢
Indio 40 3.78 095 2.18 9.48-10"7
Mecca Hills 47 3.64 095 2.18 5.85-10~7

We now have the data to use equation (28) to solve for the conditional probability of
a characteristic earthquake given the location and magnitude of a candidate foreshock. In
practice, alert levels will be defined to correspond to certain probabilities and the magni-
tudes of earthquakes needed to trigger those alert levels are the desired quantities. For the
southern San Adreas fault, we have used alert levels A, B, and C corresponding to proba-
bilities of 10%, 1%, and 0.1%. Using equation (28) to find the magnitudes corresponding
to these alarm levels, we obtain:

TABLE 2. Magnitudes of Potential Foreshocks
for the Southern San Andreas Fault

Segment Probability Level
>10.0% 1.0%-10.0% 0.1%-1.0%
San Bernardino 5.9 4.9 3.8
San Gorgonio 6.4 5.3 4.2
Indio 5.9 4.8 3.7
Mecca Hills 5.7 4.6 34
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The false alarm rate along any section is given by (1 — P(C)|F U B)|P(B), and the
total false alarm rate by the sum of this over all segments. If we express this in terms of
expected return period, we find that we expect a probability 0.1 alert every 63 years, a
0.01 alert every 5 years, and a 0.001 alert every 5 months (note that this last is only 5
times the background probability).

5. Discussion and Conclusions

The derivation of this conditional probability is not specific to foreshocks and could
also be used for any potential earthquake precursor. Equation (6) makes clear the data
that are needed to assess the probability. These are (1) the long term probability of the
mainshock, (2) the rate at which the precursor precedes mainshocks (is it seen before all
earthquakes, 50%, 10%?), and (3) the rate at which that phenomena is recorded without
being followed by earthquakes (background). At present, these data are not available for
any precursor but foreshocks. For instance, the background rate of creep events can be
determined for some sections of the San Andreas fault system but how often they precede
large earthquakes is not known.

This derivation is very general and for foreshocks could be expanded to include factors
well beyond those used in the application to the southern San Andreas fault. Several
of these factors have been mentioned in the above analysis; for instance, we have not
used in the final application a dependence on time, information about the most likely
epicenters for the mainshock (such as fault jogs or terminations) or number of aftershocks
to the candidate foreshock. In addition, however, the same scheme could be used to
integrate over other variables than the four used here. For instance, evidence suggests
that most foreshocks have focal mechanisms similar to that of their mainshock (Jones and
Lindh, 1987). If that relationship were parameterized, integration could be performed over
variables expressing the difference in focal mechanisms so that normal or reverse faulting
earthquakes would be given a lower probability of being a foreshock to a San Andreas
mainshock. If any characteristics are recognized as being more common in foreshocks
than other earthquakes, this formulation allows that information to be included in our
assessment of the conditional probabilities.
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Figure Captions

Figure 1. The number of foreshock-mainshock pairs recorded in southern California ver-
sus the time between foreshock and mainshock in hours for foreshocks M > 2.0 and
mainshocks M > 3.0 recorded between 1932 and 1987.

Figure 2. Distance between foreshock and mainshock epicenters versus the (a) magni-
tude of the mainshock and (b) magnitude of the foreshock for foreshock-mainshock
sequences (foreshocks M > 2.5 and mainshocks M > 3.0) recorded in the Caltech
catalog between 1977 and 1987. Sequences that have been relocated in special stud-
ies are also plotted and include 1966 Parkfield, 1968 Borrego Mountain, 1970 Lytle
Creek, 1972 Bear Valley, 1975 Haicheng (M = 7.3), 1975 Galway Lakes (M = 5.2),
1979 Homestead, 1980 Livermore, 1981 Westmoreland, 1985 Kettleman Hills, 1986
Chalfant Valley, and 1987 Superstition Hills.

Figure 3. The number of foreshock-mainshock pairs in half unit of magnitude bins for
the magnitudes of foreshock and mainshock. Data included all M > 2.0 foreshocks
and M > 3.0 mainshocks recorded between 1932 and 1987 in southern California.

Figure 4. A map of M > 2.0 earthquakes located within 10 km of the Coachella Valley
segment of the southern San Andreas fault recorded in the Caltech catalog between
1977 and 1987.
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Appendix 1

Handout provided by LJones summarizing activity on the
San Jacinto fault zone for December 1989 to January 3, 1990.
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Earthquake Actlvity along the San Jacinto Fault,
Dacomber 1980 - January 8, 1990

Luclls Jones, U.S. Geologicel Survey, Pasadena, CA
Eglli Hauksson, Caltech, Pasadena
Kate Hutton, Caltech, Pasadena

4:30 pm, January $, 1000

Disclalmer: This is a preliminary report for informational use only, and
should not be construed as an carthquake prediction, warning or advisory.

Introduction

From 3 December 1989 to 3 January 1890 two earthquakes of M > 4 (M4.2 and
M4.3) and six earthquakes of 3 < M < 4 have been recorded along the San Jacinto fault
(Figure 1). This level of activity is relatively high even for the very active San Jacinto
fault.

This increase in earthquake activity is of some concern because the San Jacinto fault
has an average geological slip rate of 11 mm/yr (Agnew et al., 1088), which is about one
third of the slip rate of the southern San Andreas Fault. The San Jacinto fault has
aloo had several large earthquakes of M=6~7 during the last century (1890 July, 1899
December, 1918, 1923, 1942, 1954, 1968, and 1987). Furthermore, the San Jacinto fault
hos @ 80 km long selsmic gap (called the Anza segment) which has a 30% probability
(with & level of rellability rating of D) of having a large earthquake in the next 30 years
or Lefore 2018 (Agnew et al. (1988). Two other scgments, the 8an Bernardlno Valley
and San Jacinto Valley segments located to the north, have 20% and 10% probability,
respectively, of having large earthquakes (M7) in the next 30 years (Agnew et al., 1888).

Earthquakes December 1889 ~ January 1990

The current episode of activity consists of five sequences so far. The first sequence
sterted on December 2 with & M4.3 earthquake near the northern end of the Anza
segment (Figure 2). The mainshock that showed right-latere! strike-slip movement was
preceded by e M2.8 foreshock and followed by several aftershocks, The second sequence
occurred on December B and consisted of  M3.4 thrust faulting mainshock followed by
neveral aftershocks. The third sequence occurred on December 22 and wes located 3
km to the southeest of the first sequence of December 2 or near the north end: of the
Anza segment. The fourth sequence was a foreshock-mainshock-sftershock sequence that
occurred on December 27-28, 7 miles north-northwest of the city of San Bernerdino.
These events are associated with a north siriking normal fault, located between the
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Earthguakes on the San Jacinte Fauit. California Pg. 2

Ran Jacinte and Ban Andrees foults, The fifil sequence occurred on December 31 and
inciuded & M2.¢ foreshock preceding a normal faulting M3.2 mainshock and foliowed by
severa! aftershocks. This sequence it located in the middie of the Anza segment, between
the San Jocinto and Buck Ridge faults. One event of M3.5 and several smaller events
that occurred on January 2nd were jocated close to the epicenter of the December 2nd
mainshock.

Our impression is thul these sequences represent an unusual but not unprecedented
level of activity. Because these sequences do not show & simple unilateral migration of
activity along the fault, It is difficult to interpret them as being caused by a “strain
event” migrating at depth along the fault. They have occurred within three distinct
segments of the Sar Jacinto fault, the San Bernardino Valley segment, the San Jacinto
Valley segment and the Anza segment. Thus these sequences do not point out one of
these scgments as being more active than the other.

Earthquakes 1984-1090

The San Jacinto fault hes caused more large earthquakes duting this century than
any other fault In southern California (Agoew et ul. 1988). It has also shown & very
high level of background selsmicity since the advent of modern selsmic networks, The
selsmicity {rom 1984-1090 January 3rd is shown in Figure 3. The faultl trace coincides
with the epicentral disiributlon indicating that the fault is almost vertical or has &
sleep dip. The depth cross section along the fault shows v significent change in the
maximum depth of earthquakes along the fault (Figure 8). In addition within the San
Jacinto Valley segment, which has been assigned the low probability of 10% of & large
carlhquake occurring within the next 30 years, Liiere is almost no actlvity located in the
depth range of 0-13 km but & high ievel Is observed in the depth range of 13-18 km.
This unusus! depth distribution of background seismicity is similar to the distribution of
seizmicity recorded along the San Andreas fault in the southern Santa Cruz Mountains,
where the M7.1 1080 Loma Prieata earthquake occurred,

In Figurc 4 the time distence distribution of the selsmicity along the San Jacinto
fuull is shown. The most noticeble sequence withir this plot ie the November 1987
Superstion Hill sequence. The star eymbols represent ezrihquekes of magnitude 4 or
larger. Excluding the 1989 events there has been only one other A > 4 event north
of the Anze Gap since 1083, The most noticeeble espect of the recent activity is the
increase ot the southern end of the San Jacinio Valley segment.

Refcronces

Agnew, D. C., C. R. Alien, L. S. Clufi, J. H. Dieterich, W. L, Elisworth, R. L. Ke=ney,
A. G. Lindh, 8. P. Nishenke, D. P. Schwartz, K. E. Sieh, W. Thatcher, end R. L.
Wesson, 1988, Probabllitles of Jarge earti.quakes occurring in Calilornia on the San
Andreas feult, U.S. Geol. Surv. Open-file Rep. 86-398, 82 pp.

143



Earthquakes on the San Jacinto Feult, Californla

Fg. 3

EVENTS M. > 3.0, San Jacinto Fault

Date(GMT)

1989 12
1989 12
1089 12
1080 12
1080 12
1089 12
1989 12
1689 12
1080 12
1060 01

01
02
06
22
27
28
28
30
81
02

Time

14:30
23:16
18:1%

3:03
22:10

041
10:00
10:17
12:56

9:52

Latitude

33° 38.39
33° 38.10
33° 48.45
33° 87.38
34° 11.30
34% 11.54
34° 11.16
33° 20.08
33° 28.86
83° 38.71

Longitude

116° 45.18
116° 44.98
117° 2.3
116° 42.08
117° 23.26
117° 23.22
117° 23.19
118° 27.72
116° 27.4%
116° 46.60

Depth Mag Focal Mechanism

12.78
13.69
14.27
11.25
11.14
11.13
10.43
10.4b
11.28
12.74

2.8
4.2
3.4
34
3.2
43
33
2.9
3.1
3.5

160°
135¢
245°
140°
310°

70°
155°
110°
235°
220°

30°
55°
45°
500
70°
40°
T0°
80°
55°
80°

50°
20°
900
20°
-60°
-150°
30°
20°
-110°
171°
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Sen Jacinto Fault
December 1, 10890 - January 3, 1990
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San Jacinto Fault
Janusry 1, 1084 - Jenuary 3, 1090
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Appendix J

Handouts provided by D.Hill to accompany presentation to
NEPEC, January 12, 1990.
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LONG VALLEY MONITORING REPORT
JULY, AUGUST, SEPTEMBER, 1989

MAMMOTH MOUNTAIN SWARM

Seismicity

The swarm of small earthquakes that began under Mammoth Mountain on May 4 (see the April-
June report) has contnued through September (Figures S1-53), although the rate of activity began to
slow somewhat in mid August (Figure S5). The swarm has included two more M =3 events; one on
July 12 (11:15 PDT) and the other on August 1 (02:17 PDT). A third M = 3 event occurred 3 km
southeast of the swarm volume in the Mammoth Lakes basin (Figure S3) on September 21 (11:09
PDT). The cumulative scismic moment of all swarm earthquakes from early May through the end of
Scptember approaches 3x10% dyne-cm, or the equivalent of one M =4 earthquake. We continue 10
record spasmodic bursts (rapid-fire bursts of earthquakes with over-lapping coda) through September,
although their occurrence rate also began to decline in mid-August.

Figure S7 shows the distribution of swarm earthquakes in map view and cross section for the
period May through August. The inital swarm activity began on May 4 at depths between 5 and 6 km
beneath the southwest flank of the mountain at the junction in the dense, Y-shaped cluster of epicenters
(Figure S7a). Five days later it deepened 1o define the slab-like body at depths between 6 to 9 km (Fig-
ure S7b,c). Activity continued within this initial, limited volume through the rest of May. In early June
it began expanding at a fairly uniform rate both northward and to shallower depths such that by the end
of August, the entire volume illustrated in Figure S7 had become active with M 2 0.5 events. During
this interval, minimum depths of M 2 0.5 events became progressively shallower at a rate of roughly 2
km per month with the mean depth following at about 1 km per morith. This shallowing tendency for
M 2 0.5 events culminating in the flury of M <2.5 events on August 29 at depths less than 3 km
beneath the southwest flank of the mountain. Smaller events had been occurring at these shallow
depths since at least mid June, however, as revealed by numerous M < 0.5 earthquakes with S-P times
less than 0.5 sec recorded on the MMP station just south of the mountain. Although these events were
too small for multi-station locations, their short S-P times require that they be located somewhere
within the upper 3 km of the crust beneath the southwest flank of the mountain.

Fault plane solutions determined for all swarm earthquakes that occurred during the period May
11 through September 16 with at least 15 P-wave first-motion observations show a mix of normal and
strike-slip mechanisms with T-axes dominanuy oriented in a northwest-southeast direction (Figure S7d).
The T-axes for events occurring within the dense, Y-shaped seismicity distribution tend to be perpendic-
ular to the arms and tail of the Y. Note in particular that the T-axes tend to be perpendicular to the
decp dike-like structure that forms the tail of the Y.

The caldera itself has remained relatively quiet through the duration of this Mammoth Mountain
swarm. The only noteworthy activity from June through September involved a flurry of small (M < 1.5)
earthquakes along the eastern margin of the resurgent dome on July 6-8 and a M = 2.6 event in the
south moat at 11:15 AM (PDT) on August 11 (Figures S1 and S2).

Deformation

Borehole dilatometer at Devils Postpile (POPA) has shown a steady extensional trend from July
through mid-September afier which it begins o flatien. The total extensional change during this period
amounts to just over one microstrain (Figure D2-3). The only other time the dilatometer has shown sus-
tained extensional strain was for the two months following the July 21, 1986, Chalfant Valley earth-
quake (Figure D2). Although we cannot uniquely determine whether the current extensional trend is
related to the Mammoth Mountain swarm, it is consistent with results from the newly established two-
color geodimeter network spanning the southeast flank Mammoth Mountain from an instrument site
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events in August; b) depth section with hypocenters in (a) projecied onto the A-A’ plane; c) depth
section with hypocenters in (a) projected onto the B-B’ plane; d) T-axis orientations of 303 focal
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Geodolite Survey

J. C. Savage and W.

D):
()
3}
O
n
n

The Geodolite network (rigure Gl) was resurveyed in Sep»embe-,
1989. The mneasured line length L (less a ccnstant ncominal length
L) is “;otted as a functicn of time in Figures G2, G3, and G4 for
each cf the forty lines chserved. The times cf the Round Valley
(Nov. 23, 1984) and Chalfant (July 21, 1986) earthquakes are shown
in _hﬂse figures by arrows. In general, deformation 1s not
correlated with the earthgquakes. The rate of deformation appears
to be decreasing uniformly with time.

A principal component analysis of the Geodolite data indicates
that the deformat lon can be represented by a 51ngle mode. That is,
the length of the i™ line at t) the time of the j" survey, can be
appreximated by

Li; = a; C(t)) + Ly,
where a; and L° are constants for each line and C(t) is shown in
Flgure G5. This fit to the data is shown by the continuocus line
in Figures G2, G3, and G4. Only seven measurements deviate from
the fit by more than two standard deviations: the 1985 measurement
of Bald-Crowley, the 1985 measurement of Banner-Glass, the 1986 and
1989 measurements of Casa-Laurel, the 1985 measurement of Convict-
Crowley, the 1985 measurement of Laurel-Sherwin, and the 1984
measurement of Lookout-Val. One would expect 10 residuals greater
than two standard deviations among the 280 observations. Thus, the

fit of the single principal mode to the data is considered
satisfactory.

The displacement pattern for the 1lst principal mode is shown

in Figure G6. The ovals at the ends of the arrows indicate the
95% confidence ellipses. The solution shown gives the minimum
displacement vectors. The pattern is predominantly a radial

displacement outward from the center of the resurgent dome (i.e.,
a point about halfway between Casa and Lookout). The displacements
accumulated since the 1983 survey can be calculated by multiplying
the value of C(t) read from Figure G5 for the appropriate time and
the displacement vector scaled from Figure G6.

Notice that the time function C(t) (Figure G5) is closely
approximated by an exponential decay with a relaxation time of 3.27
years. Although we have maintained in the past that the post-1983
data may be fit by a linear trend, the new data make it seem more
likely that the source (magma injection at depth?) is dying out.

Notice that the lines into Mammoth measured in 1989 do not
appear anomalous. Thus, no effect of the unusual seismic activity
there since last May was detected.
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C(t), (dimensionless)

1207 C(t)= a-b exp{-(t-80.)/T) _ i
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] a=1.34 + 0.01 i
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HIGHLIGHTS OF TILTMETER RESULTS FROM THE LONG VALLEY CALDéRA
FOR THE PERICD 01 JULY TO 30 SEPTEMBER 1989

C.E. Mortensen, R.P. Liechti, V. Keller

1. The <iltmeter data for the period 0l July through 30
Sectember 1¢39 are shown in Figures T2 through T8. The gata in
Figure T8 ar= from the long-baseline tiltmeter installed by
Poger Bilham cf the University of Colorade while the data

in the other Zigures are from the USGS shallow-borehole
instruments. Ncne of the westphal instruments, which are
co-located with the USGS tiltmeters, are working, although the
senscrs are still in place and could be revived if necessarv.
Nearby consructicn activity as well as gecthermal producticn
cperations have resulted in a very

high drift rate at the Casa Diablc site.

A5 with the other tiltmeters, the data from Bilham's long-baseline
instrument are telemetered to Menlo Park via the GOES satellite.

The data are "cleaned" using the automatic algorithm, as with the

data from other tiltmeter sites, but are not reviewed for accuracy.

In particular, the interfercmeters that sense the height of water

at the ends of the instrument occasionally jump fringes. These

fringe jumps may not all be removed by the automatic cleaning algorithm.

Starting in June, Univ. of Colo. personnel have been installing deep
anchors at the end stations of the long baseline tiltmeter. This has
affected the EW component data in particular and regairs are underway
at the time of this writing. Questions concerning the particular

. details of the long-baseline instrument or data should be addressed
to Roger Bilham at Univ. of Colorado.

2. Small signals that are coherent across the array occurred around
August 8th and September 18th. These changes are quite dramatic at

the Casa Diablo site, which seems to be especially sensitive to ‘
metecrclogical effects and to operations at the nearby geothermal field.
The September fluctuations appear in the long-baseline data as well

as the shallow borehole data. The fluctuations correspond agproximately
in time with the passing of a significant cold front through the

area and may represent either instrumental or thermcoelastic response

to that event.
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*» BOREBOLE STRAIN SITE IN LONG YALLEY
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FIGURE D1. Map showing location of Devils Postpile dilatometer (POPA), the newly installed dilaom-
eter (PLV1), and the Lookout Mountain water well (LKT).
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Appendix K

Summary of activity at Parkfield Earthquake Prediction
Experiment during 1989.

Prepared by E.Roeloffs, USGS, Menlo Park, CA
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The Parkfield, California, Eart! Juake Prediction Experimen::
1089 Summary for NEPEC

Parkfield Alerts during 1980

During 1989, thore were 11 level D and 2 leve! C alerte in Perkfield ‘see at'acliec taby ..
Twice, it was decided not to eorchine simultancous level D aleris to a level C alert, either besruse
the comnbination of obsurvations had been scen severn! timss before, or because the instrumenis
generating the alerts were too far apart. Neither vhe B 5~ the A niert levels Lsve ever be:n
reached since the baginring of the oxpsriment in 1680,

Signifieant Observations In 1080

Obaervation of sseismic Jault ship by waler wells and strasnmeters. Several more creep events
on or south of Middle Mountain produced water level changes and strain stepe on borelole
volumetric strainincters.

M § earthquake at Gold Hill. This was the largest soismic event at Parkficld in 1089. It was
[ell in San Miguel aud Paso Robles, produced strain steps, and triggered ntrong m.ovior arrays,

Shortoge of earthguskes M £ and gresicr within 5§ km of anticipated nucleation point. Only
one enrthquake of M > 2 occurred in that volume between 1984 and 1980, compared with ol
than 15 between 1077 and 1082 (A« iles and Valdés, £OS, 70, p 122€).

Coseirmic crecp and etrein produced Ly Lome Priets earthquake. Coseismic creep wa:
greatest at the XYAL creepmeter sou.h of Middle Mountain, where 2.9 mm of right lateral creep
took place. Volume strain chznges were recordad by borehole strainmeters and water wells.

Research in Progress

8-D velocity structure near Purkfield. Michae) and Ebsrhardi-Phillipa (£05, 70, 1288) have
identifiec o high-velocity zone along the San Andreas fault in thc same location n: the maximum
slip during the 1968 Parkfield earthquake.” This location may be an asperity with physice proper-
ties different from other parts of the fault zane.

Constraining hypocenicr of foreshock to 186¢ Parkfield earthquake. C. Aviles i8 ccnuparing
waveforms from reecordings of this M & event with recordings u: the same static: of more recany,
preciscly looated events in arder to obtaln & good location for the foreshock.

Posaibly significan! correlation of some fault creep events with ecvthquaices of M £ o= grester in
the Middle Mountatn bez. The number of such earthquakes occurring within 5§ days after creep
events accompanied by large water level drops on Middle Mountain is greater than would be
expected if the earthquake: were uniformly dictributed ir time. Th:s ob -ervation it significant ¢:
the 90% confidence level,

Flans for 1000

The intriguing observation of enhancad low [requency rlectromeugncuic zignals above the <oi
center of the Lomsa Prieta enrthquaie iu the wecks and hous bifore vhe event b« cobnvines”
many Parkfeld participants that simiiar equipment shou!d be brought on line s Parkfield « soou
as possible.



Table. Parkfield slerts during 1080,

—
Date Location Description Sise Leval Comments
— o T—
880200 Middle Mtn Creep 098 mm D NOT combined to C;
Midd)e Mountain Whater Level =15 em D familiar combination
860315 Middle Mtn Earthquake M1eg b NOT combined to C:
k00317 Rec Hills Strain D instrumcats 100
890319 Middle Mun Creep 088 mm D far spart
89032R Middle Min Earthqueke M9 D
B90400 Car Hill Fault Slip 4mm D 0-color geodimever
890428 Red Hills Strain 0.17 ppu D
Inck Uanyon
890523 N. of Gnld Hill Esrthquake M 4.0 (o]
800705 Middle Ridge Orecp 1.85 mm D
XVA1 Creep 2.46 mm
- Frohlich Btrain 3 ppb
Frohlich Tensor Strain 4 ppb
840815 Middle Mtn Creep 0.9 mm D combine to O
Middle Mtr. Water Level 1.6 cn
Middle Mtn Water Level -3 em D
Middle Ridge Creep 1.3 mm D
801042 Middle My Creep 0.8 mm D
§91025 Gald 111 Earthquake M2y D

Note. Right latera] creep, water level riscs, and compressive strain are positive.

€
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Appendix L
Discussion of statistical models used in the Bay Region

Earthquake Probabilities report, presented to NEPEC by
A.Cornell, April 30, 1990.
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APPENDIX

RECURRENCE MODELS

The earthquake probability estimates in this report are based on current stochasti::
recurrence models of characteristic magnitudes, including explicit consideration of the
uncertainty in the values of the parameters of these models. By “characteristic
magnitudes” we mean the relatively narrow range of large events associated with successive
“complete” ruptures of a specific segment (e.g., Schwartz and Coppersmith, 1989). The
frequency of occurrence of such events is not necessarily predicted by extrapolation of the
conventional (Gutenberg-Richter) linear (log) frequency versus magnitude relationship.
Further, because characteristic magnitudes are associated with a “cycle” of major stress
drop and stress recovery, it is believed that the inter—event or recurrence times of these
events may follow a temporal pattern associated with a relatively narrow probability
distribution. (Relative in this case to the exponential distribution associated with the
reference case, a Poissonian recurrence model.) In contrast to the Gutenberg-Richter
magnitude frequency distribution and the familiar Poisson recurrence model, these two
general characteristics of this report’s models, i.e., a relatively narrow magnitude (or
slip per event) range and a relatively narrow recurrence time distribution, are consistent
with the notions of near—constant strain rate and a nearly—deterministic characteristic
earthquake cycle. Furthermore, in this mechanical context, these two characteristics are
also consistent with each other. As long as some degree of proportionality exists between
actual successive earthquake slips and times, e.g., that proportionality associated with a
constant slip rate!, this narrowness of one distribution will imply the narrowness of the
other.

There are many probabilistic models that display these two basic characteristics.

The discussion here is limited, first, to the simplest, the renewal model, because it has

1 Note, however, that the proportionality between the mean (or median) of the slips
per event and the mean (or median) of the recurrence times, is always true (by definition

of the slip rate), even if, for example, the characteristic magnitudes occur in a Poisson
fashion.
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been widely studied, and second, to the time-predictable model favored by the Working
Group. The developments for the first are easily extended to the second. In both cases the
recurrence time, T', follows a probability distribution, f, (t), with (marginal) median value,
T, and variability or dispersion measure, o. In this report the dispersion measure defined
to be the standard deviation of the (natural) logarithm of 7. In the range of our interest,
this parameter is approximately equal to the coefficient of variation, t.e., the standard
deviation divided by the mean, of the recurrence times. Various distribution types have
been used in the literature for f, (t), including normal, lognormal, Weibull and gamma.
For any single segment there is insufficient data to distinguish among these distribution
types; fortunately the majority of forecasts in this report are insensitive to the choice. The
Working Group’s general policy has been to retain the assumptions of the 1988 Working
Group unless more recent evidence compels us to do otherwise. Therefore the lognormal
distribution has been used again in this report. Nishenko and Buland (1987) supports this

assumption.

Renewal Model: The renewal model for characteristic events on a segment is based on
the assumption of (probabilistic) independence among the sequence of recurrence times
(T3, T2, ...) and the sequence of slips (per event): D,;, D3, ... . Probability forecasts
are based on conditional probability statements, the condition being that no event has
occurred between the previous event aﬁd the day of the forecast, i.c., that a time, T,
has elapsed since the last event. For the renewal model, the forecast for the next 30 year
interval is written

Ciyy=PlT.<T<T.+30|T>T.]
- FT(T¢+30)—FT(T¢) (A'_l)
1- Fp(T.)

in which the cumulative distribution function, Fp(t) is related to the density function by:

R =PI <t = [ 1, (v (4-2)

A graphical interpretation of equation (A-1) is given in Figure A~1. equation (A-1) is
equivalent to equation 2 in the main body of the report. Typical plots of the function Cg;;

183



versus T, (for given parameter values, T and o) are shown in Figure A-2. The value of o
dictates the sensitivity of the forecast to the elapsed time; for ¢ = 1.0, the probability is
virtually independent of the elapsed time. (More precisely for an exponential recurrence
distribution, i.e., for a Poissonian recurrence model, which has a coefficient of variation
of 1.0, Cg;; is independent of T,. In words: the Poisson process has no memory. Note that,
in general, when T, is about two—thirds of T the hazard is approximately equivalent to
that of the Poisson model no matter what the value of 0. Figure A-2.)

Parametric Uncertainty. In practice it is difficult to know with precision the numerical
values of parameters in this model for a specific fault. Following the 1988 Working
Group (and practice in the engineering seismic hazard community), we treat the uncertain
parameters in turn as random variables. The simplest model of parametric uncertainty
considers only T, the median, as uncertain and ignores the uncertainty in the dispersion
measure. For reasons that will become clear below, this Working Group concurs with the
1988 Working Group in adopting this parametric uncertainty model and, further, in using
a common value of 0.21 for the measure of variability of recurrence times. (The basis
for this particular numerical value is Nishenko and Buland (1987), who found it to be a
representative value for circum-Pacific segments.) It will be seen below that the precise
value of this parameter estimate is not critical provided it is less than about 0.3. Again
like the 1988 Working Group, we assume that the parametric uncertainty in the median,
T, can be represented by a lognormal (prior) distribution with a specified best estimate
(median) value, and a specified parametric uncertainty measure, denoted o, , which is the
standard deviation of the (natural) log of the uncertain median. In this report o, reflects
the combined uncertainty in the slip per event and slip rate whose ratio is used to estimate
the median T. Typical values are about 0.4.

The simplest way to deal with parametric uncertainty is to “fold it in” with the
intrinsic, obtaining what is called a “predictive distribution” on the recurrence T'. For the
assumptions here it can be shown (e.g., Benjamin and Cornell, 1970, Chapter 6) that the

predictive distribution of T is again lognormal with and net uncertainty parameter, o, :
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oy =\/o}+0] (A-23)

in which o, is now used to denote the “intrinsic”, random, or event-to—event recurrence
time variability observed on a given segment, the parameter which was set equal to 0.21 in
the discussion above. With this approach, one can again use equation (A-1) to calculate
“the” conditional probability of an event in the next 30 years given an elapsed time interval
of T. years. The result is “the” value of this probability in that it has considered all
possible values of T° and their relative likelihoods. As we shall see below, the result can
also be interpreted as a mean estimate of this conditional probability, Ca3. Equation (A-3)

explains why these estimates of Cgé are insensitive to the intrinsic variability o,: if the
parametric uncertainty, o, , is approximately 0.4 or more, then the net uncertainty o, is
insensitive to o,, provided it is less than about 0.3.

It has been found effective when dealing with technical probability assessments
to report more than simply a best estimate; we can also make explicit the degree of
professional uncertainty in the estimates. Here the parametric uncertainty in the median

(represented by the value of 0, ) induces uncertainty in T. If we re-write equation (1) as

Hm+wﬂ—ﬁmﬁ)
1- FT(Te;f)

Ca() = (4-4)

it emphasizes the fact that it is a function of the uncertain parameter T'. (It is understood
in this paragraph that the distribution Fr(t; 1“) has for its dispersion level only the intrinsic
value, o,, t.e., 0.21 in these calculations.) Assuming that c§}; (T) is monotonically
decreasing in T' in the range of interest, we can find the fractile, ¢’ of CJ: by calculating the
probability that T' exceeds the corresponding value of the median, t'. (For a given value of
¢’, the corresponding value of ' is found by solving equation (A—4) for T.) To calculate this
probability we must use the distribution on the uncertain parameter T. This computation
is complicated somewhat by the fact that the distribution on 7° must be “updated” to
reflect the information that this particular, current recurrence time is greater than T, the
elapsed time since the last event (see, for example, Davis, Jackson, and Kagan, 1989). The

updating uses Bayes theorum:
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S| T>T) =k fit) PIT> T, | T =1 (4-5)

In this equation f4(t) is the “prior” distribution on the uncertain median (here lognormal
with and dispersion o,, while f;(t | T > T.) is the “posterior” distribution (given the
observation that T > T.). Note that f4(t) is modified by the “likelihood function” (i.c.,
the likelihood of the observation given that the true median, 2"’, has value t), which here
is P|T > T. | T = t]. This probability is obtained from the (intrinsic; o = 0,) distribution
on the recurrence time, T, but as a function of its median, 7. In this application
P|T > T. | T = t] varies from zero to one as t increases, ¢.g., if the true median is
very small, it is unlikely that one would have observed a recurrence interval as large as
T.. Therefore, such small values of T are “down-weighted”. Finally, the coefficient k in
equation (A—4) is a normalizing factor that “ensures” that the posterior distribution on
T has unit area. In practice these computations are conducted by numerical integration
(or simulation). Making the calculations at a set of values ¢, defines the probability
distribution on the uncertain forecast Cg;; induced by the uncertainty in the parameter T.
From this distribution one can read specified fractiles, e.g., quantities corresponding to
probabilities of 0.25, 0.5, and 0.75. Results of such calculations appear in the body of the
report. In addition to fractiles, one can calculate the mean of the distribution of ng; it can
be shown that it is equivalent to “the” probability calculated from equation (A-1) using
the predictive distribution on T, i.e., using the total uncertainty o, (equation (A-3)).
Therefore this result, which was also used by the 1988 Working Group, implicitly includes

the updating of the distribution on the median due to the “open interval” information,
T>T,.

Time-Predictable Model. In contrast to the renewal model, the time—predictable model
of characteristic earthquake recurrence is based on the assumption that there is positive
correlation between the slip, D;, in a particular event on a segment and the subsequent
recurrence time, T;, to the next event. Further, some form proportionallity is assumed

between the recurrence time and the slip. In this report we adopt the probabilistic model
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1
T; = -‘—;-D.'e,' (A-6)

in which D; is the (random) slip in the ** characteristic earthquake in a sequence, T;
is the subsequent recurrence time to the next event, V is a constant (the constant slip
rate) and ¢; is an (independent) random deviation term (with unit median value). Then,
as discussed above, the (marginal) median of T is equal to the (ma.rgihal) median of D
(i.e., the median slip per event) divided by the slip rate, V. Conditional on knowing
that the slip D; was say d, the conditional median of T; is d/V. Further, noting that
InT; =—-InV +InD; + In¢;, we see that o the marginal standard deviation of the log of
Tis

\/af, + 02,

whereas the conditional standard deviation of InT (given D;) is only o.. (We retain the
somewhat unusual notation of o for standard deviation of the log of the variable.)

We need not repeat the results (equations (A-1) through (A-5)) for the time-
predictable model. All the analysis developed above for the renewal model applies equally
well to the time—predictable model, provided one interprets those distributions, parameters,
and probabilities as conditional on the slip in the last event. For example, T and o in
equation (A-1) are now the conditionai median and (log) standard deviation given the
slip. The probability distribution functions Fr and fr in equation (A-1) and (A-2) are
those of the conditional distribution of T given D, etc.

As stated, the Working Groups utilized the time-predictable model and therefore the
adoption of the lognormal type of distribution and the value o, = 0.21 are both strictly
applicable to the conditional distribution on T given the past slip. For notational and
editorial simplicity in the main body of the report, the notion that all is conditional on
D = d is normally deleted in the presentation. It is implicit. Note, as is clear in the model
above, that the conditional (log) standard deviation of T is less than (or equal to) the
marginal value. Hence, using 0.21 for the conditional value is conservative, because the

Nishenko and Buland (1987) analysis, upon which the value is based, was conducted on
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marginal distributions. In fact there is as yet little evidence to establish the relative values
of the marginal and conditional values of these dispersion measures, or equivalently the
correlation coefficient? between In D and the successive In T. Preliminary investigations
show negligible estimated correlation between (estimated) characteristic magnitudes and
logs of the succeeding recurrence times, on a given segment, but the implied measurement
noise (vis-a-vis log slips and log times) is severe.

In the current application of these models to Bay Area forecasts there is little
possibility to distinguish between the renewal and time-predictable model in any case.
For virtually every segment there is only one past known earthquake. Therefore the best
current estimate of the median slip per event, D, is simply the slip in the last event D.
In this case the current estimate of the marginal median of T (i.c., D/V) is numerically
equal to the conditional median of T given the past slip® (i.e., D/V). The former is used
in the renewal model and the latter in the time-predictable model. Provided one continues
to use 0.21 for both the marginal and conditional variability measure, the two models will
then produce the same forecast probability. As more information becomes available it will

be possible to distinguish between the two.

2 For the model in equation (A-6), the correlation coefficient between InT and In D is
op/(0p + 02), i.e., 0} /02. The renewal model, incidently, is obtained by replacing D;
by its median D in equation (A-6)

3 The slip in the last event, like the “constant” slip rate V, can only be estimated, of

course, but that is a separate, parameter estimation problem discussed above and in the
body of the report.
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FIGURE CAPTIONS
Figure A-1. Graphical interpretation of Cg;;, the conditional probability of T, < T <
T.+30givenT > T,.

Figure A-2. Conditional probability, Cgé, of an earthquake in the next 30 years given
an elapsed time of T, years since the last event, for several values of o,
the degree of dispersion in the recurrence time distribution. (Assumption:

T >> 30)
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PROBABILITY DENSITY FUNCTION
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Appendix M

Discussion of the logic tree analysis, presented to NEPEC by
J.Dieterich, April 30, 1990.
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APPENDIX
LOGIC TREE ANALYSIS OF SAN ANDREAS FAULT PROBABILITIES

The Working Group has employed a logic tree to incorporate alternative interpretations
of data and modeling of processes into the evaluation of earthquake probabilities. A logic
tree analysis consists of specifying the alternatives for potential outcomes or interpretations
of parameters. Relative weights or likelihoods that a specific alternative is the correct one
are assigned at branch points in the analysis (nodes). The sum of the branch weights at
cach node totals 1.0. For this study, the weights are based on the judgments of the
working group and consist of the simple average of weights polled from Working Group
members.

Logic trees for earthquake probabilities on the southern Santa Cruz Mountains segment,
San Francisco Peninsula segment the North Coast segment are illustrated in Figure B-1.
Branch weights are indicated on the logic tree diagrams. The logic tree for the San
Francisco Peninsula segment contains more branches than the others and serves as the

basis for the following discussion.

Segmentation

The first node of the San Francisco peninsula segment logic tree arises from uncertainty
over the segmentation of this part of the fault. The upper branch retains the single San
Francisco Peninsula segment. The lower branch considers the possibility of earthquakes
on two segments, the Northern Santa Cruz Mountains segment and the Mid-peninsula

segment. These alternatives are discussed in the report. We have assigned a likelihood of
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0.56 to the single-segment branch and a likelihood of 0.44 to the two-segment branch.
Recurrence Time

For each fault segment the next node represents the choice between models 1,2 and 3
for estimating the median recurrence time, T and its associated parametric uncertainty, Op.
The logic trees for the Southern Santa Cruz Mountains and North Coast segments have
only this single branching point. The assigned weights for recurrence time models 1, 2
and 3 are 0.13, 0.47, and 0.40, respectively.

For models 1 and 2 the bases for the best estimate (the median) of T and its uncertainty

measure, o, , arc:

T- ’%, » Op= v az+ o";, (B-1)

Where, 0, 0, , 0, are the standard deviations of the logs, respectively of the
uncertain median, T, slip in the last event, D, and slip rate, V. The value of o, was
estimated by the coefficient of variation of D, i.e., by the standard deviation of the
estimate , sy, divided by the best estimate of D. The segment displacements, D, used in
the model 2 calculations were estimated using a separate logic tree described later in this
Appendix.

For the case of model 3, T is based on Tip, the updated estimate of T for recurrence

following the 1906 earthquake as given by equation (7) in the body of the report:

[ log 132, Iog83]

==

The estimate T is equivalent to the weighed product (i.e., a geometric mean):

Tua = exp

(B-2)
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~ w, W. w,
Tir =83 132"= 83 C%) B-3)
In which:
1
31’
W -1-W N w- e ————————
! 2 T K (B-4)
—+t—
310 .21

Hence, from the definition of recurrence time model 3 (equation 6 in the report) the

estimated recurrence time is:
W,
Ea w(D\* AD
T =83 (V) +_V (B-S)

Where D is the estimated 1906 slip at Loma Prieta (2.5 £ 0.6 m) and 4 D is the difference
of 1906 slip on the segment of interest and the slip at Loma Prieta. The approximate
squared standard deviation of logT can be found by first-order expansion (Benjamin and
Cornell, 1970, p.180):

in which the s's are the standard deviations of the estimates of the indi<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>