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Seismicity Simulations:

Much of my SCEC funded research in 1999 dealt with computer simulations of seismicity on the fault
system of Northern California The work was done in conjunction with the USGS working group
WGNCEP/99 that just released a new round of earthquake probabilities for the San Francisco Bay region
in October, 1999. The paper that describes my earthquake simulations[Ward, S. N., 2000. San Fran-
cisco Bay Area Earthquake Simulations. A step toward a Standard Physical Earthquake

M odel] was revised 1999 and worked its way though
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the review process. The paper will appear in the April
2000 issue of BSSA. In 2000, | will apply the tech-
nigue to the fault system of southern California.

Summary: Earthquakesin California’ s San Francisco
Bay Area are likely to be more strongly affected by
elastic stress interaction than earthquakes in any other
placein the world because of the region’s closely
spaced, sub-parallel distribution of faults (Figure 1).
Assuch, | believe that meaningful quantification of

Figure 1. Map of Bay Areafaultsincluded in the
Northern California seismicity simulations. Sites A
to D arelocations where site specific probabilities
are calculated.

earthquake probability and hazard in the Bay Area
can be made only with the guidance provided by
physically-based and region-wide earthquake mod-
elsthat account for thisinteraction. This effort rep-
resents afirst step in developing a Sandard Physi-
cal Earthquake Model for the San Francisco Bay
Area through redistic, 3000-year smulations of
earthquakes on all of the area’s major faults (Fig-
ures 2 and 3). These ssimulations demonstrate that a
Sandard Physical Earthquake Model is entirely
feasible, they illustrate its application, and they
blueprint its construction. A Standard Physical
Earthquake Model provides the mechanism to inte-
grate fully the diverse disciplines within the earth-
quake research community. As a platform for data
utilization and verification, a physical earthquake
model can employ directly any earthquake property

1906 San Francisco Earthquake Moment 8.79E+20 6.82E+19
Synthetic Rupture Model Magnitude 7.93 719
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Figure 2. Calculated stress effects of the 1906 San
Francisco earthquake. To the left appears the devel -
oping 1906 rupture. To the right are the time-
dependent induced changes in effective stress on all
of the other faults of the system. Vertical lines sepa-
rate individual faults. During rupture, Coulomb
stresses can rise then fdl, or viceversa. Intra
rupture stresses may not resemble the final datic
condition. In this case, aM7.2 earthquake on the
North Maacama Fault was triggered some 50 sec-
onds after nucleation of the main event.



that is measurable in thefield or in the laboratory to

Site: A B C D ~~ w75 | tune and test its seismicity products. As a platform
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Figure 4. 3000-year space-time sequence of earth-
guakes over the full northern California fault system.
Fault segment codes are the same asin Figure 1. Sta-
tistics of earthquake recurrence extracted from events
that ruptured through the four sites A-D (vertica
dashed lines) and the date of the last event form the
basis for the probability forecastsin Figure 5

SFBAY Earthquake Recurrence Behavior
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Lo -esauzo | for probability forecasts, a physical earthquake
Chm 0 A0 o o | eoe® | model can supply rationa estimates of every
= imaginable earthquake satistic while smultane-
ously satisfying all slip and earthquake rate con-
straints (Figures 4 and 5). As aplatform for hazard
analysis, aphysical earthquake model can compute
earthquake-shaking intensity from first principles
by convolving afull suite of rupture scenarios with
site-specific dislocation Green’ s functions.

Physical earthquake models have advanced greatly
in the last decade. Simulations of earthquake gen-
eration and recurrence are now sufficiently credible
that such calculations must begin to take substantial
rolesin scientific studies of earthquake probability

Figure 5. The stars show the earth-
guake recurrence distribution for
M>7 and M>7.5 events at sitesA, B
and C; and for M>6.5 and M>7
events a site D (no event >7.5 hap-
pened on the Hayward) as derived
from the simulation. Both cumula-
tive probability and probability den-
sity are plotted. Earthquake prob-
abilities could be extracted directly
from the “stars” in the Figure,
however it is traditiona to fit the
data with a smooth curve that has a
small number of parameters, and
then compute probabilities from the
curve. Thered curvesin this Figure
are Weibull function fits to the data.
Weibull functions have two pa
rameters. a mean vaue (T,,) in
years and an aperiodicity coefficient
(AC). Both of these numbers are
listed in the panels for each site.
AC=0 means perfect regularity.
AC=1is Poisson. 0<AC<1l means
quasi-periodic. AC>1 means clus-
tered.



Consistency of Earthquake Moment Rates,
and Space Geodetic Strain.

In 1999, | continued to consider the issue of the
consistency of earthquake moment rates, geologi-
cal fault data, and space geodetic strain. In par-
ticular, new and dense GPS data have become
available such that, when combined with SCEC
Vemap2, geodetic strain rates can be estimated
everywhere in California, if not the entire North
American continent. Figures 6 and 7 show my
most recent mappings of the geodetic strain rates
over CdifornialNevada and all of the United
States.

Admittedly, outside of California, GPS datais still
sparse and many of the features of Figure 7 may
not be datigtically robust or directly related to
tectonics. Nevertheless, | suggest that mapping of
geodetic strain rate over continental wide regions
isthe wave of the future.

Compared with past results [Ward, 1998], | find
that geodetic moment rates for southern and
northern California are about 10 and 40% higher

respectively.

In the upcoming year, | will use maps like Figure
6 to produce a purely GPS-based earthquake
source characterization for SCEC's Working-

Group 2000.

Figure 6. Maximum geodetic strain rates in units of 10
8/y as determined from space geodetic data. Peak strains
often are found in volcanic fields like Mammoth Lakes
and Coso.
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Probabilistic hazard of tsunami from earthquakes and submarine landslides in the southern
California borderland.

1999 saw progress in developing methods of probabilistic analysis to tsunami hazard. Probabilistic haz-
ard calculations for earthquake and landslide-generated submarine tsunami parallel those that | recently
crit

developed for asteroid impact [Ward and Asphaug, 2000]. Hazard analysiskeyson u, , aspecified tsu-
nami amplitude for which the probability of exceedence is desired. The primary elementsin the calcula-

tionare:

1) Frequency of occurrence of land-
dides/earthquakes of given features (length,
width, thickness, dlide velocity, moment, etc.) at
every offshore locationr .

2) Mean maximum tsunami height A__,(r ) atop
the source that are generated by land-
slides/earthquakes of given features in water of

depth h,,.

3) Tsunami amplitude loss in propagating from
the source location r, to coast location r.. Am-
plitude loss includes both the effects of geomet-
rical spreading and frequency dispersion.

4) Tsunami amplitude gain due to shoaling on
approachtor..

5) Statistical uncertainties on each of 1 to 4.

Given (1) to (5), the total rate Noq(us" 1)) of
tsunami exceeding u™™ at each ris obtained in
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Figure 8. Views of the expanding tsunami rings from a
M7.5 thrust earthquake. Elapsed time in seconds and
maximum amplitude in cm are given at the left and right
sides. The dashed rectangle in the center traces the surface
projection of the 45° dipping fault. For large earthquakes,
nearly all tsunami energy beams perpendicular to the strike
of the fault (toward the left and right in this picture).

the same way asisdone in seismic analysis -- by integrating the rates of all admissible tsunami sources

Tsunami Generated by .
Sea Bottom Landslide |

and tsunami locations r,. Admissible
means only those earthquakes/slides at r
that are capable of generating tsunami
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Figure 9. Tsunami produced by a submarine landslide. The
dlideis 1-m thick and occurs over a 50km by 50km area. The
dlide starts to the left and moves to the right at 140 m/s. Note

the strong amplification of the wave in the dide direction.

larger than uS™ atr..

In dealing with statistical hazards that in-
clude considerable uncertainties, el ements
1to 4 can be generdized. For instance,
modeling (Figures 8 and 9) may conclude
that earthquake moment M and landslide
volume V arethe principal drivers of tsu-
nami amplitude. Inthis case, 1) may be
served by a power laws such as
N_(V)=10*" or N_(M)=10*". For land-
dides, the b-vadue may be a universa
scaling parameter asit is for earthquakes.
The a-value represents the total dide activ-
ity of aregion —thislikely depends on the
stratigraphic  coherence of the shalow



seabed, mean slope, sediment rate, etc. Probabilistic tsunami hazard analysis is young, but it should pro-
duce a product within ayear. | think that this work is awonderful example of the knowledge transfer that
SCEC has fostered.
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