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SCEC funded research under this project in 1998 saw the completion and publication of three studies,
and the initiation and submission of one other. | abstract these below:

Ward, S. N., 1998a. On the Consistency of Earthquake Moment Rates, Geological Fault Data,
and Space Geodetic Strain: The United States, Geophysical Journal Int., 134, 172-186.

New and dense space geodetic data can now map strain rates over continental-wide areas with a useful
degree of precision. Stable strain indicators open the door for space geodesy to join with geology and
seismology in formulating improved estimates of global earthquake recurrence. In this paper, 174
GPS/VLBI velocities map United States’ strain rates of <0.03 to >30.0 x10°%/y with regional uncertain-
ties of 5to 50% (Figure 1). Kostrov’ s formula translates these strain values into regional geodetic mo-

ment rates. Two other moment rates, M _,_._and M extracted from historical earthquake and

geological fault catalogs, contrast the geodetic rate. Because M ... M ocand M. derive from

different views of the earthquake engine, each illuminates different features. In C ifornia, ratios of

M geodetic 1O M geologic A€ 0.93 10 1.0. The consistency points to the completeness of the region’s geologi-
cal fault data and to the reliability of geodetic measurements there. In the Basin and Range, Northwest
and Centra  United
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Figure 1. Maximum geodetic strain rates in units of 10®/y as determined from
space geodetic data. Strain ratesin the United States vary by over afactor of 1000
from <0.03 x10®/y in the Central/Southeast to >30.0x10°®/y in southern California.
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sible causes, high inci-
dences of understated
and unrecognized faults
most likely drive the
inconsistency. Theratio
Of M seismic to M geodetic
is everywhere less than
one. The ratio runs
systematically from 70-
80% in the fastest
straining regions to 2%
in the dlowest. Al-
though aseismic de-
formation may contrib-
ute to this shortfal, |
argue that the existing
seismic catalogs fail to
reflect the long term



situation. Impelled by the systematic variation of seismic to geodetic moment rates and by the uniform
strain drop observed in al earthquakes regardless of magnitude, | propose that the completeness of any
seismic catalog hinges on the product of observation duration and regional strain rate. Slowly straining
regions require a proportionally longer period of observation. Characterized by this product, ggmma dis-
tributions model statistical properties of catalog completeness as proxied by the ratio of observed seismic
moment to geodetic moment. | find that adequate levels of completeness should exist in median catal ogs
of 200 to 300 year duration in regions straining 10”/y (comparable to southern California). Similar levels
of completeness will take more than 20,000 years of earthquake data in regions straining 10°/y
(comparable to southeastern United States). Predictions from this completeness statistic closely mimic

theobserved M, ..to M __ ... ratiosand allow quantitative responses to previously unanswerable
guestions such as. “What is the likelihood that the seismic moment extracted from a earthquake catalog
of X yearsfallswithin Y% of the true long term rate?’ The combination of historical seismicity, fault
geology and space geodesy offers a powerful tripartite attack on earthquake hazard. Few obstacles block
similar analysesin any region of the world.

Ward, S. N., 1998b. On the consistency of earthquake moment release and space geodetic strain
rates. Europe, Geophys. Jour. Int., 135, 1011-1018.

Inthisarticle, approximately 100 VLBI/SLR/GPS velocities map European strain rates from <0.09 x10
¥y to >9.0x10®/y with regional uncertai nties of 20 to 40%. Kostrov’s formula trand ates these strain rate

valuesinto regional geodetic moment rates M .- TWO Other moment rates M ., extracted from a
100-year historical catalog and M ., taken from plate-tectonic models, contrast the geodetic rates. In
Mediterranean Europe, the ratios of M 10 M gepgenic Stand between 0.50 and 0.71. In Turkey the ratio
fallsto 0.22. Although aseismic deformation may contribute to the earthquake deficit (M gy values

lessthan M ...0), the evidence is not compelling because the magnitudes of the observed shortfalls co-
incide with the random variations expected in a 100-year catalog. If the lack of aseismic deformation in-
ferred from the 100-year catalog holds true for longer periods, then much of Europe’s strain budget
would have to be accommodated by more frequent or larger earthquakes than have been experienced this

century to raisetheratiosof M . t0 M . tO Unity. Improved geological fault data bases, longer
historical earthquake catalogs, and densification of the continent’ s space geodetic network will clarify the
roles of aseismic deformation versus statistical quiescence.

seismic

Ward, S. N., 1998c. A deficit vanished, Nature, 394, 829-830.

News and Views. The southern California earthquake deficit — “Now you seeit, now you don’'t”, ac-
cording to an article in the Bulletin of the Seismological Society of America' by Stein and Hanks. Not
done with smoke and mirrors, the vanishing act enlisted a careful revision of our understanding of twen-
tieth-century historical seismicity, and it helped to spirit away athorny issue that arosein 1995. Thiswas
the year that the Working Group on California Earthquake Probabilities’ (WGCEP/95) published the
report “ Seismic Hazards in Southern California: Probable Earthquakes 1994-2024".

The WGCEP/95 document was remarkabl e because it struck a new path into earthquake hazard analy-
sis. Previoudly, geologists and seismol ogists had independently staked-out their own areas of earthquake
rate estimation, the heart of hazard cal culation. Geologists reckoned the recurrence interval and magni-
tude of earthquakes by locating active faults, mapping their length and total offset, and resolving their
age. Seismologists concentrated on historical catalogues. Earthquake patterns of the past, they presumed,
reflect where and how often earthquakes should strike in the future, and how large they will be. Early
geological and seismological studies tended to be piecemeal with few cross-checks. Publication of
WGCEP/95 brought order to the field by combining diverse information into a quantitative and consis-



tent multidisciplinary assessment. Space geodesy catalysed the leap forward by providing accurate
measures of the pattern and pace of tectonic strain that eventually manifestsitself as earthquakes.

Of all the advances in WGCEP/95, one finding seemed to take on alife of its own — the preferred
seismicity model predicted twice the number of magni-
] tude 6 to 7 earthquakes than had actually been observed
WGCEPI95 Model | 1 since 1850 (red area, Fig. 2). The shortfall put expertsin
a bm_ M, [] apickle. If the earthquake deficit was genuine, then they
06109 784 13E+19] 1 had to tell Californiathat it faces afar rougher ride than it
had experienced in the recent past. If the deficit was an
artefact, then one or both of the curves in Fig. 2 was
wrong, and those experts had to discover why if they ex-
pected to maintain credibility. To address the issue, Stein
and Hanks' revisited the WGCEP/95 earthquake cata-
logue. In parallel, Field, Jackson and Dolan** dissected
the WGCEP/95 seismicity model.
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Stein and Hanks' conclude that the factor of two mis-
match between the rate of observed earthquakes and the
rate predicted by the WGCEP/95 seismicity model is not
real. The blame splits equally between undercounts of
historical earthquakes and overstatements springing from

0,007 b et o Lo iinn, . assumptions in the WGCEP/95 model. That is, the lower
7. Ts curvein Fig. 2 should be raised part way, and the upper
Magnitude . curve dropped. Stein and Hanks's review of post-1903
Figure 2 Annual rates of earthquakes greater than magni- €athquakes givesa = 0.49 yr™ and b = 1.0 compared to a
tude m for southern California. The lower curve follows = 0.32 yr* and b = 0.8 from WGCEP/95'’ s post-1850
ety G Toout e lowene et CAddogue. They argue tha many megnitud 6o 7 cart-
ti(?nsfror);] the preferréd WG(?EP/QS seismicity modgl. The quakes were not reported be,fore 1,903’ which ISWhy they
red no-man’s-land between the curves is southern Califor- Chose the later date as a starting point.
nia’s earthquake deficit, now closed by Stein and Hanks,
and Field et al.>*. Seismic moment M, has units of Nm/yr. Field et a3* further identified and removed severa
elements that inflated M in the seismicity model used in
WGCEP/95. These included a mistranslation of magnitude into moment and the assumption of non-
Poissonian earthquake recurrence. The most recent seismicity models that draw upon the new analy-
ses"** show no difference between predicted and observed earthquake rates, or between the total mo-
ment expended by earthquakes and that inferred from geodesy and geology.

Earthquake Rate per Year

A deficit vanished? One might dismiss this ‘news' as much ado about nothing, or conclude that earth-
guake hazard assessments have yet to evolve beyond magic. In my view, however, these developments
demonstrate the new and critical self-evaluation mechanisms available in the current class of multidisci-
plinary hazard models. In particular, scientists can now recognize where a statistically significant incon-
sistency exists, quantitatively assess the effects of the various parameters on the inconsistency, and de-
cide whether it isred or artificia. They can then act in response or revise the model, exactly asin the ex-
ercises carried out by Stein and Hanks, and Field et al.

In truth, of course, unsettled aspects of earthquake recurrence abound even in California, host to the
world’s most complete earthquake laboratory. Earthquakes will always be difficult to predict due to their
elusive and hidden nature. Against these odds, we can make progress only by arming ourselves with the
widest range of geophysical weapons.



Ward, S. N., 1998d. San Francisco Bay Area Earthquake Simulations: A step toward a Stan-
dard Physical Earthquake M odel, Bull. Seism. Soc. Am., submitted.

Earthquakes in California’ s San Francisco Bay Area are likely to be more strongly affected by elastic
stress interaction than earthquakes in any other place in the world because of the region’s closely spaced,
sub-parallel distribution of faults. | believe therefore, that meaningful quantification of earthquake prob-
ability and hazard in the Bay Area can be made only with the guidance provided by physically-based and
region-wide earthquake models that account for this interaction. This paper represents afirst step in de-
veloping a Standard Physical Earthquake Model for the San Francisco Bay Areathrough realistic, 3000-
year simulations of earthquakes on al of the area’s major faults (Figure 3). These simulations demon-
strate that a Standard Physical Earthquake Model is entirely feasible, they illustrate its application, and
they blueprint its construction. A Sandard Physical Earthquake Model provides the mechanism to inte-
grate fully the diverse disciplines within the earthquake research community. As a platform for data utili-
zation and verification, a physical earthquake model can employ directly any earthquake property that is
measurable in the field or in the laboratory to tune and test its seismicity products. As a platform for
probability forecasts, a physical earthquake model can supply rational estimates of every imaginable
earthquake statistic while smultaneously satisfying all dlip and earthquake rate constraints (Figure 4). As
aplatform for hazard analysis, a physical earthquake model can compute earthquake shaking intensity
from first principles by convolving afull suite of rupture scenarios with site-specific dislocation Green's
functions (Figure 5). Physical earthquake models have advanced greatly in the last decade. Simulations
of earthquake generation and recurrence are now sufficiently credible that such calculations must begin to
take substantial rolesin scientific studies of earthquake probability and hazard.
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Details of San Andreas Fault Ruptures M= 6 12 shown

= PA ele] 5B P A (el E] 5B
L4 o L A » v w L
|||||||||||||||||||||||||||||||||||||||||||||||||||||||| ||||||||||||||||||||||||||||||||||||||||||||||||||||||||
u} 100 200 300 400 500 km u} 100 200 300 400 500 km
34 m
87 m
% e
156
57 m
i
]
063-6 0.5 m 1472
L 6 0.8
5.7 m 15ia 1"
71 14m
b 7 1m5 =
T 1za aq BED
23m 157
HE el Sm
70 08 m
L
] h-
63m 1673
41 m
I
E % [ G
24m 72 1m
E 10
a3z 2 1Em
a5 E2m 19§z E
@ B eseciieeallh, 38 m
1.7 m
T2
4 b o=
53m 1938
32 m
5 5 el
st 25
6.6 0.9 m
e 1}5"1 2074 |
20m B.S 0.7 m
oo 213 |
i E 65 0.0 m
0 2155 |
T2 F 53 m
67
4.3 m
21?633
% AN, L
0 18m
7in b 7
46 ]
41 m

6.8 0.9m

£

2 B
2

o
'-
3

mE= S
P =
SrTin
2

e
)

-

o
@
2

187

rS
@
3

5N

N
&1

5
T

2

ra
3

=

=
2

B G o

i g.ﬂ b

ra
@
23
2

o
|
0

i b
wak
2

230 [

Figure 4 Details of the fina dlip
distributions of all M>6.5 quakes on
the San Andreas Fault for the first
2600 years of the 3000 year simula-
tion. Magnitude and year of occurrence
are listed to the left of each trace. Red,
yellow and green events are M>7.5,
7<M<7.5 and 6.5<M<7 respectively.
Rupture encyclopedias like this can be
compared directly with site-specific
paleoseismic studies that quantify dlip-
per-event and variation in dlip-per-
event.
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e Figure 5. Ground motions
from the 1906 San Fran-
cisco earthquake simulation

PO of Figure 3. Displacements,
velocities and accelerations

el are shown at Point Arena (5
km from the fault) and at

EAST San Juan Bautista (1 km
from the fault). Velocities

DOWN and accelerations at these
sites are roughly twice as

NORTH large of those at South Pier

due to rupture directivity.
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