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Rapid (3-5 minutes) generation of maps of instrumental ground-motion
and shaking intensity is accomplished through advances in real-time seismo-
graphic data acquisition combined with newly developed relationships be-
tween recorded ground-motion parameters and expected shaking intensity
values. Estimation of shaking over the entire regional extent of southern
California is obtained by the spatial interpolation of the measured ground
motions with geologically based frequency and amplitude-dependent site cor-
rections. Production of the maps is automatic, triggered by any significant
earthquake in southern California. Maps are now made available within sev-
eral minutes of the earthquake for public and scientific consumption via the
World Wide Web; they will be made available with dedicated communications
for emergency response agencies and critical users.

INTRODUCTION

The most common information available immediately following a damaging earth-
quake is its magnitude and epicentral location. However, the damage pattern is not
a simple function of these two parameters alone, and more detailed information must
be provided to properly ascertain the situation. For example, for the February 9, 1971
earthquake, the northern San Fernando Valley was the region with the most damage, even
though it was more than 15 km from the epicenter. Likewise, areas strongly affected by
the Loma Prieta and Northridge, California, earthquakes that were either distant from
the epicentral region or out of the immediate media limelight were not fully appreciated
until long after the initial reports of damage. Most recently, the full extent of damage
from the 1995 Kobe, Japan, earthquake was not recognized by the central government
in Tokyo until many hours later (e.g., Yamakawa, 1997), delaying rescue and recovery
efforts.
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As part of the research and development efforts of the TriNet (California Institute
of Technology, the California Division of Mines and Geology, and the U. S. Geological
Survey) project (see Mori et al., 1998), we have been creating “ShakeMap” for earth-
quakes (magnitude greater than 3.0) in southern California for the last two years (Wald
et al., 1997). We currently generate separate maps of the spatial distribution of peak
ground motions (acceleration, velocity, and spectral response) as well as a map of instru-
mentally derived seismic intensities. These maps provide a rapid portrayal of the extent
of potentially damaging shaking following an earthquake and can be used for emergency
response, loss estimation, and for public information through the media. For example,
maps of shaking intensity can be combined with databases of inventories of buildings and
lifelines to rapidly produce maps of estimated damage (e.g., Eguchi et al., 1997). Recent
advances in loss estimation now allow for the direct use of recorded ground motion param-
eters (e.g., Kircher et al., 1997; NIBS, 1997) without using Modified Mercalli Intensity
as an intermediate parameter. Generation of the maps is fully automatic, triggered by
any significant earthquake in southern California and made available within several min-
utes of the earthquake for public and scientific consumption via the World-Wide-Web;
they will be made available with more reliable, dedicated communications for emergency
response agencies in the near future.

Such maps have traditionally been difficult to produce rapidly and reliably due to
limitations of seismic network instrumentation and data telemetry. In addition, ade-
quate relationships between recorded ground motions and damage intensities have only
recently been developed (for example, the JMA seismic intensity scale, Japan Meteo-
rological Agency, 1996). However, with recent advances in digital communication and
computation, it is now technically feasible to develop systems to display ground motions
in an informative manner almost instantly.

A detailed description of the shaking over the entire southern California region re-
quires interpolation of the measured ground motions. In addition, simple geologically
based, frequency and amplitude-dependent site correction factors, currently under devel-
opment, provide a useful first-order correction for local amplification in areas that are not
instrumented. In this report we present ongoing efforts addressing the issues pertinent
to rapid ground-motion map making.

GENERATION OF INSTRUMENTAL GROUND MOTION MAPS

The current TriNet seismic station distribution in southern California is shown in
Figure 1. Signals from the USGS-Caltech stations (triangles) are acquired in real time
using a variety of digital telemetry methods (see Mori et al., 1998, for more details). The
California Division of Mines and Geology, CDMG, stations (square) are near-real time,
utilizing an automated telephone dial-up procedure (see Shakal et al., 1996, 1998). As of
March, 1999, there were 80 USGS-Caltech real-time stations online and nearly 100 CDMG
dialup stations; in all there will be approximately 670 TriNet strong-motion stations in
the next three years. The generation of ShakeMaps is triggered automatically by the event
associator of the Southern California Seismic Network (SCSN), operated by the USGS and
Caltech. Within the first minute following the shaking, ground-motion parameters are
available from the USGS-Caltech component of the network and within several minutes
most of the important near-source CDMG stations contribute. A more complete CDMG
contribution is available approximately within the first half hour. Initial maps are made
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Figure 1. Map of southern California showing current TriNet station distribution. CDMG
stations are shown as squares and USGS-Caltech stations are depicted with triangles. Shading
indicates the Quaternary, Tertiary, and Mesozoic (QTM) geologic unit designations of Park and
Ellrick (1998) as shown in the legend.

with just the real-time component of TriNet, but they are updated automatically as more
data are acquired. Parametric data from the stations include peak ground acceleration
(PGA), peak ground velocity (PGV), and peak response spectral amplitudes (at 0.3 sec,
1 sec, and 3 sec).

Shaking maps are prepared by contouring shaking information interpolated onto
a square grid uniformly sampled at a spacing of 2.8-km (0.025°) throughout southern
California. If there were stations at each of the 45,000 grid points, then the creation
of shaking maps would be relatively simple. Of course stations are not available for
all of these grid points, and in many cases grid points may be tens of kilometers from
the nearest reporting station. The overall mapping philosophy is to combine information
from individual stations, geology (representing site amplification), and the distance to the
centroid to create the best composite map. The procedure should produce reasonable
estimates at grid points located far from available data, while preserving the detailed
shaking information available for regions where there are stations nearby.

ESTIMATED MOTIONS IN SPARSE AREAS

In Figure 2 we show an example of the processing steps for a peak acceleration map
of the magnitude 4.4 earthquake near Wrightwood, California, (about 60 km northeast
of Los Angeles) that occurred on August 20, 1998. First, peak ground motion param-
eters are recovered for each station and associated with a particular earthquake origin
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time and epicenter (Figure 2a). In regions of sparse station spacing, ground motions
are estimated using magnitude-distance regressions from the strong motion “centroid”
(Kanamori, 1993). To determine the strong motion centroid, we apply empirically derived
station corrections and then fit the observed ground motions to find the best equivalent
point-source latitude, longitude, and magnitude (Kanamori, 1993). We scan the param-
eter space to determine the global minimum solution for location and magnitude, and
then refine the solution using the method of least squares. The magnitude is My, and
the station corrections are also calibrated to the Wood-Anderson instrument response
(natural period of about 0.8 sec). These empirical station corrections are used only to
compute the magnitude for estimating ground motions; they are not further used in the
processing.

We create a coarse, uniformly spaced grid of 30-km spaced “phantom” stations. Peak
ground motions are assigned to each coarse grid point using the Joyner and Boore (1981)
distance attenuation relationship for “rock sites” and the magnitude of the centroid and
its distance to each grid point. Peak response spectral values (0.3, 1.0, and 3.0 sec)
are similarly estimated using Boore et al. (1994). However, as shown in Figure 2b,
only those phantom stations further than 30 km from all TriNet stations are retained.
Likewise, the peak values at the location of the centroid itself are only used if there
are no nearby stations (<10 km). In Figure 2b, the epicenter is given by a filled star,
the centroid is shown with an unfilled star, and the phantom stations at which ground
motions are estimated are shown as circles. For this region, the TriNet station distribution
is sufficiently dense that only 10 phantom stations are required on the scale of the map
shown. All other predicted values in this case are superseded by recorded amplitudes.
Out at greater distances, however, more phantom stations do contribute and they insure
that the contour maps remain well-behaved and bounded at the edges.

SITE CORRECTIONS

Site corrections are used to interpolate from ground motions recorded on a fairly
sparse, non-uniformly spaced network of stations to maps showing spatially continuous
functions (i.e., contours). For example, direct interpolation between rock sites surround-
ing a basin would inadequately represent the true, amplified motion within the basin.

Prior to interpolation, we reduce the ground motion amplitudes to a common ref-
erence, in this case bedrock motions. Peak ground motion amplitudes from the TriNet
stations are corrected to rock site conditions (using a procedure described later); and the
observations (corrected to rock) and the coarse phantom stations (computed for rock)
are then interpolated to a fine rock site grid (2.8-km spacing, see Figure 2c). Finally, the
interpolated rock grid is corrected at each point for local site amplification. A continuous
surface which is fit to the fine grid is then contoured (Figure 2d).

The finely interpolated grid has been predefined and so we can preassign a geo-
logically based site classification to each location. Likewise, the station locations are
associated with the QTM classification based on the QT'M map, and not on independent
geological classification at the station. The amplification correction we use is based on
the Quaternary, Tertiary, Mesozoic (“QTM”) geological classification of Park and Ellrick
(1998). These categories can be considered to represent soil, soft rock, and hard rock,
respectively, and hence they provide a very simple but effective way to assign amplifi-
cation on a regional scale. The QTM map’s northern extent is at 36° north latitude
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Figure 2. Steps in ShakeMap processing for the August 20, 1998 magnitude 4.4 Wrightwood
earthquake. a) Shaded relief basemap showing epicenter (star) and recordings stations (trian-
gles). SB, LB, and PD denote locations of the cities San Bernardino, Long Beach, and Palmdale,
respectively. b) Same as a) but with the addition of the centroid (open star) and sites of es-
timated peak ground motions {circles). c¢) Finely spaced grid (2.8 km, circles) and contours
of peak acceleration site-corrected to bedrock. d) Contours of site-corrected peak acceleration
overlaid on the QTM geology basemap (see text and Figure 1 for more details).
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and the southern boundary coincides with the U.S.A./Mexico border. However, we have
continued the trend of the Imperial Valley and Peninsular Ranges south of the border
by approximating the geology based on the topography; Mesozoic rock was assigned to
sites above 100 meters in elevation and Quaternary soil was assigned to those below 100
meters. This results in continuity of our site correction across the international border.

Table 1. Site amplification factors

Period (sec) Input Rock Peak Ground Acceleration
<15%g 15-25%g 25-35%g >35%g

Mesozoic (589 m/sec):

0.1-0.5 1.00 1.00 1.00 1.00
0.4-2.0 1.00 1.00 1.00 1.00
Tertiary (406 m/sec)
0.1-0.5 1.14 1.10 1.04 0.98
0.4-2.0 1.27 1.25 1.22 1.18
Quaternary (333 m/sec)
0.1-0.5 1.22 1.15 1.06 0.97
0.4-2.0 1.45 1.41 1.35 1.29

To obtain site amplification factors based on these QTM categories, we use the mean
shear-wave velocities assigned to them (Park and Ellrick, 1998), and apply the frequency
and amplitude-dependent amplification factors determined by Borcherdt (1994) based
on these velocities. Given the mean 30-meter shear velocities shown in Table 1, the
amplifications can be calculated for short-period (0.1-0.5 sec) and mid-period (0.4-2.0
sec) ranges from Borcherdt (1994) equations 7a and 7b, respectively, at four ranges of
input acceleration levels (Borcherdt, 1994, Table 2). These amplification factors are given
in Table 1. The amplification for the soil (Quaternary Alluvium) sites decreases with
increasing ground motion levels; Tertiary and Mesozoic rock units have a less pronounced
amplitude dependency (see Table 1).

We scale the PGA amplitude with the short-period amplification factors while the
PGV values are corrected with the mid-period factors. Response spectral values are
scaled by the short-period factors at 0.3 sec, and by the mid-period response at 1.0 and
3.0 seconds. The site correction procedure is applied so that the original data values are
returned at each station; hence, the actual recorded motions are preserved in the process
and the final contours reflect the observations wherever they exist.

Finally, we contour the interpolated, site-corrected PGA, PGV, and response spectral
values. The interpolation and contouring is done using tools available with Generic
Mapping Tools (GMT, Wessel and Smith, 1991). The contouring consists of finding an
adjustable-tension (interior and boundary tension factor of 0.4), continuous-curvature
surface that fits the constraining data exactly (Smith and Wessel, 1990). To summarize
the map-making steps (corresponding to the letters in Figure 2), we:

a) Gather the observed peak ground motions at recording stations.

b) Determine the centroid (magnitude and location) and estimate ground motions
on rock at sites far from recording stations.
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Figure 3. Shaded relief map showing peak accelerations for the August 20, 1998 magnitude

4.4 Wrightwood earthquake with contours of acceleration in percent “g.” Triangles represent

stations; dark lines are freeways and lightly shaded lines are mapped faults. The shaded star
shows the epicenter and the open star represents the strong motion centroid. Open circles
represent phantom grid stations (see text for details).

¢) Correct the data to rock based on the site QTM geology and interpolate the data
plus the predicted ground motions onto a fine (2.8 km) rock grid.

d) Site amplify at each fine grid point based on its site QTM geology and amplitude,
fit a smooth function through all fine grid points, and contour.

The PGA ShakeMap associated with the example event is shown in Figure 3. Since site
amplification factors are high at low levels of shaking, applying the site corrections to
small earthquakes shows noticeable effects, especially when the observations alone are
insufficient to show the amplification variations.

NORTHRIDGE EARTHQUAKE EXAMPLE

Although only relatively small events have been recorded in the two years since we
began making “ShakeMap,” we can apply the same processing procedure to data sets
from larger past earthquakes. In Figure 4 we show a map of the recorded peak velocity
distribution (contoured in cm/sec) for the 1994 magnitude 6.7 Northridge earthquake to
illustrate the nature of the information generated by ShakeMap and the effects of applying
the site correction for a larger earthquake. For Figure 4, we have not yet applied the
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Figure 4. Shaded relief map showing recorded peak velocity contours for the magnitude 6.7
1994 Northridge earthquake. Contours of velocity are in c¢cm/sec. The shaded star shows
the epicenter, the open star represents the strong motion centroid, and open circles represent
phantom grid stations. No site corrections have been applied.

site correction. The contour pattern is only a reflection of the motions as recorded (not
corrected to bedrock); likewise, the effect of our gap-filling is negligible in this case since
there are only two predicted phantom stations on the scale of this map (the two circles
shown in the ocean). In this particular example, the ground-motion data are from existing
analog networks (CDMG, USGS, University of Southern California, Southern California
Edison, the Los Angeles Department of Water and Power), not the current TriNet digital
instrument deployment, which postdates the Northridge earthquake.

Typically, for moderate-to-large events, the pattern of peak ground velocity reflects
the pattern of the earthquake faulting geometry, with largest amplitudes in the near-
source region, and in the direction of rupture directivity (Figure 4). For the Northridge
earthquake, rupture updip and toward the north resulted in significant directivity in that
direction. Differences between rock and soil sites are apparent, but the overall pattern is
more a reflection of the source proximity and rupture process. While the site effects are
still important (see the tabulated amplification factors in Table 1), we expect that site
corrections for larger events (which are dominated by strong shaking) are less significant
than for the lower shaking levels associated with smaller earthquakes. This is particularly
true at higher frequencies.

The site-corrected peak velocity map for the Northridge earthquake is shown in Fig-
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ure 5. The differences between the ground velocities within the valleys and surrounding
mountains become more evident once the site corrections are applied. In addition, origi-
nally smooth contours that simply connected remote stations become more complex when
intervening geologically based site corrections play a role in determining the interpolated
amplitudes. For example, due to alluvium in the east-west trending Santa Clara River
basin (SCB, Figure 5), the site correction increases the peak velocities with respect to
the surrounding mountains.

Naturally, the site correction has a more dramatic effect where the station coverage
is sparse. Where there are sufficient ground-motion data, the recorded amplitudes define
the site effects, and nearby site corrections are applied with respect to these observations.
In areas lacking observations, the amplitude pattern variations primarily reflect the site
corrections modifying an otherwise smoothly varying function of amplitude. In this
respect, for areas of sparse coverage, we can consider the application of the geology based
site corrections to be adding data (in the form of our knowledge of site amplification)
where there is none.

Note that while the centroid is described by a point location (the open star in
Figure 5), its difference from the epicenter can portray source finiteness. For example,
the centroid of the Northridge earthquake is well northwest (13 km) of the epicenter, and
hence any predictive use of the centroid includes this northwestward shift.

INSTRUMENTAL SEISMIC INTENSITY MAPS

In addition to the PGA, PGV, and spectral response maps, we also map estimates
of the ground-motion shaking intensity. Seismic intensity has been traditionally used
worldwide as a method for quantifying the shaking pattern and the extent of damage
for earthquakes. Though derived prior to the advent of today’s modern seismometric
instrumentation, seismic intensity still provides a useful means of describing information
contained in these recordings. Such simplification is helpful for those users who are
unfamiliar with instrumental ground motion parameters.

That is not to say that instrumentally derived seismic intensity alone is sufficient for
loss estimation. In fact, peak velocity and spectral response may provide a more physical
basis for such analyses. However, for the majority of users, we expect that the intensity
map will be more readily interpreted than other maps of ground motion parameters.

Wald et al. (1999a) have recently developed regression relationships between Modi-
fied Mercalli intensity I, (Wood and Neumann, 1931, later revised by Richter, 1958),
and PGA or PGV by comparing the peak ground motions to observed intensities for eight
significant California earthquakes. For the limited range of Modified Mercalli 1ntensmes
V < Ly < VIII, Wald et al. (1999a) found that for PGA,

Lym = 3.66 log(PGA) —1.66 (o = 1.08) (1)
and for peak velocity (PGV) within the range V < I, < IX,

Ium = 3.47 log(PGV) +2.35 (o = 0.98) 2)
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Figure 5. Shaded relief map showing recorded peak velocities, corrected for site amplification,
for the magnitude 6.7 1994 Northridge earthquake. Velocity are units of cm/sec. The shaded
star shows the epicenter, the open star represents the strong motion centroid, and open circles
represent phantom grid stations. The location of the Santa Clara River Basin is shown with
the letters “SCB.”

Since we are also interested in estimating intensity at lower values, and our cur-
rent collection of data from historical earthquakes does not provide constraints for lower
intensity, we have imposed the following relationship between PGA and I,,,,:

Ly = 2.20 log(PGA) + 1.00 (3)

This basis for the above relationship comes from correlation of TriNet peak ground
motions for recent magnitude 3.5 to 5.0 earthquakes with intensities derived from volun-
tary response from Internet users (Wald et al., 1999b) for the same events. We determined
that the boundary between “not felt” and “felt” (Imm I and II, respectively) regions cor-
responds to approximately one to two cm/sec/sec, at least for this range of magnitudes.
We then assigned the slope such that the curve would intersect the relationship in Equa-
tion 1 at I,,,, V. We plan to refine this relationship as more digital data become available.
The corresponding equation for PGV and I,,,, is:

L = 2.10 log(PGV) + 3.40 (4)

By comparing maps of instrumental intensities with I,,,, for eight significant Cal-



