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Abstract

Efforts underway to quantify uncertainties associated with ShakeMap ground motions
through efforts by the California Integrated Seismic Network (CISN) ShakeMap Working Group
are discussed. There are multiple sources of uncertainty in producing a ShakeMap, including
sparse ground motion measurements, approximate representation of fault finiteness and
directivity, empirical ground motion predictions, numerical interpolation, and site corrections.
These ground motion uncertainty measures are critical for evaluating the range of possible losses
and allow users to associate appropriate levels of confidence when using rapidly produced
ShakeMaps as part of their post-earthquake critical decision making process. We quantify the
uncertainties of the maps on a point-by-point basis, by combining the separate, but related,
contributions of uncertainty for each ShakeMap parameter as a function of location on the map.
Finally, we show examples of results of estimates of uncertainty for ShakeMap for earthquakes
in California with/without defined fault traces. We discuss future developments and plans for
integration of these uncertainty measures, both quantitative and qualitative, into the online
system and user interfaces of ShakeMap.

Introduction

The accuracy of a given ShakeMap varies spatially over the map area and depends on a
number of contributing factors. However, it is usually dominated by two aspects: 1) spatial
variability of peak ground motions near recording stations (and thus, station density), and 2) the
aleatory uncertainty associated with empirical ground motion estimation relationships used to
estimate the shaking between stations.

In this study, we consider these two sources of variability in estimating ShakeMap
uncertainty. Spatial variability of peak ground motions can be generalized in the form of a
rapidly increasing variability with increasing distance from the nearest station. Aleatory
variability, in contrast, is more complicated and becomes more significant as the earthquake fault
dimensions get larger (about M5.5 and greater), particularly when the fault location and
dimensions are not yet ascertained. Without an accurate representation of the fault rupture
geometry, the appropriate distance to a particular location—which is needed when using a
forward ground motion prediction equation—is poorly constrained. Not knowing the true
distance to the fault rupture contributes significant uncertainty, particularly in the near-fault
region.
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Our goal in quantifying ShakeMap uncertainty is to produce a grid of latitude and
longitude pairs which contains not only the various peak ground motion parameters at each
point, but also contains the variance at that point for each ground motion parameter. This grid
could also be converted to an overall qualitative assignment of ShakeMap accuracy, an issue we
will be addressing in the near future.

In the meantime, methods of estimating uncertainty in three end member cases are
described for generating a map of ShakeMap uncertainty values at each grid point.

Case 1. Small To Moderate Sized Earthquake, Suitable For A Point Source Representation

When a grid point is near to a station (~10 km or less) uncertainty is controlled by
proximity to that station and the variability can be quantified by the model of Boore et al. (2003):
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where o, .. 1s the standard deviation of differences in the logarithm of the peak motion Y (e.g.,

acceleration), o4, 15 the standard deviation of an individual observation about a regression,
and N is the number of recordings used in averaging the peak motion of a group of recordings in
a small area. F(A) is a function that models the spatial correlation of the motion, where A is

the distance between the two points. For this study we assume that N is large enough so that the
1/N term can be neglected. Thus, the predicted spatial variability in ground motion reduces to
zero as the distance between a grid point and the nearest station decreases to zero as shown in
Figure 1 (from Boore et al., 2003). With a large grid point to station distance, the spatial
variability in ground motion approaches the standard deviation of the regression model. The cut-
off distance for computing spatial variability in ground motion is set at 10 km in this study.

For greater distances than 10 km, we use the Boore et al. (1997) ground motion

prediction equation’s total aleatory uncertainty (o Aleatory ).

2 2
Aleatory \/ Interevent Intraevent @)

With several ShakeMap data points (i.e., station amplitudes), we can remove a bias term
between the ground motion predictions and the data, thereby removing the inter-event term.
However, when no data are available, no event-specific bias correction can be made and both the
intra- and inter-event terms contribute (Table 1).
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Figure 1. Standard deviation of difference of the largest peak horizontal acceleration as a
function of interstation spacing. F(A) given in equation 1 is shown by the curve. Data
include Northridge earthquake strong motions (Boore, 1997) and previous studies as
indicated (figure from Boore et al., 2003).

Case 2. Large Earthquake, And Fault Rupture Geometry And Dimensions Are Not
Known

For earthquakes of magnitude 5.5 and larger, the fault dimension affects the measure of
distance from the fault to the site of interest. When employing the Joyner-Boore distance
measure used for forward ground motion estimation, the fault rupture dimension must be known,
since the Joyner-Boore distance is defined as the closest distance from a site to the surface
projection of the fault rupture.

If necessary, initial ShakeMaps are produced without knowledge of the rupture
dimensions. Again, the uncertainty is generally low near the seismic stations, but at some
distance from the stations it is constrained only by the predictions using a ground motion
attenuation relationship. In this case, distance adjustments are made to convert the point source
(epicentral) distance to the appropriate Joyner-Boore distance for the ground motion attenuation
model used. We also must adjust the aleatory uncertainty. We adopt the results and the
approach defined in EPRI (2003), in which the distance adjustment is determined for the case
where the rupture orientation is assumed to be uniformly distributed in azimuth from 0 to 360
degrees and for a mixture of strike-slip and reverse ruptures using random epicenters. For each
simulated rupture, EPRI (2003)
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1) Computed the appropriate distance measure and corresponding median ground
motion parameter,
i1) Considered the geometric mean of all these simulation values to be the median

ground motion for that epicentral distance and magnitude,

1) Inverted the median ground motion to find the distance that corresponds to that
median ground motion value,

1v) Determined a distance adjustment factor for each epicentral distance, magnitude,
and ground motion parameter, and

V) Fit these distance adjustment factors with a functional form, and provided the
necessary coefficients in a series of look up tables.

Using the distance correction factor then simply entails employing these distance
adjustment relationships (EPRI, 2003) that translate epicentral to the equivalent Joyner-Boore
distance:

"Joyner — Boore ~ "Epicentral * t=1/cosh(C, +C, (M -6)+C,In(r));,  (3)

C,+C_(M=6)
]2 2 a4 5
where r'= \/rEpicentraI +h (4),and h=e , (5)

r is the Joyner-Boore distance, Igico 18 the epicentral distance, M is the magnitude of

Joyner—Boore

the earthquake, and C; to Cs are model coefficients (which vary by ground motion model and
seismic frequency) given in Table 2.

Hence, when the fault geometry and orientation is not known, a mean value of ground
motion at each point is provided rather than the simple epicentral distance-based estimation.
While the latter approach is currently used for ShakeMap, it tends to underestimate ground
motions near a finite fault (since it is the maximum possible source-station distance) rather than
providing a mean value based on random fault geometry and epicenter. Hence, we will be
adopting these distance adjusted ground motions for ShakeMap calculations in the near future.

The variability associated with this approach is also derived in EPRI (2003). The
variability in the median ground motion due to the randomness in epicenter location and rupture
orientation was used to compute a ground motion standard deviation, and we employ their
equations to compute the additional component of aleatory uncertainty:

C1+C2(M —6)+C3(M—6)*
GAdditionaIPointSource =€ rex et ) X [1 - 1 / COSh( fa)] X 1 / COSh( fb) s (6)
C4+C5(M-6 C6+C7(M -6
fa =€ e ) +€ e ) X rEpicentral ’ (7)
fb — eCS+C9(M—6) % ln(rV/ h) , (8)

|2 2 . C10+C11(M=6)
r'= r-Epicentral +h ’ h=e ’ (9)
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where o pysiionaipointsource 1S the point source aleatory, Igie 18 the epicentral distance, M is the
magnitude of the earthquake, and C; to C;; are the model coefficients (see Table 3).

We can then combine this additional point source variability (Equation 6) with that
associated with the prediction equation (Equation 2):

Orotal = \/0-2 Aleatory T 0_2

AdditionalPo int Source (10)

Again, if at any time a grid point is closer to a station than 10 km, the variability
associated with that grid to station distance controls the uncertainty; at greater distances, the
above relation is employed (Figure 2).

CISN Rapid Instrumental Intensity Map Epicenter: 11 km NE of San Simeon, CA
Mon Dec 22, 2003 11:15:56 AM PST ME5 N3571 W121.10 Depth: 7.6km 1D:40148755
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Figure 2a. ShakeMap for the magnitude 6.5 San Simeon, California earthquake of 2003,
Case 2. Note there are few seismic stations.
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CISM Uncertainty and Acceleration Map (in %g) Epicenter: 11 Km ME of San Simeon, CA
Mon Dec 22, 2003 11:15:56 AM PST MES N35.71 W121.10 Depth: 7.68km 1D:40148755
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Figure 2b. Uncertainty map, prior to adding finiteness, indicating linear units of standard
error above the aleatory uncertainty (red areas) and below (dark blue, near stations). The
ring of large uncertainty around the epicenter is a result of early uncertainty of the fault
location and thus the uncertainty for computing distances to the fault.
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Case 3. Large Earthquake, And Fault Finiteness Is Constrained

After a description of the source becomes available—usually from some combination of
source modeling, aftershock patterns, or surface rupture—we can fall back on the approach of
Case 1, since the appropriate Joyner-Boore distance measure from the fault location can be
determined. As in case I, uncertainty is determined by the grid-to-station proximity uncertainty
(Equation 1) or if there are no nearby observations, the uncertainty associated with the predictive
relationship (Equation 2). Typically by this time, enough seismic stations are available that a
bias between the data and the ground motion estimates can be computed and thus the inter-event
uncertainty term is dropped (Figure 3).

CISN Rapid Instrumental Intensity Map Epicenter: 11 km ME of San Simeon, CA
Mon Dec 22, 2003 11:15:56 AM PST ME.5 N35.71 W121.10 Depth: 7.6km 10:40148755
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Figure 3a. ShakeMap for the magnitude 6.5 San Simeon, California earthquake of 2003
with fault finiteness imposed, Case 3 (line source shown as a grey line).
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CISM Uncertainty and Acceleration Map (in %g) Epicenter: 11 Km ME of San Simeon, CA
Mon Dec 22,2003 11:15:56 AM PST MB.5 N35.71 W121.10 Depth: 7.6km 1D:401458755
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Figure 3b. Uncertainty map, after adding fault finiteness, indicating linear units of

standard error above the aleatory uncertainty (red areas) and below (dark blue, near
stations).

Analysis of Spatial Variability of PGA for the M6 Parkfield Earthquake

In order to validate the effectiveness of the method for quantifying CISN ShakeMap
uncertainty, we analyzed the spatial variability of PGA data from the 28 September 2004
Parkfield earthquake and compared differences between observed and estimated PGA values.
The Parkfield array data recorded by the CISN during the M6 earthquake provided the highest
density of recording stations in the near-fault region of any earthquake recorded to date (e.g.,
Langbein et al., 2005; Shakal et al., 2005). A total of 56 stations were located within 20 km of

44



SMIPO05 Seminar Proceedings

the fault; 48 were within 10 km of the fault, more than for many other earthquakes combined.
The distances between stations ranged from <1 to 40 km. It is of interest to study the spatial
variability of peak ground motions across the Parkfield array and to examine dependence of
variability on nearest distance-to-fault and on sensor orientation. To do this, we have followed
the analysis approach of Boore et al. (2003).

The distances between all possible stations pairs were calculated and sorted in increasing
order. These sorted pairs were grouped into bins with 15 station pairs per bin, and over station-
pair spacings of up to 20 km. For each bin we computed mean station spacing A and standard
deviation o(A) of differences in logarithm of PGA. The spatial variability of standard deviation
for the Parkfield earthquake (Figure 4) is consistently higher at most station spacings than that
for both the Northridge and San Simeon earthquakes, and higher (by a factor of ~1.3) than the
standard deviation for the regression model. The standard deviation value increases rapidly from
~0.2 at 1.2 km station spacing, to ~0.3 at 2.0 km station separation.
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Figure 4. Standard deviation of difference of the largest peak acceleration as a function
of interstation spacing. F(A) given in equation 1 is shown by the curve. Data include
strong motion records from the Parkfield, Northridge, and San Simeon earthquakes.

To examine any dependence of the variability on sensor orientation, we divided the data
to contain only East-West or North-South components and repeated the same procedure. For
dependence on nearest distance-to-fault, the data was divided into near-fault/away-from-fault
stations with a cut-off nearest distance-to-fault of 12 km. Figure 5 shows the results for spatial
variability in standard deviations for both analyses.
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Figure 5. Standard deviation of difference of log of the peak acceleration as a function of
interstation spacing for the Parkfield earthquake. (Top) Standard deviation for data with
either East-West of North-South component of the strong motion data. (Bottom)
Standard deviation for data either within or beyond a distance of 12 km to nearest fault.

We found that spatial variability for the Parkfield data with respect to the orientation of
recording components (Figure 5) shows similar results to standard deviations obtained with
analysis using the larger of the horizontal components. Contrary to direction insensitivity of
spatial variability, we observed better correlation of peak ground motions for distant station pairs
than for the close station pairs (Figure 5). The estimated variability of peak ground motions for
distant station pairs approximates the standard deviation of the regression model.
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The results of spatial variability for the Parkfield array data represent a special case
compared with other earthquake data sets because Parkfield has many near-fault stations and
relatively few at distance. The highly variable standard deviations in the near-fault data can be
attributed to the complexity of near-fault ground motions, which are not accounted for by the
regression model and will require further investigation.

We also compared observed peak values of strong ground motion for the Parkfield
earthquake with estimated peak values to analyze the extent of data misfit for the two regression
models currently used by the CISN ShakeMap, the HazusPGV (Southern California) and the
Large Seg (Northern California). (Note that the peak values of model estimates were not
adjusted for site condition and do not coincide with the results of the CISN ShakeMap.) Both
regression models use forms similar to the regression model of Boore et al., 1997 (BJF97). The
models generate PGA, PGV, and SA for a given magnitude and distance.

Figure 6 shows results of comparison of the observed PGA recorded by the CISN
network and the estimated values, based on the Southern California and Northern California
regression models, for the 2004 Parkfield earthquake. The estimated PGA values from both
regression models are consistently higher than the observed values at low PGA range (less than
~0.2g). However, the estimated values are lower than the observed values at high PGA range
(greater than ~0.5g).
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Figure 6. Comparison of the PGA recorded by the CISN network and the estimated
values based on either (left) Southern California or (right) Northern California regression
model for the 2004 Parkfield earthquake.

Summary

Quantifying ShakeMap uncertainty is an ongoing development at CISN as growing
expectations of the use of the maps continue. The next version of ShakeMap (V3.1) is nearing

47



SMIPO05 Seminar Proceedings

release, and should be available in mid-2005. The new features in the release include the
underlying code for quantification of uncertainty, for testing and feedback, and the
implementation of an XML file for the distribution of the gridded ShakeMap data.

The three end member cases described here will be used in quantifying ShakeMap
uncertainty: (1) small earthquake of M5.5 or less as point source representation, (2) large
earthquake without known fault rupture geometry and dimensions, and (3) large earthquake with
fault finiteness. Using one of these methods, the goal is to produce a grid of latitude and
longitude pairs containing peak ground motion parameters and uncertainty at each point.

Results from a study of spatial variability of the Parkfield earthquake data indicate that
the variability is generally direction insensitive and approximately corresponds with model
predictions for distant stations. In the near-fault area the variability is complex and cannot be
accounted for by the standard deviation from the regression model.
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