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SUMMARY

Rapid and accurate assessment of source characteristics of moderate to large earthquakes is
extremely useful for hazard assessment and to guide response of emergency services. Using
the back projection method (BPM) it is possible to obtain an image of the source rupture
process rapidly. The potential of the method in identifying the rupture propagation and its slip
distribution has been shown in previous studies. However, most of the earlier back projection
implementations obtain only slip intensities not slip amplitude. Here, we propose a method that
is capable of providing quick estimates of the slip amplitude in addition to its distribution across
the fault plane, using high frequency near-source records. First, we explore the advantages
and limitations of the proposed BPM through a series of synthetic examples. We demonstrate
the utility of the method to identify slip asperities and their associated intensities, with a
limited number of stations (<5) distributed azimuthally around the source in the ideal case.
As expected, the accuracy of asperity locations and amplitudes are improved as the number
of stations increases and an appropriate station-weighting scheme is introduced. To test the
BPM, we apply the method to the 2004 M,, 6.0 Parkfield earthquake using available near-
source seismic data. The method identifies similar locations and amplitudes of slip using either
P- or S-wave displacement records. And, for real earthquakes, we find that a significant number
of observations are needed around the source to reduce the influence of local propagation and
site effects.

Key words: Inverse theory; Earthquake dynamics; Earthquake source observations; Dynam-
ics and mechanics of faulting.

1 INTRODUCTION

The back projection method (BPM) can provide a computationally
inexpensive kinematic description of the source rupture process.
The method does not require any prior knowledge of fault plane pa-
rameters (e.g. Kao & Shan 2007); only the hypocentre location and
velocity structure of the region are needed. In comparison, earth-
quake source characterization using standard inversion procedures
requires the calculation of complete source-station Green’s func-
tions (e.g. Olsen & Apsel 1982; Hartzell & Heaton 1983; Sekiguchi
et al. 2002). Inverting for the Green’s functions can be computa-
tionally demanding; in addition, high quality data recorded near
the source and a priori knowledge of fault parameters are required.
Below, we provide a cursory introduction to modern BPM methods
and applications.

In the BPM, seismically observed displacements are back pro-
jected directly onto the fault plane of an earthquake after accounting
for geometrical spreading, radiation pattern and the material proper-
ties from the source to receiver (path effects). The method provides
a kinematic description of the fault rupture including slip distribu-
tion, slip amplitude (or intensity), and rupture velocity. Although
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there are various implementations of the BPM (e.g. Kao & Shan
2004; Ishii et al. 2005; Festa & Zollo 2006), the underlying con-
cepts are similar. The BPM relies on traveltime estimates between
the source and receiver, to image the earthquake rupture using seis-
mic records. Ishii et al. (2005, 2007) adopted the method to trace
the rupture propagation of the 2004 M, 9.2 Sumatra—Andaman
earthquake. They used the high quality teleseismic P records from
a Hi-Net seismic array in Japan to characterize the relatively slow
rupture propagation of the main shock. Walker et al. (2005) used the
same approach to image the rupture details of 2005 M, 8.6 Sumatra
earthquake using global seismic data and obtained a high-resolution
image of the rupture. Allmann & Shearer (2007) utilized S waves
from the local strong motion velocity data recorded during the 2004
M, 6.0 Parkfield earthquake to identify a secondary event using the
BPM. In all of these studies, auto gain control was applied (normal-
izing records to the maximum amplitude of the record) allowing the
authors to effectively ignore geometrical spreading, directivity and
other amplitude effects.

Kao & Shan (2004, 2007) implemented a variation of the BPM
to identify rupture plane orientation. They back project the ampli-
tudes of the seismic envelopes using local seismic data to image the
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rupture propagation on a spatial grid around the earthquake
hypocentre. Festa & Zollo (2006) used the concept of isochrones to
back project the amplitudes of P or S phase from near source, low-
frequency bandpass filtered displacement records and retrieve slip
amplitude and distribution along the fault plane. They showed the
utility of the method by applying it to 2000 Tottori earthquake (M =
6.8) using the S phase of near source displacement records, filtered
between 0.1 and 0.5 Hz. Pulido et al. (2008) extended the method-
ology of Festa & Zollo (2006) by incorporating high-frequency
seismograms. They used velocity envelopes of near source P-wave
velocity records and applied simple corrections for geometrical
spreading and quality of records, to quickly map the asperity lo-
cations. However, they resolve only the intensity of slip or relative
grid brightness on the fault plane, not the absolute amplitude of slip.

In this study, we implement the BPM similar to Pulido et al.
(2008) with some modifications to obtain the absolute amplitude
of slip, without compromising its computational efficiency. The
details of the BPM are discussed in the next section. Further, the
differences in the formulations of the current method and earlier
isochrone BPMs (Festa & Zollo 2006; Pulido et al. 2008) are ex-
plained in Section 4. We investigate a series of synthetic examples to
determine how the number and distribution of seismic observations
can influence the recovered slip image. In addition, we explore the
importance of including a correction factor for non-uniform sta-
tion distribution, which can significantly influence the accuracy of
results. We then apply the BPM to estimate the absolute slip ampli-
tudes and slip distribution for the 2004 M, 6.0 Parkfield earthquake
by back projecting P and S waveforms from near-source seismo-
grams, independently.

2 BACK PROJECTION METHOD

2.1 Calculating grid brightness

The isochrone BPM relies on the concept of isochrones introduced
by Bernard & Madariaga (1984) and Spudich & Frazer (1984) to
image the rupture propagation process. Isochrones are the loci of
points on the rupture plane, where the radiated seismic waves reach
the receiver at same time. We approximate the Green’s functions
using the far-field terms; this approximation is valid when direct
S waves dominate the near-source waveforms, according to ray
theory (Festa & Zollo 2006). Isochrone times are calculated for
each seismic station and every grid point along the fault plane,

Ty(xi, &) + T,(§;) = Const., (1)

where T, is the traveltime for the P or § waves to reach receiver
x; from a point source (grid point on the fault plane, &;). Trav-
eltimes between each grid point to each receiver are obtained by
tracing the rays through a reference 1-D model. 7, is the rupture
initiation time at the grid point £;. Assuming instantaneous slip or
very short rupture rise time, the measured displacement at a par-
ticular time step is the slip contribution from the corresponding
isochrone (Festa & Zollo 2006). Thus, the displacement amplitudes
measured on the seismogram through time can be back projected
on the fault plane and an image of the slip distribution can be
produced.

Waveforms are initially bandpass filtered before the envelope is
computed. The low frequency limit of the filter is selected such
that at least two or three wavelengths exist between the station and
the fault to maintain far field conditions. The high frequency limit
of the filter is chosen to minimize the influence of local structures

or variations over very short distances. The envelopes of P or S
waveforms are computed for each station using the equation

VId©O] = (d(0)* + H[d(O)])'"?, 2)

where d(¢) is observed displacement record and H[d(#)] is the Hilbert
transform of d(¢). The instantaneous amplitude of V'[d(¢)] for each
seismic station is then distributed across the fault plane along the ap-
propriate isochrone. We account for geometrical spreading and sta-
tion locations before distributing the energy across the fault plane.
We neglect the influence of the source radiation pattern to mini-
mize computational demands. Instead, we consider a large number
of stations that are well-distributed radially and azimuthally around
the rupture plane, which can significantly reduce the influence of
stations near the nodal planes on the overall slip image. The sum of
the grid brightness from each of the individual stations, normalized
by number of stations, gives the final brightness or slip distribution
on the rupture plane. This is expressed as
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where 4 is the envelope amplitude at a given isochrone time, c¢;
is the station correction time for the ith receiver, to account time
shifts caused by 3-D velocity structure along the ray paths. The
station correction factor is estimated from the difference between
the actual arrival time observed on the seismogram and theoretical
arrival time calculated by ray tracing through a 1-D velocity model.
At is the sampling spacing of the seismic record. N is the total
number of receivers used in the analysis. Ry; is the source-receiver
ray length, used as a correction for geometrical spreading. 2/ is the
duration of the averaging window. Envelopes are averaged to take
into account uncertainties in the estimated isochrone times; ideally,
the duration of the averaging window (2//) should be larger than
the maximum expected errors in the estimated isochrone times. 7;
is the number of grid points along an isochrone that the seismic
energy, within a window of duration 2B, is distributed over. 2B
represents the average isochrone spacing between any two adjacent
grid points; here, we consider 2 equal to 2B. s; is a factor used
to account for non-uniform station distribution. F, is a constant
that accounts for the type of wave used in the analysis and is de-
fined as follows (using a point source approximation at each grid
point),

F.= 47'rpc3. 4

In the above expression p and c are the approximate values of density
and wave velocity (« or 8 for P and S waves, respectively) at the
source region. The summed grid brightness expression provided
above does not consider mode conversions or reflected phases.

The brightness obtained at each grid point corresponds to the time
derivative of the slip function at that grid point. Assuming a simple
parametrization of the slip function, the average displacement at
each grid point can be computed as

_ t,

D¢ = E; [ ] ) (5)
ndg

where p is the shear modulus at source region, 4; is the area of the

single grid cell, and ¢, is the rise time. We approximated ¢, to be the

average rupture time between any two adjacent grid points. In this

implementation, the effect of anelastic attenuation is not included,
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as it does not significantly change the estimated slip amplitudes
(<10 per cent) and is small compared to other uncertainties and
simplifications (e.g. Aki & Richards 2002). Directivity effects are
included in our formulation indirectly by the factor n,, which scales
the brightness based on the isochrones spacing (e.g. the stations
that are in the direction of rupture propagation, will have larger
isochrone spacing resulting in more number of grid points along
each of the isochrone).

2.2 Model iterations

The final intensity image, obtained by summing the intensity contri-
butions from all of the stations, results in a image of the fault plane in
which the slip intensity is defocused, or smeared along isochrones.
The defocusing is a result of the assumption that brightness is dis-
tributed uniformly along the isochrones. This effect can be reduced
by iterating the model using the results of earlier back-projected im-
ages as a priori information (e.g. Festa & Zollo 2006). In successive
iterations, slip is no longer spread uniformly along the correspond-
ing isochrone (according to 1/n;); instead, it is distributed according
to the relative brightness from the earlier iteration (i.e. the ratio of
grid brightness from the previous iteration to the sum of the bright-
ness along the isochrone). Ideally, this process is repeated until there
is no significant improvement in the computed misfits. However, for
real events, due to uncertainties in the velocity structure, site ampli-
fications, and noise, iterations should be halted after a small number
of iterations (typically, less than five). Continued iteration results in
unrealistic slip distributions with concentrated slip patches adjacent
to fault patches with zero slip.
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2.3 Goodness of fit

We assess the performance of the BPM after each iteration, by
comparing the back-calculated (synthetic) envelope with the ob-
served envelope at each station using a misfit function. The syn-
thetic envelopes for each station are back-calculated from the slip
map obtained at the end of each iteration. Synthetic envelope am-
plitudes are determined by calculating the average value of the grid
brightness over a temporal window (width 2/7) for each isochrone
time, after accounting for geometrical spreading (i.e. dividing by
source—receiver distance, Rg;). We define the misfit function as the
ratio of the difference between the area under the observed and
back-calculated envelopes to the area under the observed envelope.
The misfit at ith station is given by,

flV(t)obs V(t)syn|dt
f Vz(t)obsdt '

where V;(f)obs is the observed envelope at ith station and V;(#)syy, is
the back calculated synthetic envelope at ith station. The average
misfit at the end of a particular iteration is computed using,

1Y
=% Zmisﬁti,
NS

where N is the total number of stations used in the analysis. Misfits
can further be utilized to assess the quality of the waveform data
at a particular station. If the misfit of a particular station is large
compared to the average misfit and increases with number of itera-
tions, this likely indicates poor data quality and a lower weight can
be assigned to that station. However, here we do not include this
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Figure 1. (a) Station locations used to compare isochrone patterns, (b) S-phase isochrones for station X, (c) S-phase isochrones for station Y, (d) S-phase
isochrones for station Z, (e) P-phase isochrones for station X and (f) P-phase isochrones for station Z.
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station quality factor to keep computational demands to minimum,;
the quality of an individual station becomes less important as the
number of stations increases.

2.4 Estimating rupture velocity

Using the procedure discussed so far, the slip map is obtained using
an assumed rupture velocity. However, it is possible to determine the
best-fitting rupture velocity by examining the slip maps and average
misfit for a range of rupture velocities (Festa & Zollo 2006). The
optimal rupture velocity should ensure a good correlation between
the observed and synthetic data (i.e. resulting in lowest average
misfit) with slip focused on relatively small regions of the fault
plane.

3 NON-UNIFORM STATION
DISTRIBUTION CORRECTION FACTOR

Correcting for non-uniform station distribution is very important,
particularly when dealing with sparsely distributed stations. The

Depth (km)

-

Figure 2. 3-D representation of the fault plane used in both the synthetic
test and in the application of the back projection method to the Parkfield
earthquake. The rupture originates at x = 0 and at a depth of 7.9 km. The
fault plane is divided into 1 km x 1 km grids.

Table 1. Velocity structure of the Parkfield re-
gion (from Hartzell et al. 2007).

Thickness (km)  V, (kms™") ¥, (kms™!)
Southwest Side of Fault
1 2 1.1
1 3.5 2
1 4.5 2.6
1 5.4 3.1
3 5.8 3.4
2 6.2 3.6
3 6.8 3.9
14 7 4
- 8 4.5
Northeast Side of Fault
1 2 1.1
1 3.5 2
3 4.5 2.6
5 5.4 3.1
3 6.5 3.8
13 7 4
- 8 4.5

ability of the isochrone BPM to identify asperities depends upon
the availability of stations with distinct isochrone patterns. If the
isochrones of the available stations do not overlap significantly, then
the BPM is able to accurately identify the asperities. Otherwise, the
back projected energy is smeared along the isochrones. Stations
that are well-distributed around the earthquake source tend to have
non-overlapping isochrones resulting in improved identification and
localization of energy to asperity locations. However, assigning each
station with a weighting factor can reduce the smearing of energy
along isochrones due to non-uniform station distribution.

Before deriving an expression for non-uniform station distri-
bution factor, it is necessary to understand the factors that influ-
ence the isochrone shape and distribution across the fault plane.
The isochrone pattern for each station is related to the station az-
imuth and radial distance from the source. Figs 1(b)—(f) shows the
isochrones for stations shown in Fig. 1(a). From these plots, we
can clearly see that the isochrones are significantly different for
stations X and Z, which are located in different quadrants of the
source. However, for stations at different radial distances from the
source (Y and Z) the isochrones pattern is similar suggesting that a
good azimuthal distribution of the observations is more important
than stations at a range of distances to accurately identify the slip
distribution across the fault plane.

Below we outline a station-weighting scheme that accounts for
non-uniform station distribution by reducing the relative weighting
of data from stations clustered around a given backazimuth. Sta-
tions at each azimuth (0-360) around the source will have different
isochrone patterns irrespective of type of rupturing (e.g. unilaterial
or bilateral). First, we calculate the backazimuth for each station and
then we determine the internal angle bisector between successive
pairs of stations. Then, the station distribution factor for a given
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Figure 3. Station configurations used in the synthetic tests. (a) 25 stations
with 5 km station spacing located in a grid in one quadrant. (b) 24 stations
distributed radially around the earthquake epicentre at a distance of 50 km.
(c) 4 stations distributed in each of the quadrants around the fault plane. (d)
11 station array parallel to fault strike and off the end of the rupture.
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station ‘i’ is calculated using,

oy

v )
j=1 Zk:l bjk

where ¢;; is the angle between jth bisector and ith station(0 <
¢;; < 180). N represents number of stations. n represents number
of angular bisectors between consecutive stations.

®)

4 SUMMARY OF DIFFERENT
ISOCHRONE BPM METHODS

In this section, we briefly describe previous implementations of
the BPM and the modifications we introduce here. The isochrone
BPM implemented by Festa & Zollo (2006) involves the evaluation
of line integrals along the isochrones. For example, the observed
amplitude at time # on the displacement record at the jth receiver
is 4;(t;) and the corresponding isochrone on the fault plane is o;;.
Then, the slip on the fault along the isochrone «;; can be obtained
from the observed amplitude 4;(#;) after accounting for radiation
pattern, geometrical spreading, directivity and material properties
at the source and receiver region. In their method, the fault is dis-
cretized into subfaults (e.g. 1 km x 1 km regions) and isochrones are
discretized ten times more finely than subfault size (length/width).
Slip is then evaluated along each of isochrones within each subfault.
The final slip map is obtained by summing the contributions from
all of the stations. Their method is suitable for low frequency ground
motions as they use absolute displacement records in their analysis.
Their method is also computationally expensive as it involves the
evaluation of many line integrals all along each of the isochrones.

(a)
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Pulido et al. (2008) modified the method for use with high fre-
quency, near source ground motions. They considered velocity en-
velopes and approximated various factors that account source and
path effects, with simple correction factors to reduce the computa-
tional burden. Further, they considered average envelope amplitudes
in their formulation to account for uncertainties in the arrival time
estimates (and high frequency content). However, because they only
consider relative brightness in subsequent iterations and other nu-
merical simplifications they obtain only the intensity of slip on the
fault plane.

Here, we modify the Pulido et al. (2008) method to determine the
slip amplitude, not just intensity, and improve the method to yield
a well-resolved final slip image. We use displacement envelopes
from the vertical, radial, and transverse components to quickly ob-
tain the slip distribution and its amplitude. First, we introduce a
normalization factor 1/N, which is missing in earlier implementa-
tions. This factor scales the final grid brightness by the number of
observations to better represent the actual energy released during
rupture. We also introduce a distribution factor 1/n,, which allows
us to spread energy across all of the grid points along a particular
isochrone. This factor also helps to account for directivity effects,
as discussed earlier. Pulido ef al. (2008) do not include this distri-
bution factor, but since they normalize brightness across the fault
plane with maximum grid brightness after each iteration, this does
not directly affect their results. However, the omission of this dis-
tribution factor and the non-uniform station distribution factor can
cause serious problems (artefacts) in the final slip map, as discussed
in greater detail in Section 6. Further, there are some differences in
the iterative procedures; we distribute the energy across grid points

(b)
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Figure 4. (a)—(d) Final slip maps after the fourth iteration obtained for the synthetic test cases using the four station configurations shown in Fig. 3.

(e) Distribution and amplitude of slip used in the synthetic tests.
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for each isochrone according to the relative grid brightness from
the previous iteration, while Pulido ez al. (2008) assign a weighting
system based on the relative brightness of each grid point from the
previous iteration.

We introduce a factor F,, in our formulation, which allows us to
approximate the actual slip amplitudes using the final slip brightness
determined at each grid point. As per the representation theorem,
each of the seismic phases (P or S) is able to provide a image of slip
on the fault; differences between the P- and S-phase observations
are resolved using the impedance factor, /.. We use the vertical
component seismograms to determine the P-phase slip image. To
obtain slip from the S phases, we consider both the horizontal com-
ponents, as the S phases are dominant in both horizontal components
of the seismogram. We rotate the horizontal components into radial
and transverse directions and obtain separate slip maps from each of
these components. The final slip map for the S phase is determined
by combining the slip maps calculated from the radial and trans-
verse component data. The use of radial and transverse components
separately in the BPM analysis allows us to back calculate separate
synthetic envelopes for each of the components, which are useful
for assessment of the performance of the method.

Pulido ef al. (2008) assigned a quality factor, w; at each station,
based on its epicentral distance, to minimize path effects. We do
not include any quality weighting factor in our formulation, but the
use of a station quality factor (as discussed above) may reduce
the influence of site effects. We include a new factor s; to account for
the non-uniform distribution of stations in our BPM formulation.
The importance of this factor is discussed in detail in Section 5
below and its derivation was presented in the previous section.
Further, there is some ambiguity over what averaging window width
(2W) should be used in the method. Although Pulido et al. (2008)
used 1 s, we use a window width equal to the isochrone spacing
between any two adjacent grid points. This window width allows
us to track the total energy released during rupture and also better
accounts for directivity.

S SYNTHETIC TESTS OF THE BPM

We use a series of synthetic tests to explore how well the BPM
identifies the location and amplitude of asperities along a fault. We
model our synthetic tests on the 2004 M, 6.0 Parkfield earthquake
and implement a fault plane with a length of 60 km, width of
14 km, and dip of 77°. The fault plane is discretized into 1 km x
1 km grids (Fig. 2). To replicate the heterogeneity of an actual
earthquake rupture, we model five asperities, each 3 km x 3 km in
size, distributed across the fault plane (Fig. 4e).

We investigate a variety of station configurations to explore and
document the influence of station distribution on the resulting slip
image. Synthetic seismograms were prepared for each station by
representing each asperity grid cell as a point source. The hypocen-
tral location of the 2004 M, 6.0 Parkfield earthquake, at 0 km along
strike and at a depth of 7.9 km, is defined as the origin of the syn-
thetic rupture. The rupture is prescribed to propagate radially with
a speed of 2.8 km s™! across the entire fault plane. We assume far-
field conditions, so a triangular pulse centred on each grid cell of an
asperity is used to approximate ground displacement (e.g. Shearer
2009). The slip amplitude at each asperity is 1.2 cm and the duration
is 0.10 s. We include the effects of geometrical spreading by scal-
ing the amplitude of the pulse by the grid-to-station distance. The
traveltime of a particular energy pulse from a fault grid cell to a sta-
tion is specified by the corresponding isochrone time. Isochrone

times are calculated using the ray tracing program, MacRay
(Luetgert 1992) with the 1-D P-wave velocity profile defined in
Table 1 (Hartzell et al. 2007). The envelope of the final ground
motion at each station is obtained by summing the contributions of
all point sources from the set of five asperities.

To replicate complexities expected in actual waveform data, the
amplitudes of pulses are varied randomly by up to +20 per cent
to replicate local site amplification effects and the corresponding
arrival times are varied randomly by up to £30 per cent of the pulse
width to account for uncertainties in the isochrone estimates. We
investigate how the number and distribution of stations can influence
the resulting slip map; the various station configurations considered
in this investigation are shown in Fig. 3. We implement the BPM
discussed in the Section 2 and the final slip maps determined after
four iterations are shown in Fig. 4. We show the results after the
fourth model iteration to replicate the method used for the Parkfield
earthquake.

The first case has 25 stations arranged in a small grid located in
one quadrant of the rupture with 5 km station spacing, as shown
in Fig. 3(a). The final slip map after four iterations is not able to
adequately recover all five of the original asperities (Fig. 4a). Three
of the asperities are well constrained, but two of the asperities are
not fully recovered by the BPM due to lack of clear intersecting
isochrones for asperities located closer to the stations. Fig. 3(b)
shows the second test case with 24 stations distributed radially
around the source at a distance of 50 km from the centre of the
rupture plane. This station configuration recovers the location and
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Figure 5. Synthetic test with 25 stations distributed randomly around the
earthquake origin. (a) Station configuration, (b) Final slip map obtained after
four iterations before applying a correction factor for non-uniform station
distribution, (c) Final slip map obtained after four iterations after applying
a correction factor for non-uniform station distribution.
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amplitude of all asperities (Fig. 4b), demonstrating the importance
of having stations distributed uniformly around the source. Next,
we considered four stations distributed in each quadrant around
the fault plane (Fig. 3c) to determine the influence of the number
of stations on the recovery of the slip image. Although the final
asperities are not as well constrained as in the previous case with 24
stations, it is able to adequately recover the location and amplitude
of the five asperities (Fig. 4c). The result of this test case suggests
that the station distribution is more important than the absolute
number of stations. In the final test case, an array of 11 stations is
aligned along a nodal plane off of the end of the fault (Fig. 3d).
This test case cannot recover the asperity locations or amplitudes,
further signifying the importance of good azimuthal distribution of
stations. It is important to note that the synthetic cases above likely
underestimate the expected uncertainties in the recovered slip maps;
for an actual earthquake the slip image is expected to have higher
uncertainties due to errors in computed traveltimes and local site
amplifications in near-source records.

Under ideal conditions, the BPM is able to recover both the lo-
cation and amplitude of slip asperities with as few as four stations
distributed uniformly around the source. However, to recover the
slip using actual data it is necessary to have a large number of
stations distributed azimuthally around the source due to uncertain-
ties in traveltimes, temporal and spatial averaging, and variations in
amplitudes due to local site effects. To study a more realistic distri-
bution of stations, we considered a case with 25 stations distributed
randomly around the source at a distance range of 40-100 km
from the centre of the fault plane, as shown in Fig. 5(a). We apply
and present the back projection results before (Fig. 5b) and after
(Fig. 5¢) correcting for station distribution using correction factor s;
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from eq. (3) above. In the case where the station distribution correc-
tion was not applied, the asperities cannot be accurately identified
due to smearing along the isochrones caused by non-uniform station
distribution. In contrast, when the station distribution correction is
applied, the method correctly identifies all asperities. These cases
demonstrate the importance of applying a station distribution cor-
rection to prevent a large number of stations in one region from
dominating the final solution.

6 APPLICATION TO THE 2004 M 6.0
PARKFIELD EARTHQUAKE

The 2004 M 6.0 Parkfield earthquake occurred on the San
Andreas Fault (SAF) in central California and was densely recorded
by the General Earth Observing System (GEOS) array, the Califor-
nia Geological Survey (CGS) array and the U.S. Geological Survey
(USGS) Parkfield dense seismograph array (Upsar). A total of 84
strong motion records are available for this earthquake within a dis-
tance of 200 km from the epicentre. However, 48 of the records were
recorded within a distance of 10 km from the fault rupture (Shakal
et al. 2005). Most of the CGS array stations are analog stations that
primarily triggered on the shear wave (S) arrival. The main shock
hypocentre was located at (35.818° N, 120.370° W) with a depth
of 7.9 km. Previous studies of the Parkfield earthquake concluded
that the rupture propagated 30 km northwest and 10 km southeast
from the hypocentre (e.g. Hartzell ef al. 2007; Ma et al. 2008). The
fault plane extends from 0.5 km below the Earth’s surface to a depth
of 14.5 km, with a strike of 140° and dip of 77° (e.g. Wang et al.
2006). There is a considerable difference in the velocity structure

S L
37'00" S = BPM up
- — upture Plane

A P-wave BPM Station
S-wave PEM Station

36°30"\T

36700

35"30'

10 km
35700 T T T ey
-122"00' -121°30' -121°00' -120"30' -120°00' -118730'

Figure 6. Station distribution around the 2004 M, 6.0 Parkfield earthquake used in the back projection analysis. The fault plane that ruptured during the main
shock is shown by the heavy black line, the main shock epicentre is shown by the star, and regional faults are shown by the thin, grey lines. Dark triangles are
stations used in the P-wave analysis and light squares are stations used in the S-wave analysis.
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Figure 7. Vertical component displacement records for all the stations that were used in the P-phase BPM analysis. The entire record is shown in grey and the

portion of the record used in the analysis is shown in black.

of the region on either side of the fault plane (Thurber ez al. 2004,
2006). Hence, different 1-D velocity models are used to calculate
theoretical traveltimes for stations on southwest and northeast sides
of the fault plane (Hartzell et al. 2007). The 1-D velocity models
are given in the Table 1.

We recover the amplitude and distribution of slip along the Park-
field rupture plane by applying the BPM to the displacement records
of both the P and S waves. First, we use P-wave energy recorded
on vertical component seismograms to image the rupture. To back
project the P-wave data, the records must have clear P-wave arrivals
with a high signal-to-noise ratio. We use records from stations that
are far enough from the epicentre to allow adequate separation
between P and S arrivals and at distances small enough to avoid
secondary phase arrivals (e.g. P-to-S converted waves). Based on
these criteria, stations within a distance range from 40 to 150 km
are suitable for back projection analysis of this rupture. A total of
eleven stations are suitable for back projecting P-wave data after

removing nearly colocated stations (see Fig. 6). Fig. 7 shows the ver-
tical component seismograms recorded at these stations. Records
were bandpass filtered between 0.1 and 8 Hz prior to computing the
envelopes. Traveltimes between each grid cell along the fault plane
and each seismic station are calculated using a 1-D velocity model,
as described above. To account for variations in the isochrone times
due to 3-D velocity structure, the traveltimes calculated from 1-D
model are corrected using static time shifts (c;). Envelopes are av-
eraged using a window (2/) of 0.33s (approximately equal to the
isochrone spacing between the adjacent grid points) to reduce the
effect of any additional uncertainties in the traveltime estimates.
The rupture time for each grid point is determined by assuming the
rupture initiates at the hypocentre and propagates radially outward
at a constant velocity of 2.8 km s~!.

The final slip map after four iterations, estimated by back pro-
jecting the P-wave data, is shown in Fig. 8. The slip map shows slip
is concentrated primarily in two regions along the fault plane; first,
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Table 2. Average misfit after each iteration in the analysis for different
seismogram components.

Component  Iteration I  Iteration II  Iteration IIl  Iteration IV

Vertical 1.56 1.60 1.63 1.66
Radial 1.04 1.01 0.98 0.96
Transverse 1.11 1.08 1.07 1.07

about 30 cm of slip occurs at the hypocentre and, second, an addi-
tional 40 cm of slip occurs approximately 10 km northwest of the
hypocentre. However, smearing of the energy is observed near
the second asperity due to a paucity of intersecting isochrones from

envelopes after four iterations. Table 2 provides the average misfit
between the actual and back-calculated envelopes after each of the
four iterations. The average misfit increases slightly with successive
iterations, likely due to a large amplitude pulse on a highly weighted
station (Station 35219). This station seems to require more slip at
—10 km from hypocentre at a depth of 5 km that is not supported
by the data from other stations. The slip averaged over the entire
fault length is 5.94 cm and is comparable to the average value of slip
(5.8 cm) determined from the moment magnitude (9.8 x 10?* dyne-
cm  (http://www.cisn.org/special/evt.04.09.28/nc51147892.mt) of
the Parkfield earthquake, using the reported fault dimensions
(40 km x 14 km) and a typical rigidity (u = 3.0 x 10!

the available stations. Fig. 9 shows the observed and back-calculated dyne cm™?).

_° PGJFU 2 36451 05 36432
§

(0]

3 0 0 W\l‘w 0

%-

£

s -05

_ 4 PGVFU 1 36510 05 PGRFU
§

= 2

(0]

3 0 0

£ o

g WW

2 -1 -0.5

2 1747 05 36712 02 1083
§

(0]

%-

£

B T I -0.2
_ o1 36153 01 37737 02 36427
g WWWWMW
(0]
T 0 0 OWMMWW
2
g

-0.1 -0.1 -0.2
_ 05 35219 05 47460
§
(0]
3 0 *«ww«»umww% OMWMMWWW
=
g

-0.5 -0.5

_ 05 47236 01 47136 05 47796
g
[0}
3 o wmwmw‘h 0 0
2
S
<C

0.5 0.1
0 10 20 30 40 50 60 70 80 0 10 20

0.5
30 40 50 60 70 80 0 10 20 30 40 50 60 70 80

Elapsed time (s) Elapsed time (s) Elapsed time (s)

Total record
Considered S-phase

Figure 10. Radial displacement records for all stations that were used in the S-phase BPM analysis. The entire record is shown in grey and the portion of the

record used in the analysis is shown in black.

© 2010 The Authors, GJI
Journal compilation © 2010 RAS



To further refine the slip distribution of the Parkfield rupture,
we back project the S-phase waveform data. We include data from
stations at least 15 km away from the epicentre to minimize the
influence of P-wave coda on the S-wave envelopes. A total of eigh-
teen stations are within 15-150 km distance and azimuthally well-
distributed around the rupture (Fig. 6). The horizontal records were
rotated to the radial and transverse directions and then bandpass
filtered from 0.2 to 8 Hz. The radial displacement records and
a comparison of the back calculated and observed envelopes of
the radial component data, after the fourth iteration, are shown in
Figs 10 and 11. The final slip maps determined from the radial and

S
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transverse components, using a similar method as described above
for the P-wave data, are shown in Figs 12(a) and (b). The final slip
distribution is constructed by summing the slip images determined
for the radial and transverse components and is shown in Fig. 12(c).
The average misfit after each iteration is given for both radial and
transverse components in Table 2. In the resulting rupture image
determined from S-phase waveforms, we observe two regions of
high slip. The first region, with 35 cm of slip, is centred on the
hypocentre and the second, with 23 c¢m of slip, is located 15 km
northwest of the hypocentre at approximately 5-10 km depth. The
fit between the observed and back-calculated envelopes (Fig. 11) is
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model, with the location of the secondary high slip region identified by Allmann & Shearer (2007) marked in red dotted lines (from Allmann & Shearer 2007).

good for most of the stations and the average misfit is reduced with
successive iterations (Table 2). The average slip over the fault area
is observed to be 6.32 cm.

6.1 Comparison of slip maps between P and S phase,
and with other studies on the Parkfield

As discussed above, the slip map determined from P-phase wave-
forms has some energy smearing across the entire fault depth at
10 km northwest of the hypocentre resulting from similar isochrone
distributions for several stations (e.g. Fig. 1). In addition, the large
slip amplitudes in this region may be due to a particularly high am-
plitude pulse at station 35219 around 23.4 s. Station 35219 also has
a relatively high station distribution weight because no other station
is at a similar backazimuth. This smearing of energy is not observed
in the slip maps determined using S-phase data because there is a
better spatial distribution of stations with distinctive isochrones.
Further, we compare our results to the slip maps previously pub-
lished for the My, 6.0 2004 Parkfield earthquake determined using
the source inversion (e.g. Custddio et al. 2005; Liu et al. 2006;
Hartzell et al. 2007) and other back projection implementations
(Allmann & Shearer 2007; Kao & Shan 2007; Pulido et al. 2008).
Most models of the Parkfield rupture identify two main asperities:
one at the hypocentre and a second at a distance of 10-20 km
northwest of the hypocentre. Fig. 12(f) (from Allmann & Shearer
2007) presents the best slip map from Liu ef al. (2006) determined

by averaging the ten best rupture scenarios from source inversions.
Fig. 12(f) also illustrates the secondary high slip region (outlined
by the red dotted lines) identified by Allmann & Shearer (2007).

The slip map we determined using S-phase waveforms provides
a more focused image of the slip distribution and is comparable to
slip maps determined in previous studies of the Parkfield rupture.
As outlined above, there are two high slip regions (asperities); one
asperity is located at the hypocentre with a slip amplitude of 35 cm
and the other asperity located 15 km NW of'the hypocentre at a depth
of 6 km, with a slip amplitude of 23 cm. The slip amplitude at the
hypocentre is similar to that determined by Liu ez al. (2006), but the
slip amplitude at the second asperity is reduced by approximately
10-20 cm. Our slip image show some slip at multiple locations
across the fault plane, away from the two high slip regions, which
are also similar in distribution and amplitude to the slip shown by
Liu et al. (2006). A few moderate to low slip regions, such as the
one at 5 km NW of the hypocentre at 15 km depth do not match
the results of Liu et al. (2006). These slip regions may be real or
artefacts in the slip map due to smearing of the energy along an
isochrone or because we back project the whole time series rather
than individual time slices.

We also provide the slip maps obtained by applying the method of
Pulido et al. (2008) to the Parkfield event in Figs 12(d) and (e). We
present two implementations of the Pulido ef al. (2008) method as it
is not clear how successive iterations are computed. The slip map in
Fig. 12(d) is obtained using the same iteration method that we use
in our method, for example, the amplitude of the envelope is back
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projected onto the fault along the isochrones. As shown in Fig, 12(d),
the resulting slip map has energy smeared along the isochrones with
the result dominated by stations with similar isochrone distribu-
tions. This was addressed in our method by introducing a factor to
correct for non-uniform station distribution. The slip map shown
in the Fig. 12(e) is an implementation of the Pulido et al. (2008)
method that scales the slip intensities for successive iterations by
the maximum intensity of the previous slip maps.

We are unable to quantitatively compare our results with earlier
applications of the BPM to the Parkfield earthquake (e.g. Allmann
& Shearer 2007; Kao & Shan 2007). For example, Allmann &
Shearer (2007) examined specific time slices from the rupture and
only presented slip maps for specific time periods of the rupture
process. Thus, they do not have a single, final slip map that can
be used for comparison. Defocusing of the energy is observed in
their results; as they discuss, when they align records to the origin
time to determine the slip at the hypocentre, the secondary asperity
location becomes defocused. Similarly, when they align records
with the secondary asperity arrival, they did not observe any energy
at the hypocentre. We are unable to directly compare our results
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with Kao & Shan (2007), as their main objective was to identify the
orientation of the fault plane, not the asperity locations.

6.2 Slip maps using subsets of stations

The synthetic tests shown in Section 5 suggest that slip amplitude
and distribution can be adequately recovered using as few as four
stations well distributed around the earthquake source. Here, we de-
termine if the slip map of the Parkfield earthquake can be recovered
using a small subset of the stations with good spatial distribution
around the source. In addition, this test allows us to examine which
slip features are consistent for different station subsets, and thus
more reliable. We selected three station subsets and applied the
BPM to recover the slip maps (Fig. 13). The slip maps for each of
the three subsets are roughly similar and show some consistency
with the slip map computed using all eighteen stations (Fig. 12a).
However, the slip maps determined using the stations subsets have
greater smearing of the asperities and some inconsistent regions
of slip across the fault plane. The individual station subsets pro-
vide inferior slip images due to the increased influence of local site
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effects. By using a large number of stations it is possible to min-
imize the influence of local site effects because the final slip map
averages the observations from all of the stations.

6.3 Rupture velocity estimation

All of the results shown above were obtained by assuming a rup-
ture velocity of 2.8 km s~!. To confirm the rupture velocity for
the Parkfield earthquake we back projected the radial component
S-phase envelopes using a range of rupture velocities from 2.2 to
3.2 km s~'. The resulting slip images are shown in Fig. 14. It is
clear from these slip maps that a rupture velocity of 2.8 km s™!
results in a better slip map than the other rupture velocities tested.
When rupture velocity is above 2.8 km s~!, defocusing occurs and
reduces the amplitude of slip at the asperities. And, when rupture
velocity is less than 2.8 km s~!, the slip at locations away from
the hypocentre decreases significantly. The average misfits for each
assumed rupture velocity after the 4th iteration are given in Table 3.
Though the average misfits do not differ significantly, a lower av-
erage misfit is observed for a rupture velocity of 2.8 km s™!. The
small variation in the average misfits between the different cases
is due to the use of high frequency ground motions, errors from
local site amplifications, and other numerical simplifications. Note
that we implement the BPM with a constant rupture velocity, so we
are unable to determine if the rupture velocity changes significantly
during rupture propagation. However, the estimated rupture veloc-

Table 3. Average misfits after the fourth iteration for different rupture ve-
locities.

Rupture velocity (kms=!) 2.2 2.4 2.6 2.8 3.0 32
Average misfits 098 097 097 096 097 099

ity is similar to those reported in previous studies (Borcherdt et al.
2006; Hartzell et al. 2007; Ma et al. 2008).

7 CONCLUSIONS

The BPM implemented here is easy to apply, computationally effi-
cient, and provides a good estimate of the location and amplitude
of slip asperities. Here we implement a modified version of the
BPM that can be used to determine the slip distribution and am-
plitude, not just slip intensity. Using synthetic examples we studied
the influence of station distribution on the resulting rupture image
to determine the limitations of the method. We find that for success-
ful application of the method, the azimuthal distribution of stations
is more important than the absolute number of stations. For cases
with stations distributed in all four quadrants around the source the
method can accurately determine the asperity locations and ampli-
tude. We introduce a non-uniform station distribution factor that
can be used to prevent the final slip image from being dominated by
a particular station cluster, resulting in the smearing of energy from
a single asperity. Envelopes are averaged over short time windows
to reduce the influence of errors in the estimated traveltimes and
the influence of noise from scattered or secondary arrivals on the
amplitude. The window width chosen should be sufficiently long
to account for uncertainties in the velocity structure, for example,
the window length should be greater than the maximum expected
uncertainties in the traveltimes estimates.

The BPM is applied to the 2004 M, 6.0 Parkfield earthquake
using both P- and S- phase near source displacement records. The
slip distribution and amplitude obtained from the P- and S-wave
records are able to identify two main high slip regions. The first high
slip region is located at the hypocentre and the second is located
between 10 and 15 km northwest of hypocentre. Some smearing
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across a range of fault depths is observed, especially when using
P waves, mainly due to the lack of stations at a range of distances
and azimuths around the source. It is clear that the application of
BPM to a real earthquake, in contrast to the synthetic example,
requires a larger number of stations distributed around the source to
account for uncertainties in estimated traveltimes resulting from a
complex velocity structure and variations in amplitudes due to local
site amplification. We find close agreement between the resulting
slip maps determined here using the BPM and those determined
using traditional inversion methods. Thus, the BPM can be used to
quickly determine the location and amplitude of slip asperities for
moderate to large earthquakes. Due to simplicity of implementation
and relatively fast computation, the BPM is a good candidate for
rapid determination of rupture parameters.
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