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Modeling Velocity Recordings of the M,, 6.0
South Napa, California, Earthquake: Unilateral
Event with Weak High-Frequency Directivity

by FrantiSek Gallovi¢

ABSTRACT

On 24 August 2014, an M, 6.0 carthquake struck the Napa
area in the north San Francisco Bay region, causing one fatality
and damaging many older buildings in the Napa area. First, I
employ low-frequency data (0.05-0.5 Hz) from 10 near-fault
strong-motion stations to perform slip inversion, revealing (in
agreement with other studies) rupture propagating up-dip and
unilaterally along the fault with a dominant shallow asperity.
Then I generate broadband synthetics (0.05-5 Hz) using an
advanced Ruiz integral kinematic (RIK) source model (Ruiz
et al., 2011) and a 1D velocity model. The RIK model is com-
posed of randomly distributed overlapping subsources with a
fractal number-size distribution. The particular distribution of
the RIK subsources is constrained by the low-resolution slip
model from the inversion. Besides providing stable omega-
squared spectral decay at high frequencies, the RIK model is
able to reproduce the frequency-dependent directivity effect
with adjustable strength. Comparison of the synthetic velocity
waveforms with the observed data shows that the smallest mod-
eling bias and variance is achieved by a rupture model with
complex rupture propagation and thus weak high-frequency
directivity. I link my findings with other studies, including ana-
log experiments by Day ez al. (2008), suggesting that this fea-

ture is rather common to carthquake sources.

Online Material: Tables of station locations and crustal model,
and figures of synthetic seismograms and their smoothed
Fourier spectra for all directivity models.

INTRODUCTION

The South Napa carthquake occurred on 24 August 2014 at
10:20:44 UTC in California, 6 km northwest of American
Canyon and 9 km southwest of Napa. The event triggered
ShakeAlert and G-larm$ early warning systems, sending an
alert to San Francisco about 10 s prior to the start of the
strongest shaking (Grapenthin ez al., 2014). Quick estimates
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of the ground motions (ShakeMap) and the impact on the
population (PAGER) were released 11 and 13 min after the
earthquake, respectively. The earthquake caused one fatality
and damaged many older buildings in the Napa area (Brocher
et al., 2015).

Routine seismological and geodetical analyses were pet-
formed by world agencies, including several United States
institutions. Basic parameters of the event are summarized
(e.g., at the US. Geological Survey [USGS] website; http://
earthquake.usgs.gov, last accessed October 2015), including the
location and the centroid moment tensor (CMT). The event
ruptured the West Napa fault belonging to the San Andreas
fault system. The fault is known to be active; the USGS Na-
tional Seismic Hazard Maps depicts the epicentral region to
likely experience strong shaking in the future. Quick slip in-
versions were provided at the USGS webpage by D. Dreger
(University of California, Berkeley) using regional seismic data
and by W. Barnhart (USGS National Earthquake Information
Center) using the Global Positioning System and Interfero-
metric Synthetic Aperture Radar data. Those preliminary re-
sults have been refined and published in an SRL focus section
(Barnhart ez al, 2015; Dreger et al., 2015). Together with
other models published so far (Ji ez al, 2015; Melgar er al.,
2015; Wei ez al., 2015) show, generally speaking, that the event
was unilateral northward toward the city of Napa, having sig-
nificant asperity at shallow depths (<5 km) with longer rise
times at the place where 40-46 cm surface fault slip was ob-
served (Brocher ez al, 2015).

Such a unilateral event is expected to exhibit a strong
source directivity effect, amplifying the ground motions in
the direction of the rupture propagation (northward) and
broadening of velocity pulses, especially at the fault-normal
(F-N) components (e.g., Somerville ¢z al., 1997). Therefore,
the directivity effect is of great interest for earthquake engi-
neers. Baltay and Boatwright (2015) have analyzed residuals
of the South Napa carthquake observed data with respect to
ground-motion prediction equations (GMPEs). They have
shown that while the residuals of pseudospectral acceleration
(PSA) at 3 s exhibit clear amplification due to the directivity
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A Figure 1. (a) Map of the Napa earthquake epicentral area showing stations (circles), the event hypocenter (star), focal mechanism
(beachball), and the fault model (rectangle) with the top (black line) reaching 400 m below the surface. Stations 1765, N016, and 68150 are
located in the city of Napa. The slip model from inversion (see also Fig. 2) is shown on the fault in the shaded scale. (b) Instrumental
intensity ShakeMap (see Data and Resources) with apparently no directivity effect, except for the elongation related to the finite extent of

the fault (gray line).

effect, those at 0.3 s and the peak ground accelerations (PGAs)
do not. This suggests that the source directivity effect is re-
duced at higher frequencies. At midfrequencies, the residuals
of PSA at 1 s and peak ground velocities (PGVs) show indeed
a less-pronounced directivity effect, being also perhaps overlaid
by a fault-zone-guided wave effect (Baltay and Boatwright,
2015). Instrumental intensity ShakeMaps, obtained by inter-
polating recorded ground motion, do not exhibit clear mani-
festation of the northward source directivity effect, being
characterized only by elongation due to the finite extent of
the fault (Fig. 1). Stations NHC and NO19B, located at similar
distance from the largest slip patch (Fig. 1) but at opposite
directions with respect to the rupture propagation, experienced
almost the same PGV (0.58 and 0.63 m/s, respectively) and
PGA (0.40¢ and 0.34g, respectively). Moreover, although the
F-N component at the directive stations N019B and 1765
exhibit broader velocity pulses due to the strong low-frequency
directivity effect, their amplitudes (related to the perhaps
weaker high-frequency directivity) are comparable or only
slightly larger than those at the respective fault-parallel
(F-P) components. I emphasize that this is in contradiction
to the classical source directivity models that predict ampli-
fication of the motion up to 5-10 times at all frequencies
larger than the corner frequency, which is definitely not ob-
served for this particular event. Although wave-propagation
effects could have contributed to some extent to the ampli-
fication of the ground shaking south from the event (e.g.,
NHC is situated in deeper sediments than NO19B), it is very
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likely that the source effect also had to contribute in the al-
most full removal of the directivity effect at high frequencies.
Proper modeling of such frequency-dependent directivity ef-
fect is the key point of this article.

Because many high-quality recordings were written by sta-
tions at near-fault distances for this earthquake, it is a unique
opportunity to test source models with various directivity
strengths. The article consists of two parts. In the first one,
I perform slip inversion by the recently introduced technique
by Gallovi¢ ez al. (2015) using local strong-motion data at rel-
atively low frequencies (0.05-0.5 Hz). In the second part, I
generate broadband synthetics (0.05-5 Hz) using an advanced
kinematic source model introduced by Ruiz ez 4/. (2011), here-
inafter denoted as the Ruiz integral kinematic (RIK) model.
High-frequency ground-motion modeling requires a stochastic
component. In RIK, it is represented by a random distribution
of overlapping subsources with fractal number-size distribu-
tion that compose the source model. The particular distribu-
tion of the RIK subsources is constrained by the retrieved
low-frequency slip model from the inversion. Besides the fact
that the RIK model provides consistently omega-squared spec-
tral decay at high frequencies, it allows for modeling the
frequency-dependent directivity effect with various strengths.
The model with the weakest (high-frequency) directivity, being
characterized by complex rupture propagation along the fault,
is demonstrated to provide synthetics with the smallest mod-
eling bias and variance when compared with the velocity
recordings.
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Table 1

Parameters of the Earthquake Source Model Including Details of the Model Setup for the Low-Frequency Slip Inversion
and the Ruiz Integral Kinematic (RIK) Model Used in the Broadband Modeling

Parameter

Definition

General Source Parameters

Parameters Specific to the Slip Inversion

Parameters Specific to the RIK Model

Origin time

Epicenter location

Hypocentral depth

Fault size

Fault mechanism

Scalar seismic moment

Location of hypocenter on the fault

Fault discretization
Smoothing parameter (op)
Fault discretization

Slip pulse width (L;)

Number of subsources

24 August 2014, 10:20:44
38.220° N, 122.313° W

10 km

15 km x 10 km

Strike 155°, dip 82°, rake —172°
16 % 10" N-m

12.5 km along strike, 0 km from
the fault bottom

750 m x 625 m
0.1 m (see Gallovi¢ et al., 2015)
100 m x 100 m

3 km (weak- and moderate-directivity
model); 0.75 km (Strong-directivity model)

925

Subsource radii 2.5-0.2 km
Earthquake stress drop 1 MPa
Parameter a (see equation 2) 0.5

Rupture velocity

08 x Vs (Vs follows the velocity
depth profile; € see Table S2)

DATA AND CRUSTAL MODEL

I have downloaded the raw accelerometric data from the data-
base of the Center for Engineering Strong Motion Data
(CESMD, see Data and Resources) recorded at stations distant
up to 15 km from the fault. Figure la shows the station dis-
tribution together with the earthquake hypocenter and fault.
The stations are also listed in & Table S1 (available in the
clectronic supplement to this article), together with the net-
work and site information as available in the CESMD data-
base. Unfortunately, only two stations have been assigned
National Earthquake Hazards Reduction Program (Dobry
et al., 2000) site classes, namely stations 68150 (class D) and
68310 (class C). Regarding the latter station, it is the deepest
station from a geotechnical array (at 44.5 m) in Vallejo. I note
that there are other two nearby stations available in Vallejo
(California Geological Survey station 68294, Broadway and
Sereno, and USGS station 1759, Fire Station). However, be-
cause for my purpose the recordings are very similar with each
other, I prefer to use only the borehole station as being least
affected by the site effects.

The acceleration data were detrended, band-pass filtered
using one-way (causal) Butterworth filter of the fourth order,
once- or double-integrated to velocity or displacements, respec-
tively, and eventually undersampled. The high-pass filtering at
0.05 Hz removes the low-frequency part of the wavefield that is
corrupted by the instrumental noise. The low-pass filter depends
on the particular application. In the slip inversion, I assume the
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filtering frequency at 0.5 Hz because the 1D crustal model con-
sidered (see below) is not able to model Green’s functions (GFs)
at higher frequencies with the required accuracy. For the broad-
band modeling, I consider filtering frequency at 5 Hz as suffi-
cient for the velocity recordings and to limit the computational
expense. The horizontal components were rotated to the F-P
and F-N components. No time shifts were applied.

For the wave-propagation modeling, I use a modification
of the 1D layered velocity model GIL7 (Stidham ez /., 1999;
see ® Table S2). The original model has 1-km-deep subsurface
layer with S-wave velocity of 1.5 km s. Because the station sites
have lower subsurface velocities, I have introduced two addi-
tional layers with subsurface velocity representing soft-rock site
properties (sece ® Table S2). Nevertheless, I note that, in the
1D modeling, such modifications lead to just minor amplifi-
cation at higher frequencies and thus are not critical in the
modeling. Full wavefield GFs are calculated using the discrete
wavenumber technique (Axitra code, Kennett and Kerry, 1979;
Bouchon, 1981; Coutant, 1989). No stochastic GFs are used
throughout the whole study.

SLIP INVERSION

Basic source parameters are listed in Table 1. I adopt the USGS
location parameters (see Data and Resources) and the mecha-
nism from the Northern California Earthquake Data Center
(see Data and Resources). The planar fault is 15 km % 10 km,
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A Figure 2. Result of the linear slip inversion by the Gallovi¢ et al. (2015) method considering slip-rate positivity and spatial smoothing by
means of a prior covariance matrix. (a) Final slip is shown using the shaded scale, with superimposed slip rates as inferred from the
inversion; the duration of the slip rates cover 0-8 s after the hypocentral time. (b) Snapshots of the rupture propagation suggesting up-dip
and against-strike propagation (northward). Asterisks denote the hypocenters (not considered in the inversion). (c) Comparison of ob-
served and synthetic displacement waveforms (0.05-0.5 Hz) corresponding to the inverted source model (variance reduction 61%). (F-P,
fault-parallel component; F-N, fault-normal; and Z, vertical component.) Station names are to the left (see Fig. 1 for their location).

with the hypocenter located at its bottom edge at a depth
of 10 km.

I use the recently introduced slip inversion technique by
Gallovi¢ ez al. (2015) exploiting the linear formulation of the
forward problem. The method has been recently tested on a
source inversion validation benchmark test (Gallovi¢ and Am-
puero, 2015) and applied to the 2014 Cephalonia earthquake
doublet (Sokos ez al., 2015). Parameters of the inverse problem
are the slip-rate functions discretized in time and along the
fault. The slip rates span an 8-s-long time window, starting
at the hypocentral time; the nucleation point is not prescribed
in the inversion. The inverse solution is regularized by (1) spa-
tial smoothing by means of a prescribed prior covariance func-
tion with the #72 spectral decay (£ being the wavenumber) and
(2) positivity constraint by means of using the nonnegative
least-squares approach by Lawson and Hanson (1974) to min-
imize the L2 misfit function in displacements filtered between
0.05 and 0.5 Hz. The weight of the smoothing constraint is set
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to 6p = 0.1 m (for the formal definition of 6, see Gallovi¢
et al., 2015), which corresponds to rather stronger smoothing.
Gallovi¢ e al. (2015) demonstrated by means of synthetic tests
in a very similar setting (source-station geometry, frequency
range, etc.) that the use of low-frequency waveforms together
with the stronger smoothing prevents the occurrence of arti-
ficial slip-rate peaks when the 3D structural model is approxi-
mated by a 1D velocity model. This suggests that the inversion
does not require any temporal alignment of the GFs, thus pro-
viding a robust inversion result. This is important because, es-
pecially at near-source stations, such alignments should, in
principle, vary along the fault as the propagating wavefields
sample different volumes of the velocity structure.

The result of the inversion is shown in Figure 2. In par-
ticular, Figure 2a shows the final slip distribution overlaid by
the individual slip-rate functions from the inversion. The slip
distribution is characterized by a large slip patch at rather shal-
low depths. Figure 2b displays the evolution of the inverted
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rupture model in terms of slip-rate snapshots. I note that the
inversion result cannot be taken at face value as discussed by
Gallovi¢ ez al. (2015) due to the generous model parameter-
ization, applied smoothing, and limited frequency range. Re-
garding the former, because the rupture can generally occur at
any place at any time, the inferred model contains some
“ghost” features, presumably due to imperfections in GFs. De-
spite this issue, the general feature of the result is that the rup-
ture propagated from the hypocenter upward and against the
fault strike (northward). Unfortunately, further details are hard
to reveal. Indeed, the inferred source model represents the true
model after spatial smoothing applied at each time instance
(see the synthetic tests by Gallovi¢ ez al., 2015), requiring care-
ful interpretation of the inferred rupture image. The large as-
perity is rather biased toward too-shallow depths (note that the
surface fault traces showed 40-46 cm large displacements). In-
specting the snapshots in Figure 2b, the slip rates seem negli-
gible during the first 2 s, suggesting rather low slip or slip rates
at the hypocenter. Larger slip rates then occur ~5 km from the
hypocenter. After another 3 s, the shallow asperity located
~12 km from the hypocenter is slipping at larger slip velocities.
These observations can help to roughly estimate that the rup-
ture speed is approximately ~2.5 km/s, noting that this value is
rather underestimated due to the severe spatial smoothing as
shown by Gallovi¢ e al. (2015) using synthetic tests. Figure 2c
shows the comparison between the observed and synthetic dis-
placements. The fit is best at the near-fault stations. At the
distant stations the 1D model does not explain the short-
period oscillations and later arrivals, being presumably related
to the complexity in the wave propagation in the hetero-
geneous crust.

The inferred slip model is close to the model by Wei ez al.
(2015) and geodetic model by Melgar ez al. (2015). Seismic and
seismogeodetic model by Melgar ez al. (2015), as well as models
by Barnhart ¢z al. (2015) and Dreger e al. (2015), are char-
acterized by a deeper main asperity (3-8 km). Ji ez /. (2015)
inferred a model with an cllipsoidal slip of approximately
12 km x 5 km oriented toward top left from the hypocenter.
The slip rates inferred by Melgar ez al. (2015) are of similar
shape as those retrieved in this study but with rise time approx-
imately two times shorter (1 s). All the models consistently
show up-dip and northward rupture propagation. I note that
while the source model derived here is smoother than the
others, it is not sensitive to minor changes of the crustal model
(ie., no artificial time shifts of the GFs are required).

RUIZ INTEGRAL KINEMATIC (RIK) SOURCE
MODEL

Model Description

Here, I use an advanced kinematic source model introduced by
Ruiz e al. (2011), the RIK model. It was developed for earth-
quake ground-motion simulations utilizing the representation
integral in the full frequency band (no composite or stochastic
modeling needed) and providing omega-squared spectral decay
at high frequencies. I applied some simplifications and minor
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modifications to the original method, following specific prop-
erties of my particular application (see below). The RIK model
is composed of randomly distributed circular subsources with
fractal number-size distribution with dimension D = 2, which
is the same as considered in other kinematic models (e.g., Zeng
et al., 1994; Gallovi¢ and BrokeSov4, 2007). In the present
model, kinematic properties (including the rupture propaga-
tion) are prescribed individually to each of the subsources,
and thus cach subsource is characterized by its own slip-rate
functions along its areal extent. The total slip rates of the RIK
model are eventually evaluated on a dense regular discretization
grid along the fault by summing up slip-rate contributions
from all the subsources.

Regarding the subsource distribution, I introduce a minor
simplification to the original Ruiz e 2/ (2011) approach, con-
sidering that subsource radii R are equal to integer fractions 7
of the fault width /¥, that is, R = ¥ /n. For the particular
number-size distribution, the number of subsources at level
n is equal to 2% — 1. The subsources are distributed randomly
along the fault, following a prescribed spatial probability den-
sity function (PDF), which is considered equal to the normal-
ized slip distribution from the inversion (see above). The
subsources have the crack-model slip distributions AuR, that is,

AuR(p) ~ VR* —p* if p<R and
AuR(p) = 0otherwise,

(1)
in which p is the distance from the subsource center. The con-
stant of proportionality in equation (1) is determined so that
the total seismic moment fits the prescribed scalar seismic mo-
ment M. This fractal decomposition of the source model im-
plies that the slip decays with #7% at high wavenumbers £
(Gallovi¢ and BrokeSové, 2007; Ruiz er al., 2011), implying
k™! decay of the stress distribution, which was shown by means
of theoretical considerations as physically plausible (Andrews,
1980).

The rupture is assumed to propagate in the form of a slip
pulse of width Z, with the Brune’s pulse (Brune, 1970) as the
slip-rate function. I note that if rise time was constant, the
source spectrum would decay as omega squared only up to
the reciprocal of the rise time, after which the spectrum would
decay faster due to the low-pass filtering effect of the consider
slip-rate function. To correct for this, Bernard ez al. (1996)
introduced the concept of the wavenumber-dependent rise
time. In particular, in the RIK model, the rise time depends
on subsource radius R as

T(R) = Thax — dLo/l/r if 2R > LO and
7(R) = a(2R) /v, otherwise,

)
in which 2 ~ 1 is a free parameter and v, is the rupture velocity
equal to a prescribed fraction of the local S-wave velocity fol-
lowing the crustal model considered. Consequently, one avoids
unrealistically strong ground motions when dealing with sub-
surface rupture because the rise time generally increases with
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the decreasing depth (Graves and Pitarka, 2010). Furthermore,
the dependence of the rise time on the subsource radii (also
called the k-dependent rise time) also has implications for
the strength of the directivity effect. As discussed by Bernard
et al. (1996) and Gallovi¢ and Brokesova (2004), the source
spectral amplitudes between roughly the corner frequency
and the reciprocal of the maximum rise time (1/7,,,) are pro-
portional to C3, in which C; = 1/(1 — a cos ) is the classical
directivity coefficient, with & representing the ratio of rupture
and shear wavespeeds and € being the station angle from the
rupture direction. At frequencies larger than ~1/7,,,,, the direc-
tivity effect is reduced to C :1, while preserving the omega-squared
spectral decay. I also note that the use of the 4-dependent rise
time implies a positive correlation between the slip and the
rise time as found in dynamic source simulations (Schmedes
et al., 2010).

In terms of the rupture propagation, Ruiz ez /. (2011)
introduced a concept of small- and large-scale rupture fronts.
In particular, each point on subsources with radius R > L,
starts to slip upon arrival of the macroscopic rupture front
from the hypocenter. Contrarily, each smaller subsource has
its own random point, from which a small-scale rupture is ini-
tiated after the random point is reached by the macroscopic
rupture front. In other words, rupture time at a given point
on the small subsource is a sum of the arrival time of the mac-
roscopic rupture front to the random point and the time delay
corresponding to the small-scale rupture propagation from the
random point. This way, the directivity effect is weakened even
further, to effectively Cg, =1 (i, is isotropic).

All source parameters describing the RIK model are listed
in Table 1. The values of the rupture velocity, slip pulse width,
and rise-time parameter 4 of equation (2) were found by trial-
and-error modeling to best fit the observed duration of the
major velocity pulses, their peak values, and the spectral con-
tent at all the stations. In particular, the rupture velocity is
equal to 0.87, which is consistent with other studies (Dreger
et al., 2015; Wei et al., 2015). Because of the large uncertainty
of the strongly smoothed source model obtained by the low-
frequency inversion, I employ only the final slip distribution
(Fig. 2a) as the PDF function for the random distribution
of the subsources along the fault plane. Figure 3a shows the
distribution of just the largest subsources (for clarity), together
with the resulting slip distribution. I note that the RIK model
has much smaller slip values at the surface than the slip model
from the low-frequency inversion (compare Fig. 3a and 2a).
Conclusions regarding the directivity effect (as drawn below)
are based exclusively upon the RIK model and are thus not
compromised by the rather biased surface slip values from
the slip inversion.

In the following, I test three models with various strengths
of the directivity effect. The first one, the weak-directivity
model, is the one described above. The moderate-directivity
model differs in that the small-scale rupture front on the sub-
sources is the same as the large-scale front, which makes the
model close to the classical kinematic models with a single rup-
ture front. The third model, with the strong directivity, has a

narrower slip pulse width, that is, shorter maximum rise time
(see Table 1).

Moment rate functions corresponding to the three direc-
tivity models are displayed in Figure 3b in both the temporal
and spectral domains. The Fourier spectrum of the source time
functions is well fitted by the Brune model (Brune, 1970) with
stress drop of 1 MPa (Fig. 3b), which is close to the typical
regional value of 5 MPa as determined by Baltay and Hanks
(2014). Figure 3c shows examples of slip rates at two time
instances to visualize the difference between the rupture propa-
gation of the three models. Basically, in the weak-directivity
model, the instantancous slip-rate maxima are less coherently
aligned along the rupture front than in the other two models.
The strong-directivity model has a narrower pulse width with
larger slip-rate maxima. Figure 3d displays also the apparent
moment rate functions at two stations, one in the forward
(NO19B) and one in the backward (68310) directivity area.
Although the apparent time functions of the three models
are similar at long periods, they differ in the strength of the
short-period oscillations (especially in the forward-directivity
station NO19B) owing to the different style of the rupture
propagation. This is clearly visible in the apparent acceleration
source spectra in Figure 3d. Because of the short maximum rise
time, the strong-directivity model has the Ci, spectral ampli-
fication in a broad range of frequencies. Although the differ-
ence between the weak- and moderate-directivity models is not
large, the former has slightly smaller and larger amplitudes at
the forward- and backward-directivity stations, respectively,
due to the additional random propagation inside the individual
subsources. A similar effect is achieved when considering radi-
ation from the centers of the subsources, as considered in the
composite source models (e.g., Zeng ez al., 1994; Gallovi¢ and

Broke$ova, 2007).

Modeling Results (Weak-Directivity Model)

Figure 4 shows comparisons between the observed and syn-
thetic velocity waveforms in the frequency range 0.05-5 Hz
for the weak-directivity model. Because of the fact that at such
large frequencies both the source and propagation medium
have a fractal (random) nature, a model cannot capture all de-
tails of the velocity records. Thus the point is not to fit the
observed waveforms in detail (i.c., wiggle for wiggle), but rather
to match their basic characteristics in the temporal domain and
their spectral response. Below, I discuss that this is the case of
the model presented here.

In particular, at the Z component, the peak values and the
dominant period of the first arrivals are correctly captured by
the model, except for station 68310, the amplitude of which is
underestimated significantly. At the F-N component, the for-
ward-directivity velocity pulse is fit very well at station NO19B.
Interestingly, the model captures (although not perfectly) the
more complex shape of the pulse at station 1765, lying just on
the opposite side of the fault (Fig. 1) and thus being a conse-
quence of the up-dip directivity. Stations N016 and 68150,
lying close to the central part of the fault, exhibit two-sided
pulses at the F-N component, which are explained relatively
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A Figure 4. Comparison of observed and synthetic velocity wave-
forms in broad frequency range (0.05-5 Hz) as obtained by the RIK
model in the weak-directivity mode (see the Model Description
section for details). For the other directivity models, see € Fig-
ure S1. Station names are to the left (see Fig. 1 for their location).

well by the model. The shorter-period content of the F-P
components at stations 1765, N019B, N016, and 68150 is pre-
dicted as well. Interestingly, the model also correctly captures
the presence of the dominant broad pulse at the F-P compo-
nent and weaker F-N component at station NHC, which lies
nearest to the hypocenter.

The more distant stations NGVB, NSP, and NTO have
longer duration of the strong-motion phase and more rich
spectral content at all components. Again, the model fits these
recordings relatively well, despite the fact that these stations
are more affected by the complexity of the wave propagation
(see the overestimated later phases at the F-P components).
Unfortunately, the stations in the backward-directivity zone
(NO002 and 68310) lic at relatively large distances. In particu-
lar, station N002 is dominated by the long duration of almost
monochromatic oscillations clearly related to some basin
effects. Nevertheless, the model fits the duration of the earlier
part with higher frequency content. At station 68310 the
model captures the position of the maximum peak at the
F-N component, while it exceeds the amplitudes of the later
long-period arrivals.

Figure Sa shows the comparison of the synthetics (red
curves) with the observed data (black curves) in terms of the
Fourier spectrum. The observed data were tapered at 20 s after
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the hypocentral time to effectively remove spectral contribu-
tions due to the later low-frequency oscillations related to the
unmodeled propagation effects. For clarity of the presentation,
the spectra are smoothed by the Konno and Omachi (1998)
method. In Figure 5a, I show only the vertical component as an
example; for the other components, see ® Figure S2. With few
exceptions, one can see that, generally, the modeled spectrum
(red) follows the observed spectral fall-off. At some cases, the
synthetic spectra underestimate the observed ones at frequen-
cies >1 Hz (e.g., N68150, NGVB). The worst situation is at
station 68310, where the observed spectrum is significantly un-
derestimated at frequencies > 0.5 Hz, although at low frequen-
cies the model performs relatively well. I ascribe this problem to
the radiation pattern effect that is in reality weakened at higher
frequencies due to the 3D wave-propagation effects as sug-
gested by numerical modeling in random media (e.g., Gallovi¢
et al., 2010; Imperatori and Mai, 2012).

Figure 5b shows the modeling bias (red crosses) in terms of
PGV defined as the natural logarithm of the ratio between the
observed and modeled PGV. The figure also shows mean values
and standard deviations evaluated over the stations for the
individual components (the outlying large bias at vertical com-
ponent of the 68310 station has been removed from this cal-
culation). I emphasize that the bias is close to the zero line
(corresponding to perfect fit) with very low standard deviation
(0.02-0.26). Figure 6 (left column) then displays the modeling
bias in terms of the acceleration response spectra at the indi-
vidual components. The mean bias (black curve) is close to
zero at the F-N component. At the others, the bias suggests
minor underestimation (—0.3). The variance of the bias is also
rather low (0.2-0.4), especially at the F-N component.

Modeling the Strength of the Observed Directivity Effect
Here, I discuss the modeling bias when the other two strengths
of the directivity effect are considered. I remind the reader that
Figure 3 shows properties of the three directivity models in
terms of the moment rate functions, rupture propagation snap-
shots, and the apparent source time functions. ® Figures S1
and S2 display all simulated velocity waveforms and their
smoothed Fourier spectra, respectively, for all the directivity
models.

Figure 5a illustrates the effects of the directivity strength
on the Fourier spectra. Major differences between the directiv-
ity models are visible mostly at the forward-directivity stations
(top four panels in Fig. 5a), where the strong directivity leads to
clear overestimation of the observed spectra at frequencies
> 1 Hz. This is also evident in ®& Figure Slc as too-strong
high-frequency oscillations. At the other stations, the differ-
ences are also significant. At the backward-directivity station
NO002, the strongest amplitudes are predicted by the strong-
directivity model. I assign this to the up-dip rupture propagation
that amplifies the N0O2 synthetics. Indeed, at station 68310,
which is not affected by the up-dip propagation, the largest
Fourier amplitudes are obtained by the model with the weak-
est directivity. Overall, both the weak- and moderate-directivity
models perform similarly well.
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A Figure 5. Result of the broadband velocity waveform modeling using the RIK model in the three directivity modes (see legend). (a) Com-
parisons of the directivities in terms of the smoothed Fourier spectra at the individual stations (vertical component) are shown. For the other
components, see ) Figure S2. (b) Modeling bias is shown in terms of peak velocities (PGV), defined as the natural logarithm of the ratio of the
observed and synthetic PGV plotted as a function of the directivity angle (i.e., clockwise-positive angle from the antistrike direction) for the
three directivity models (shaded). The mean and standard deviation evaluated over each station component are shown with error bars
(denoted as MEAN). The Z component of station 68310 has been removed from the mean and variance calculations as an outlier.

Figures 5b and 6 display the modeling bias for all the di-
rectivity models in terms of PGV and response spectra, respec-
tively. As one can see, especially the strong-directivity model
clearly overestimates the observed data, which is expressed
by the negative values of the mean bias. The moderate- and
weak-directivity models perform better in this sense. In particu-
lar, the moderate-directivity model shows slightly better fit at
F-N and Z components, whereas the F-P component is fitted
better by the weak-directivity model. I point out that under-
prediction at high frequencies is preferable because the site
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effects are rather underestimated here, considering only a
generic soft-rock properties.

I emphasize that when discussing the performance of the
individual models in modeling the directivity effect, one needs
to consider mainly the variability of the bias (modeling vari-
ance) over the stations, keeping in mind that the directivity
affects the waveforms systematically in the azimuthal sense.
Although site effects would also contribute to the modeling
variance, their involvement in the modeling would (statistically
speaking) decrease the modeling variances but almost equally
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A Figure 6. Modeling bias in terms of acceleration response spectra, defined as the natural logarithm of the ratio of the observed and
synthetic pseudospectral acceleration (PSA) plotted as a function of frequency for the three directivity models (columns) and individual
components (rows). Gray lines correspond to the modeling bias at the individual stations. The black line and shaded strip denote the mean
over stations and +1 standard deviation, respectively. Shades distinguish the directivity models as in Figure 5. The Z-component for
station 68310 was removed from the mean and variance calculations as an outlier. (Abbreviations are as in Fig. 2.)

for all the directivity models. In particular, the variability of the
modeling bias across the stations (expressed by the error bars in
Fig. 5b and shaded strips in Fig. 6) is consistently smallest for the
weak-directivity model. The moderate-directivity model pro-
vides the bias variance similar to the weak-directivity model
but only at the F-N component. The strong-directivity model
clearly overestimates the directivity as expressed by the largest
modeling variance. I note that the strong-directivity model can-
not be improved by decreasing the rupture velocity. Indeed, the
required reduction of the rupture velocity to diminish the
forward-directivity effect would lead to significant overestima-
tion of the durations of the observed velocity pulses. Thus, I

conclude that the strong-directivity model can be considered
unrealistic. Although, of the three models, the weak-directivity
model best explains the data in terms of modeling variance, the
performance of the moderate-directivity model is also satisfac-
tory. I emphasize that both the latter two models are charac-
terized by a directivity effect that weakens with increasing
frequency, which is a crucial feature to fit the observed records.

DISCUSSION AND CONCLUSIONS

In the present article, I performed a seismological analysis of
the 2014 South Napa carthquake with the emphasis on its
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directivity effect. Using the near-fault high-quality recordings,
a slip inversion was performed (in the 0.05-0.5 Hz frequency
range), retrieving up-dip and against-strike (northward) rup-
ture propagation. The rupture is characterized by a major slip
patch located at depths shallower than 5 km. I note that,
although the source model is rather smooth with respect to
the other published models (Dreger er al, 2015; Ji et al,
2015; Wei et al., 2015), it is robust in terms of quality of
the crustal model considered, not requiring use of any artificial
time shifts of the GFs. The inferred slip model is used to con-
strain a broadband (0.05-5 Hz) source model to predict the
velocity waveforms. Specifically, I have considered the RIK
model introduced by Ruiz ez 4l (2011). It is characterized
by the £72 slip distribution and the 4-dependent rise time, cor-
rectly providing the omega-squared spectral decay at high
frequencies (see Ruiz ez al., 2011). The advantage of this model
is that one may control the strength of the directivity effect,
including its frequency dependence by considering the rupture
propagation as more (or less) coherent. In particular, I have
considered three models with weak-, moderate-, and strong-
directivity effects. The first two models are characterized by
decreasing strength of the directivity effect with increasing
frequency.

The weak- and moderate-directivity models are shown to
best fit the observed velocity waveforms in both the temporal
domain (Fig. 4), including the peak values (Fig. 5b), and in
terms of the response spectra (Fig. 6). Those two models ex-
plain the observed data with both the smallest modeling bias
and modeling variance (variability of the bias over stations).
This is particularly important because any mismodeling of
the directivity effect of this unilateral event introduces a sys-
tematic azimuthally dependent variability in the modeling bias,
thus increasing the modeling variance. In this sense, the weak-
directivity model fits the data slightly better than the moderate-
directivity model. Because of the very large modeling variance,
the strong-directivity model can be confidently considered as
unrealistic.

All three models have rise time proportional to the recip-
rocal to the local rupture velocity and to the spatial scale
of slip. Therefore, rise times are largest at the shallow asperity,
as also observed by Ji ez al (2015) and Wei ez al. (2015).
However, this feature alone cannot explain the observed
weak high-frequency directivity, because only the weak- and
moderate-directivity models are able to model correctly the
low-frequency directivity pulses observed at the forward-
directivity stations while not overpredicting the high-frequency
spectral content. The models have rupture speed corresponding
to 80% of the depth-dependent shear-wave velocity (see Table 1),
which is almost the same value as inferred by other authors (e.g,
Dreger ¢t al., 2015; Wei ez al., 2015). Such a large rupture veloc-
ity would lead to very strong amplification at high frequencies
if a coherent rupture is considered as illustrated by the strong-
directivity model. The weak- and moderate-directivity RIK source
models are characterized by complex style of rupture propagation
at short wavelengths, leading to the weakening of the directivity
effect at high frequencies. The weak high-frequency directivity
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model thus explains the weak imprint of the rupture directivity
in the ShakeMaps, despite the mostly unilateral character of the
rupture propagation. Furthermore, it also potentially explains the
observed frequency dependence of the residuals with respect
to GMPEs analyzed by Baltay and Boatwright (2015); see also
the Introduction.

The modeling is based on a relatively complex source
model embedded in a 1D wave-propagation medium. I admit
that the 1D wave-propagation model is a significant simplifi-
cation, which, on the other hand, allows for extensive tests be-
cause the computational cost is rather small (approximately
three days to calculate GFs on a common personal computer,
and then just minutes to generate the RIK slip rates and evalu-
ate the representation integral for each source model). This
way, because the source model is built upon characteristics in-
ferred by the slip inversion, the modeling allows for identifi-
cation of features in the broadband observed waveforms that
can be ascribed to the source effects. Indeed, while the later
arrivals are not captured by the model (being presumably in-
duced by 3D crustal heterogeneities), the early parts of displace-
ment and velocity waveforms are explained relatively well.
Indeed, Dreger e al. (2015) and Wei ez al. (2015) analyzed
effects of the 3D medium on the South Napa earthquake syn-
thetics (up to 1 Hz), demonstrating mostly amplification of the
vertical components (up to approximately two to three times)
and occurrence of later phases at more distant stations. At the
near-fault stations, the first pulses at most of the horizontal
components are not altered significantly. In some cases (e.g.
station 1765), the 3D velocity model slightly improves the
fit, whereas at others the 3D medium does not help to explain
the data. Because these effects are dependent on the actual
source model, in a future study I plan to combine the source
model developed here with the wave propagation in a complex
3D crustal model (including random heterogencities and
topography at short scales) to explore its effects on the present
source model. Nevertheless, although I expect that taking into
account the complexity of the velocity structure will improve
the modeling bias, the modeling variance will change for all the
three models in the same way, thus preserving my conclusions
regarding the frequency dependence of the directivity.

Another simplified aspect of the source models of this
study is related to the simplified west-dipping planar fault
model geometry as adopted from the CMT solution of Berke-
ley. Other authors use different fault geometries, including
those dipping east and/or consisting of two segments, as sug-
gested by the observed surface ruptures (Wei ez al., 2015). We
tested other fault geometries in the slip inversion, always
obtaining a similar data fit but with more pronounced ghost
features in the inferred slip rates. The impact on the RIK mod-
cling has not been extensively studied yet. Although the fault
geometry will have some effect on the velocity synthetics (per-
haps eventually improving the modeling bias), I expect that it
will affect the modeling variance of all three models in the same
way, thus preserving the directivity-related conclusions as dis-
cussed also above in the case of the 3D velocity model. Never-
theless, this aspect also deserves further study.
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The RIK source model is characterized by complex style of
rupture propagation especially at short wavelengths, which
leads to weakening of the directivity effect at high frequencies.
I note that the present model is not unique in providing syn-
thetics with the weak high-frequency directivity effect. Widely
and successfully used source models for strong-motion simula-
tions utilizing the so-called composite modeling at high
frequencies (Zeng ez al., 1994; Pitarka ez al., 2000; Gallovi¢ and
Brokesovd, 2007) implicitly consider no or very weak directiv-
ity effect at high frequencies (Gallovi¢ and Burjanek, 2007).
Analysis of observed spectra by Somerville ez al. (1997) sug-
gested that the strength of the directivity effect decreases with
increasing frequency. Fletcher (2014) observed such a fre-
quency-dependence of the directivity in the USGS Parkfield
Seismic Array recordings of the 2004 Parkfield earthquake.
By means of broadband modeling of the 2009 M, 6.3 L’ Aquila
carthquake recordings, Ameri ez /. (2012) showed that the
observed directivity effect is reduced significantly already at
frequencies > 0.5-2 Hz (depending on the station fault dis-
tance). All this thus suggests that the feature of the rather weak
source directivity is not unique to the 2014 South Napa, but is
perhaps common to other earthquakes. Interestingly, similar
behavior of the frequency-dependent directivity effect was
observed by Day ez 4/. (2008) in laboratory foam rubber experi-
ments simulating earthquake with a unilateral rupture propa-
gation. Day ez al. (2008) discussed possible rheological features
that may be responsible for considerable complexity of the rup-
ture propagation. Those are, for example, localized strong bar-
riers that initially withstand the main rupture front arrival and
break later with rupture propagation direction even different
from that of the main rupture front, as in the RIK model (see
also laboratory experiments by Latour ez 4/., 2013). Such bar-
riers can be also formed by irregularities in the fault geometry
(Shi and Day, 2013) that are not included in our simulations
and might represent another extension of the present work.

DATA AND RESOURCES

Accelerometric data were downloaded from the freely available
online repository, Center for Engineering Strong Motion Data
(CESMD, http://strongmotioncenter.org, last accessed October
2015). The ShakeMap shown in Figure 1 was downloaded
from its archive (http://www.quake.ca.gov/shake/archive/, last
accessed October 2015). Location parameters were taken from
the US. Geological Survey Earthquake Location Archive
(http://earthquake.usgs.gov, last accessed October 2015).
Earthquake mechanism was adopted from the Northern Cal-
ifornia Earthquake Data Center (http://www.ncedc.org/, last
accessed October 2015). B
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