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ABSTRACT
Directivity, or the focusing of energy along the direction of an earthquake rupture, is a
common property of earthquakes of all sizes and can cause increased hazard due to azi-
muthally dependent ground-motion amplification. For small earthquakes, the effects of
directivity are generally less pronounced due to reduced rupture size, yet the directivity
in small events can bias source property estimates and provide important insights into
general regional faulting patterns. However, due to observational limitations, directivity
is usually only measured and modeled for large events. As such, many studies of small
earthquakes either ignore directivity altogether or assume a constant rupture direction
for all events in a cluster. In our study, we apply a refined directivity fitting method con-
strained with two separate methods of source deconvolution to the dataset of aftershocks
of the 2019 Ridgecrest earthquakes, which contain a large number of well-recorded small-
to-mid sized earthquakes occurring in close proximity to each other. The revealed direc-
tivity of 100+ small (M 2.4-5) earthquakes is highly heterogeneous and primarily oblique
to and away from the main fault strike, suggesting a complex postseismic stress redistrib-
ution. In addition, the energy focusing effect of directivity appears to bias the selection of
high-quality data from stations in the direction of rupture, leading to average stress-drop
increases of 50% if directivity is not accounted for.

modeling of large earthquake ground motions (Spudich et al.,
2013). Directivity has also been extensively observed for smaller
earthquakes (Boatwright, 2007; Kane et al, 2013), including
induced earthquakes with magnitudes smaller than M 2 (Tomic
et al., 2009; Chen et al., 2010; Folesky et al, 2016), but observa-
tional resolution generally limits directivity analysis to large, well-
recorded (M > 5) earthquakes. If directivity is unaccounted for, it
may also cause error in the measurement of rupture-averaged
quantities for earthquake source studies, such as stress drop.
Combined with the enhanced ground shaking produced in the
direction of rupture, it is easy to see why understanding rupture
directivity, and whether events in a region have a preferred rup-
ture direction is important for hazards assessment.

KEY POINTS

® Directivity is a common feature of earthquakes but
difficult to resolve in small events.

¢ We find highly heterogeneous directivity in small (M 2.4-5)
aftershocks of the 2019 Ridgecrest sequence.

e We show that directivity can influence stress-drop mea-
surements and illuminates local faulting complexity.

Supplemental Material

INTRODUCTION

The 2019 M,, 6.4 and 7.1 Ridgecrest earthquakes were the larg-
est seismic events to strike California in over 20 yr (Wang et al.,
2020). The M,, 6.4 foreshock, M 7.1 mainshock, and extensive
aftershock sequence illuminated a complex multifault network
just north of the Garlock fault, highlighting the challenge of
understanding seismic hazard in a region with complex fault
geometry and a high degree of fault-fault interactions (Ross
et al., 2019). The M 7.1 mainshock likely also resulted in stress
field adjustment with significant heterogeneity (Sheng and

Sheng and Meng (2020) previously used a focal mechanism
catalog of the Ridgecrest earthquakes to invert for the least com-
plex stress field of the region, showing a small rotation (~5°)
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Meng, 2020; Xu et al., 2020), suggesting that regional hazard
models may need reassessment.

Rupture directivity, or the focusing of energy in the direction
of a propagating earthquake rupture, is a common phenomenon
at all earthquake magnitudes and can be especially important for
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near the M 6.4 foreshock epicenter. Cheng et al. (2023) also
compiled a refined focal mechanism catalog of Southern
California including the Ridgecrest earthquakes using convolu-
tional neural network algorithms, showing a change in faulting
style after the main events. However, because events below M ~4
tend to be lacking in certain prerequisites for inversion of rup-
ture direction, such as good azimuthal station coverage and a
strong signal in the station-to-station variation of observed
earthquake power spectra, very few studies have focused on
modeling the directivity of small-magnitude events. Studies of
the directivity of small events often leverage constraints on rup-
ture direction, such as the assumption that the rupture direction
lies along strike of the single dominant main fault, such as the
San Andreas (Kane et al, 2013), or that rupture directions of
small earthquakes in a similar tectonic setting are similar and
the azimuthal power spectrum can be stacked (Ross et al,
2020). However, directivity has been observed in more hetero-
geneous faulting settings where it is corroborated by the strikes
of natural faults (i.e., Calderoni et al., 2015; Colavitti, et al., 2022)
or injection region for the case of induced earthquakes (Folesky
et al., 2016). In our study, we examine the Ridgecrest aftershock
sequence, which has a highly heterogeneous set of focal mecha-
nism solutions for which the same-direction assumption cannot
be made. However, the existence of focal mechanism catalogs
provides a point of comparison for directivity models of small
events in which the directivity inversion can also help distin-
guish which nodal plane from the focal mechanism corresponds
to the fault plane (e.g., Meng et al., 2020).

DATA AND METHODS
Data preprocessing and source spectrum
deconvolution
We use a catalog of events prepared for Ridgecrest Community
Stress Drop Validation Study (Baltay et al., 2024; Abercrombie
et al., 2024), which is available through the Southern California
Earthquake Data Center (SCEDC; see Data and Resources).
The dataset and geographic study area are shown in Figure 1.
The dataset consists of over 11,000 events over a two-week time
period; we refer the reader to Abercrombie et al. (2024) for more
detailed information about the magnitude-frequency distribu-
tion. We use stations from the networks ZY, CI, PB, and GS
with channels of the EH and HH format, which are velocity
seismometers at a sampling rate of 100 samples per second
(Abercrombie et al., 2024; Baltay et al., 2024). The magnitudes
of events (hereafter denoted by the single letter M without
subscript) refer to the catalog magnitude of the Southern
California Seismic Network, which refers to local magnitude
below M,, ~ 3.5 and M,, above. We refer the reader to Gable
and Huang (2024)and Baltay (2024) for additional discussion
about the effects of the choice of magnitude scale.

For each event, we limit the maximum distance of stations
to 100 km from the event epicenter, consistent with the
common dataset distributed as part of the community study.
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We use S-wave data from the station horizontal channels, cut
to window lengths of min(4 s, 10 x 7). Here, 7 denotes the
source duration, for magnitudes less than M 3.0 and min(6 s,
10 x ) for magnitudes greater than M 3.0 for which the
expected source duration was estimated from a constant
Brune stress drop of 2.4 MPa (computed for the region by
Trugman, 2020). The data are then band-pass-filtered between
a magnitude-dependent low-cut frequency and 40 Hz (see Text
S1, available in the supplemental material to this article, for
additional details on calculation of source duration and the
band-pass filter).

The demeaned, detrended data are converted to the frequency
domain using the multitaper method (Prieto, 2022) and
resampled to 101 evenly log-spaced points. We retain all events
with signal-to-noise ratio (SNR) greater than 3. For the SNR cal-
culation, data are across 10 log-spaced frequency bands from 1 to
40 Hz, and data are sampled from the signal window are com-
pared to a noise window of the same length ending 0.5 s before
the P-wave arrival. We then apply the spectral ratio method (e.g.,
Mori and Frankel, 1990; Imanishi and Ellsworth, 2006;
Abercrombie, 2021) to deconvolve the spectrum due to the
earthquake source for a number of target events within our
set of processed spectra. With this approach, a small event,
ideally with a rupture dimension not resolvable within observa-
tional bandwidth, will serve as an “empirical Green’s function”
(eGf) for a larger event of interest, whereby the path and site
effects are expected to be the same as those for the target event
(Hartzell, 1978; Hough, 1997), and can be removed via time-
domain decomposition or frequency-domain spectral division,

S _ Q) xL(f) x Py
Sect(f)  Qear(H) X L(f) x Py’

(1)

in which S, S, are the observed Fourier amplitude spectra for
the target event and eGf respectively, I; and Py are common site
response and path terms that are canceled out upon spectral
division, respectively, Q(f) represents the true event source
spectrum. The resulting ratio of the two spectra will have a cor-
ner frequency related to the characteristic source dimension of
the larger event’s ruptured fault, beyond which the spectral
power falls off. The exact shape of the power spectrum is depen-
dent on factors such as the source pulse and fault geometry (e.g.,
Boatwright, 1980) and may be approximately described by a
number of analytical source models. Here, we use a Brune
(1970) spectral model to fit the corner frequency in ratio form,

Q(f) — MO(l + (f/fc,er)ny)l/y
Qecr(f)  Moege(1+ (F/f)™MVY’

(©)

in which My, My and f, f..qr represent the moment and
corner frequency of the target event and eGf, respectively,
and the parameters n = 2, y = 1 are model-dependent terms
controlling the rate of high-frequency spectral fall off and its
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Figure 1. The target events, empirical Green's function (eGf) events used in spectral ratio analysis, and stations used
in this study. Mapped faults are shown as thin black lines, and the epicenter of the M 7.1 mainshock is denoted by a
red star. The inset shows the study area (in a red box) within the general location in Southern California, north of
Los Angeles. Additional stations too far to be shown clearly in the main plot are also shown in the inset. Map tiles
are retrieved from Environmental Systems Research Institute (Esri) and National Geographic via the ArcGIS online
server. The color version of this figure is available only in the electronic edition.
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Abercrombie (2015) suggests
using eGfs located within one
source radius of the target event
to avoid biases, we found that
restriction yielded too few eGf
candidates for stable f. esti-
mates and too few stations for
azimuthal coverage when per-
forming the directivity analysis.
After obtaining spectral ratios,
we discard those spectral ratios
for which the amplitude ratio of
the low- to the high-frequency
asymptotes was greater than
10 following Chu et al. (2019)
and Abercrombie (2014) to
that  the
spectral ratios are sufficiently
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For a station-event pair to be
included in our study, we
require them to have spectral
ratios from at least eight differ-
ent eGf events at a station. In
addition, each event needs to
be recorded on at least eight sta-
tions with sufficient eGf count.
We constrain the allowable sta-
tion distance as per Seekins and

_— Boatwright (2010) to retain pri-
: - marily upgoing S-wave takeoff
-117.5 -117.4

angles, based on event depth.
After all constraints are applied,
we have a total of 545 events
between M 2.0 and 5.5. The
effective maximum station-to-
event distance for this selection
ranges from a maximum of
40 km for M 2.5 earthquakes
to 80 km for M 5 earthquakes.

sharpness, respectively. An ideal candidate for a suitable eGf is
one with similar hypocentral location and a high-waveform
cross correlation with the target event of study. We estimate
source radii for target events, again assuming a constant
Brune stress drop of 2.4 MPa, and choose eGf events within five
times this estimated source radius, which ensures a good balance
of sufficient eGf events and eGf-target event similarity. The eGf
candidates are cross-correlated in the frequency range filtered
below an estimated f of the target event (from the same con-
stant stress drop of 2.4 MPa), and, following Abercrombie et al.
(2017), candidates which had a waveform cross correlation
of at least 0.7 with the target event are retained. Although
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Because we are interested in
observing station-to-station azimuthal variations in estimates
of the f, we fit f. at each station to minimize the total (global)
misfit to all eGf spectral ratios using L1 regression with a
smoothed loss function (Huber, 1964; Charbonnier et al., 1997),
which is robust to outliers. An example of spectral ratios mod-
eled at different stations for a single event is shown in Figure 2.

Directivity modeling

Directivity can be resolved when the station coverage of an
event sufficiently resolves the variation in observed apparent
f. source duration, or wave amplitude (e.g., Boatwright,
2007; Prieto et al, 2017; Van Houtte and Denolle, 2018;
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Trugman, 2022). (We note thus that the variations in source
duration of the events used as eGfs will generally not be resolv-
able due to their extremely short duration, so we do not con-
sider the eGf events themselves to have directivity in our
study). We choose to model variability in f, here because
we find that this is the best-constrained metric from the
eGf spectral ratio method, in which f, is better resolved than
amplitude. Here we briefly outline other methods, such as vari-
ability in normalized spectral amplitude (Ross and Ben-Zion,
2016) and energy amplitude variation using spectral decompo-
sition (Ross et al., 2020). We find that these methods correlate
well with the f_ variation method but yield greater scatter
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Figure 2. Example of station-to-station azimuthal fits of comer frequency for event
38483591 (M 3.49). Fits of different color indicate separate fits for individual
station components. Fitting is performed separately because we did not retain
records at both components for all stations after selection for data and eGf
quality. Azimuthal spectral ratios are shown with normalized amplitudes and
roughly corresponding to their map location, shown in the central subplot, for
which the red star denotes the event epicenter and thin lines indicate the mapped
faults. The color version of this figure is available only in the electronic edition.

(Fig. S1). Another method to measure directivity is inversion
for the second moment (McGuire, 2017), which relies on
apparent source time functions (ASTFs) obtained from the
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which in practice are fit as a
ratio, and 0 is the azimuthal
angle between rupture direction
and station azimuth. The more
general formulation of directiv-
ity considering the possibility of
bilateral rupture and event
depth (e.g., Boatwright, 2007;
Trugman, 2022) is given as
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Figure 3. A sample fit of station-to-station corner frequency variation for a unilaterally directive event. The strike
direction from the focal mechanism is 159° or 67° as shown in the focal mechanism plot in panel (a), with a fitted
rupture direction of 165.8°. Dots surrounding the focal mechanism plot denote the location of the stations used in
the analysis and are colored by azimuth. The corner frequency when accounting for directivity is 2.34 Hz lower than
the averaged corner frequency, as shown in the fit in panel (b). The x axis in panel (b) measures azimuth from due
north. The color version of this figure is available only in the electronic edition.

whereas j refers to the angles
of stations. The parameter e, also
called the directivity ratio
(McGuire et al., 2002; McGuire,
2004), tends to 0 for true
bilateral rupture and 1 for true
unilateral rupture. The full
directivity model increases the

Projected Landweber deconvolution (Bertero et al., 1997). We
found that this method works best with well-constrained
known focal mechanisms and clear arrivals for both a target
and eGf event, which are manually windowed. We were able
to fit fewer events using second moment inversion, but the
directivity results are similar to our results for these events
from corner frequency inversion (Fig. S2, Table S1).

To fit a directivity model to each of our events, we require a
maximum azimuthal gap in the station coverage of less than
40% of the unit circle (144°), reducing the number of usable
events to 171. The variation in apparent corner f, is fitted
to one of two models, one which accounts for the possibility
of bilateral rupture (Boatwright, 2007) and one which does not.
Simple unilateral directivity in a horizontal plane is modeled as

1
Jei zfcl— (v,/pB) cos 6’

in which f; is the apparent corner frequency as a function of

(€)

azimuth (at station j), f, is the true corner frequency, v, and f
are the rupture velocity and shear-wave speed, respectively,
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number of fitted parameters
from three to five. We evaluate each directivity fit using three
models: a horizontally unilateral model (equation 3); a full model,
inverting for takeoff angle and the possibility of bilateral rupture
(equation 4); and, a mean average f. as a null hypothesis for no
directivity. Then, the Akaike information criterion (AIC; Akaike,
1974; Burnham and Anderson, 2003; Text S2) is calculated for
each model to select the most likely model given the data.
Figure 3 shows a sample station-to-station fit of azimuthal f.
for the simple directivity model (equation 3). An analogous
example fit using the full directivity model (equation 4) is shown
in Figure S3; the large number of parameters in this model makes
it less straightforward to display on a 2D plot.

RESULTS

Directivity of Ridgecrest aftershocks

From our directivity fitting, we separate events into those that
are more likely unilaterally directive, bilaterally directive, and
events where directivity models did not yield a significantly
better AIC than the null hypothesis (Fig. 4a,b). For events
for which the best-fitting model was the full directivity model,
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Figure 4. Overlain focal mechanisms of Cheng et al. (2023) with the events
used in this study for which unilateral or bilateral directivity could be
resolved. The events appear to be clustered in three regions, for which
convex hulls are shown in panel (c): the northern region along an area of
parallel faults, the middle region, and the southeast region near the main
orthogonal cross-cutting fault. The general sense of rupture directions (for
all types of directive ruptures) is also shown in panel (c), and tends to be
heterogeneous. It appears to be mostly oblique to the main northwest—
southeast-trending fault particularly in the central and southeast cluster.
Along the northern region of parallel fault strands, the general trend of
rupture directivity is somewhat rotated and aligned with mapped faults.
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Panel (d) shows close-ups of each cluster, separated by depth. Focal
mechanisms (from the Cheng et a/., 2023 catalog) with (c,d) lower quality
are shown with smaller focal mechanism plots than (a,b) higher quality
ones. The northernmost cluster (cluster 0), for which events show the
greatest degree of alignment with surficial fault traces, is also the only
cluster with events in the upper 5 km (note the depth of events shown
ranges from 0 to 8 km for cluster 0 and from 5 to 8+ km for clusters 1 and
2). Events at middle depths in cluster O appear to be more tightly clustered
and possibly show more westward-trending ruptures, unlike the surficial
faults and events. The color version of this figure is available only in the
electronic edition.
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the event was labeled as unilaterally directive if the directivity
ratio, e > 0.6 and bilateral if e < 0.4. The 133 events out of the
tested 545, shown in Figure 4, were fitted to a unilateral or
bilateral model over the null hypothesis; there is not a clear
spatial pattern in where unilateral or bilateral rupture is
observed. In practice, the fitted rupture directions of the full
directivity model with e < 0.4, and the simple unilateral direc-
tivity model often yielded similar results, and previous authors
have shown that unilateral rupture and asymmetric bilateral
rupture are often difficult to distinguish (Dempsey and
Suckale, 2016; Abercrombie et al., 2017), especially given that
our station distribution is often less than ideal. Therefore, our
results should not be taken to indicate a preference for the uni-
lateral or bilateral rupture amongst the Ridgecrest aftershocks,
but a more general indicator of directivity.

It is not surprising that the limit of resolving station-to-sta-
tion directivity appears to be controlled by event magnitude, as
smaller events with shorter source-time durations are less likely
to have resolvable variability in f. from station to station and
may also have lower data quality or number of stations, leading
to poorer constraints in fitting. In our dataset, there appears to
be a magnitude cutoff for observable directivity in our dataset at
around M 2.2, which is a similar limit to what has been found in
some previous studies (Abercrombie et al., 2020; Pennington
et al., 2023). Because the variation in apparent source duration
and corner frequency of small events is difficult to resolve with
bandlimited seismic data, we note that this resolution limit does
not exclude there being real directivity effects in events below M
2.2. The heterogeneous rupture directions of the aftershocks
tend to run orthogonal to the main fault of the mainshock,
but show no strongly preferred rupture direction. However,
there is some spatial variation in rupture direction: Figure 4c
shows the average trend of fitted rupture direction separated
into three spatial clusters, visually separated by latitude. In par-
ticular, the northernmost cluster, which also had the most fit
events, appears to have a preferred rupture direction to the west.
The northern cluster also contains the shallowest events (<5 km
deep, Fig. 4d), with the shallowest events being more spatially
spread out than the deeper ones below 5 km. In addition to the
west-trending events, which tend to occur at the southern edge
of the northern cluster, there is a subtrend of events with north-
east-southwest-trending ruptures, somewhat aligned to the
direction of the mapped semiparallel surface fault strands.

Effect of directivity on measured stress drop

To better understand Ridgecrest aftershock directivity and its
effect on stress-drop fitting, we further limit our analysis to
those events with strike-slip focal mechanisms, defined as hav-
ing a scalar focal mechanism with absolute value less than 0.33.
The scalar focal mechanism is computed from the rake as in
Shearer et al. (2006) and varies between —1 (normal faulting)
and 0 (strike slip) and 1 (reverse faulting). Focal mechanisms
are provided by the catalog of Cheng et al. (2023). Out of the
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133 events with apparent directivity, we selected 39 strike-slip
events within 30° of the published catalog nodal planes, which
is within the uncertainty range for the higher quality focal
mechanism inversions (25°-35°, respectively, for “A” and “B”
quality focal mechanisms) from the catalog. The fitted rupture
directivity can thus be used to constrain which of the two nodal
planes from the focal mechanism solution is more likely.

A key scientific question raised in the articles of this volume
is which factors contribute to the variability of the measured
stress drop. In our study, we measure the effect of directivity.
To understand its isolated effect on stress drop, we fit stress
drop using the Brune (1970) model,

_ T (LY
Ao _EMO(@) > (5)

in which M, is seismic moment estimated from the moment
magnitude, f_ is the fitted corner frequency, f is shear-wave
speed from the velocity model of White et al. (2021), and
k; = 0.26 under the assumption that the rupture velocity is
0.9 times the shear-wave speed (Kaneko and Shearer, 2014).
The full catalog of calculated stress drop results from our
analysis, including a complementary method using spectral
decomposition, are also published in a companion article in
this issue (Abercrombie et al., 2024). Among the 39 selected
strike-slip events, eight of the small events showed unreason-
ably high stress drops (>100 MPa) and seven showed very low
ones (<1 MPa), indicating the effect of possibly unaccounted-
for high-frequency effects or the effect of approaching the
high end of observable bandwidth. We remove these outliers
resulting in 24 high-quality events.

Stress-drop fitting using the spectral ratio method as
described in this article is often averaged over stations and
assumes that the stations used in the dataset have good azimu-
thal coverage. Figure 5a shows the calculated stress drops of the
same set of 24 analyzed strike-slip events, both by the common
method of averaging over stations and directly inverting for
rupture direction. Even by analyzing the stress drops using
the exact same processing method, inverting for the directiv-
ity-corrected f, yields an average stress drop that is lower by
about ~4.3 MPa or about 50%.

DISCUSSION

Effect of directivity on stress-drop measurements
Although directivity can be difficult to measure in the case of
small-magnitude events with limited station coverage, our study
shows that it can have appreciable effect on the station-to-sta-
tion measurement of corner frequency and stress drop.
Although we can indeed determine meaningful directivity sol-
utions for a number of events that are supported by previously
published focal mechanisms, the primary aim of the article is not
to constrain the exact rupture direction for each small event but
rather to show the regional trend and the effect directivity has on
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Figure 5. (a) Stress drop estimated using the Brune (1970) model with and without adjustment to the corner
frequency from directivity. The median decrease in stress drop when directivity is accounted for is around

4.3 MPa or 50% of the estimated stress drop. However, the general trend in the stress drops can be seen to be the
same, indicating that directivity has the effect of systematically shifting measured stress drop to higher values. There
is no obvious scaling of stress drop with magnitude. (b) The average ratio of the corner frequencies after accounting
for directivity is roughly 80%—90% of the non-adjusted corner frequency without a significant dependence on event
magnitude. However, rupture velocity is likely underestimated across all directivity fits, due to the effect of a limited
frequency band of observation. The color version of this figure is available only in the electronic edition.
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for data SNR quality have
somewhat of a mixed trend,
with a large proportion of
selected stations being in the
northeast-southwest direction,
orthogonal to the fault segment
rupturing in the mainshock.
We also consider the station
direction as a function of angu-
lar distance from inverted rup-
ture direction (Fig. 6¢,d). From
this we can see that there is a
slight increase in the percentage
of stations used that lie close to
the rupture direction between
0° and 45° (Fig. 6d), suggesting
that energy focusing along the

V,/Vq rupture direction can produce
0.15 stronger signals and hence a

0.30 station selection bias. Bilateral

0.45 rupture may account for the

® 060 slight increase in station usage

® 075 opposite to the rupture direc-
® O® tion. On the other hand, there
is a slight decrease in the per-

4.0 centage of stations in the

orthogonal direction to rupture
(~90°). The different distribu-
tion of the selected stations
compared to the distribution
of the true ones indicates a pos-
sible biasing effect of directivity
to produce stronger signals in
the direction of rupture for
which the ASTF is shortened,
resulting in higher measured

source measurements. The findings have twofold implications:
(1) the effect of directivity alone can bias stress-drop estimates
up to 50% even with all other processing steps being equal and
(2) the heterogeneity of rupture direction amongst Ridgecrest
aftershocks indicates a complex fault network.

To further probe why directivity could have the effect of
increasing average measured stress drop, we analyze the effect
of station distribution. We look at the number of included
stations in each azimuth bin overlain over the number of total
stations at which data for the studied events were available
(Fig. 5a), and Figure 5b shows the same information as a per-
centage (an example for a single event located in the middle
of the study area is shown in Fig. S4). Although the layout of
stations in the Ridgecrest region trends predominantly in the
northwest-southeast direction, the stations that were selected
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stress drops. We note that the

results from spectral decompo-
sition, which are not further discussed in this article but are
shown in a companion article of this volume (Abercrombie
et al., 2024), show a similar median to the stress drops from
corner frequencies of the spectral ratio method not considering
directivity, as spectral decomposition methods (such as the gen-
eralized inversion technique) tend to ignore azimuthal path
effects (Fig. S5). However, the other methodological differences
between the spectral ratio and spectral decomposition methods
extend beyond the scope of this article.

Furthermore, we would expect that the degree to which an
event is directive will influence the degree to which stress drop
is overestimated; indeed, past studies show that station-to-sta-
tion variation of measured corner frequency can be greater
than a factor of 4 (Holmgren et al., 2019). The ratio between
the averaged corner frequencies of the events with and without
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Figure 6. Histograms of summed station azimuths for all events both as a regional angle (from due north, in panel
a) and as a function of difference from the fitted rupture direction (c). See Figure S4 for a similar plot of a single
event. The used stations are plotted in red over the full set of stations used (and therefore represent a percentage).
The same information is plotted as percentages in panels (b) and (d). There appears to be a trend for which the
azimuths of stations used for spectral ratio fitting are not correlated to the highest geographic density of stations,
suggesting that station selection may instead be biased toward rupture direction. Panel (d) shows a slight increase
in the percentage of stations used within 45° of the fitted rupture direction, whereas there is a decrease in the
percentage of stations used at 90°. The color version of this figure is available only in the electronic edition.

amplitude), and we obtain arti-
ficially slow rupture velocities.
We do not notice a significant
trend in the fit ratio between
rupture velocity and shear-wave
speed v./c, and the fit ratio

between the directivity-cor-

accounting for directivity (f 4, /f.) is dependent on both mag-
nitude and v,/c, the ratio of rupture velocity to shear-wave
speed (Fig. 5b, Fig. S6). Because the azimuthal variation in
apparent source duration will become more noticeable at
higher rupture velocities (and large magnitudes), we see that
our expectation is justified: events with faster rupture velocity
show a greater relative difference between averaged f, and
“true” f, estimated from the directivity model.

However, some of the fit rupture velocities are anomalously
low, given that stress drop is usually fit in most studies assuming
v,/c = 0.9. The average v,/c fitted is approximately 0.5, in
which case, following the models of Kaneko and Shearer
(2014), we should use k; = 0.22 in the stress-drop calculation
instead to account for low rupture velocity. This would interest-
ingly lead to true stress drops closer in value to the ones esti-
mated by simply averaging over all corner frequencies but would
have different physical implications, given a low rupture velocity
(Fig. S7). Another plausible cause of the low fit rupture velocity
is the effect of the limited frequency band of observation
(1-40 Hz), which may have the effect of reducing the apparent
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rected corner frequency and

the station-averaged corner fre-
Quency, f . gir/f cavg- This suggests that as long as the event’s true
corner frequency lies well within the frequency band of obser-
vation with enough azimuths at which the pattern of variation
can be observed, the rupture direction and true corner frequency
are well-constrained at the expense of poorly constrained
rupture velocity (Fig. 6b).

Heterogeneous rupture directions of aftershocks

The observed directivity of the Ridgecrest aftershocks is highly
heterogeneous with no distinct trends in any direction, except
that the general trend of aftershock directivity tends to be
oblique to the primarily northwest-striking fault segments that
ruptured during the M 6.4 and 7.1 events preceding (see e.g.,
Wang et al., 2020). Seismic tomography (Zhou et al., 2022) and
modeling of mapped ruptures (Nevitt ef al., 2023) indicate that
the region near the M 7.1 event rupture area is surrounded by a
damage zone with distributed faulting, possibly reactivated
from previous seismicity. As such, the high variability we
see here in rupture directivity may be representative of an
immature fault network with a heterogeneous stress field.
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There is as mentioned, some spatial variability: the
northernmost cluster of events shows some preference for
ruptures trending not only mostly west but also partially
northwest-southeast, aligning with surficial mapped faults.
High-resolution fault imaging (Qiu et al, 2021) shows
cross-fault velocity contrasts in the Ridgecrest mainshock
region (south of the northern cluster), possibly indicative
of bimaterial structure. The prevalence of bimaterial struc-
ture throughout our study area is not well-constrained. It
is possible that elastic contrast due to bimaterial structure
may influence preferred rupture direction in the northern-
most cluster, but it is debatable to what depths this contrast
could control rupture direction or whether rupture direction
is controlled predominantly by other factors such as fault
segment interactions or local stress conditions (Andrews
and Harris, 2005).

Chu et al. (2021) also found that the northernmost region
of Ridgecrest to have the lowest metric of misalignment, or fault
network complexity, associated with lower measured stress
drops. Fault network complexity and its correlation with
elevated stress drops have implications for hazards (see the
aforementioned article, and also Chatterjee et al, 2024). Our
study shows how understanding regional trends in directivity
is important in illuminating this complexity. Furthermore,
although directivity effects may bias estimates of true crustal
stress drops, they may represent true hazards from the perspec-
tive of energy focusing and enhanced ground motions, and
can also affect interpretations of other path or site parameters
(e.g., Hirakawa et al., 2023).

CONCLUSION

We explore directivity of aftershocks of the 2019 Ridgecrest
events with magnitudes 2.4-5 in a two-week period as part
of the Southern California Earthquake Center/U.S. Geological
Survey (SCEC/USGS) Ridgecrest Community Stress Drop
Validation project (Baltay et al., 2024). We find that many of
these events exhibit a noticeable station-to-station variation
in corner frequency which we use to invert for rupture direction.
The fitted rupture directions exhibit a great deal of complexity,
generally oblique to the main northwest-southeast-trending
nature of the main rupture, although the northern region tends
to have more southeast-rupturing events. This is consistent with
findings from tomography and fault mapping studies indicating
local geologic complexity and stress heterogeneity.

We also find that the general effect of estimating stress
drops without fully accounting for directivity has the effect
of biasing stress-drop estimates to higher values by up to
50%. Biases due to neglecting directivity is expected, but the
fact that it biases to higher values is interesting. This is possibly
attributed to the selection bias of high-SNR stations in the
direction of rupture propagation. Measured stress drops are
used in different ways: for example, in ground-motion analysis,
rupture directivity causing enhanced ground motion in one
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direction is a useful physical parameter rather than an ambigu-
ous one. As such, our findings suggest that as seismic networks
improve, understanding the directivity effects of small events
will become an important consideration in future stress-drop
studies.

DATA AND RESOURCES

All data used for this study were obtained from the Southern California
Earthquake Data Center (SCEDC), curated for the Technical Activity
Group (https://scedc.caltech.edu/data/stressdrop-ridgecrest.html).
Other relevant data available at https://server.arcgisonline.com/
ArcGIS/rest/services/. Both websites were last accessed in September
2024. The supplemental material includes additional text (S1-S2) with
methodological details, fitted directivity models and their description
(text S3), 5 additional figures, and 1 table.
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