Temporal Seismic Velocity Variations: Recovery Following from the 2019 Mw 7.1
Ridgecrest Earthquake
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Abstract
We investigated seismic velocity changes (dv/v) associated with the 2019 Ridgecrest earthquake
sequence from high-frequency autocorrelations of ambient seismic noise data. Daily
autocorrelation functions were computed for the entirety of 2019 and early 2020 for the permanent
broadband stations within the region that experienced strong ground shaking, defined by peak
ground accelerations of greater than 10 percent of g during the Mw 7.1 earthquake, and for the
temporary broadband stations installed during the aftershock deployment. Travel time shifts in the
daily autocorrelation functions, relative to the mean autocorrelation waveform, were computed to
produce dv/v time series, which are sensitive to the evolving material properties of the shallow
crust surrounding the Ridgecrest fault zone (RFZ). A short-term velocity drop follows the Mw 7.1
earthquake at stations in the vicinity of the Mw 7.1 earthquake, while those greater than 50 km
away showed no such drop despite recording peak ground accelerations of up to more than 22
percent of g. Additionally, the maximum, absolute seismic velocity changes are proportional to the
logarithm of distance from the fault rupture. Seismic velocity changes exhibit a weak correlation
with peak horizontal ground accelerations, and better correlations exists between the seismic
velocity, two distinctive temporal behaviors emerged. Near the RFZ fault surface, seismic velocities
recovered over 7 months and may continue to do so. However, in the vicinity of the nearby Garlock
fault, where triggered slip manifested, and north of the RFZ, seismic velocities recovered over a
much shorter time period (about 1 month). We interpret the seismic velocity changes and their
recovery to be largely due to changes in the physical properties of the shallow crust, such as fault
zone damage recovery caused by the earthquake rupture process, and perhaps in response to the
large dynamic stresses of passing seismic waves.
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Temporal Evolution of the Autocorrelation Waveforms
Matrices of the daily autocorrelations can provide initial information on the effect of the Mw 7.1 Ridgecrest
earthquake. At stations close to the rupture, the waveforms are diminished following the earthquake, with
the autocorrelation eventually reverting to its pre-mainshock state within one month while distant stations
show little to no evidence of the earthquake occurring. A similar trend was observed by Obermann et al.
(2015), where fluid injections caused a loss of waveform coherence and was thought to be tied to changes
of the scattering properties in the medium.

Distance and Ground-Motion Dependence of the
Seismic Velocity Variations
The maximum velocity changes correlations strongly with the distance to the fault surface. Similarly each
site’s dynamic peak strain and dv/v measurements exhibit a linear correlation with greater velocity changes
at the sites that experienced higher dynamic peak strains than at sites with lower peak strains. In addition,
the dv/v measurements had a larger decreases closer to the rupture surface (Rrup). FInally, the dv/v
measurements as a function of peak horizontal ground accelerations (PGA) indicate a weak correlation,
with greater velocity changes at the sites that experienced stronger shaking.

Figure 4: Scatterplot of the station parameters used in
this study. A) Scatterplot of the temporal velocity
variations (dv/v) for the 16 stations used in this study as a
function of the closest distance to the rupture surface
(Rrup). B) Scatterplot of the temporal velocity variations
(dv/v) as a function of PGA of the Mw 7.1 earthquake. C)
Scatterplot of the temporal velocity variations (dv/v) as a
function of peak dynamic microstrain. The ZY stations
values represent the upper limits due to the stations being
installed days after the earthquake.

Data and Methodology
We collected continuous data from 16 broadband seismographs from the Southern California
Seismic Networks, including the permanent (CI) network and temporary, portable network (ZY)
deployed immediately after the Mw 7.1 earthquake (Figure 1). Fifteen months of continuous
seismic data, spanning all of 2019 and the first quarter of 2020, provides a useful set of
measurements for the region. Since the ZY stations were deployed in response to the Mw 7.1
Ridgecrest event, their coverage begins after the mainshock; however, measurements from the
temporary deployment provide useful constraints on the evolution of seismic velocities in the
months following their installation, particularly at sites near the rupture (Cochran et al., 2020).
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Figure 2: Stack of hourly autocorrelations for stations CI.CLC and CI.HAR. Color coded based on
correlation coefficient between the daily correlations and the average correlation spanning from
January to September 2019. The solid black line represents the Mw 7.1 Ridgecrest earthquake.

Temporal Seismic Velocity Variations
Conclusion
In this study, we investigated the temporal change and spatial patterns of the
seismic velocity associated with the Mw 7.1 Ridgecrest earthquake. The
observed velocity changes and differing recovery trends indicate that the
area surrounding the Ridgecrest fault zone and near the Garlock fault
experienced months-long modifications to the seismic velocity structure, with
substantial recovery within three months. In all, we see evidence of the
properties of the subsurface being altered by the mainshock in the region
between the Ridgecrest fault zone and Garlock fault.

Figure 1: Locations of the permanent and temporary seismic stations relative to the Mw 7.1 Ridgecrest
earthquake with the local fault networks shown, the Ridgecrest fault zone (orange) and the Garlock fault (red).
Permanent stations of the CI network (blue hexagon), Temporary seismic stations of the ZY network (green
diamond), and the epicenter of the Ridgecrest earthquake (red star).

To quantify the temporal variation of the seismic velocity, we adopted the techniques of
Passive Image Interferometry as pioneered by Sens-Schönfelder and Wegler (2006) and
applied them to autocorrelations across the six different combinations of the instruments
components. The relative travel time variations are calculated by computing a reference
autocorrelation Φref for each station and then comparing the stretched and compressed
daily autocorrelations that maximizes their correlation coefficient. This stretching factors, ε
, relates to the temporal velocity variations by:

Figure 3: The annual temporal variations in seismic velocity (dv/v) for the CI and ZY stations during 2019 and 2020; a) CI. CCC, b) CI.CLC, c) CI.SRT, d) ZY.SV01, e) ZY.SV03, f)
ZY.SV04, g) ZY.SV06, h) ZY.SV07, and i) ZY.SV08. Colors represent the correlation coefficients of the daily and reference autocorrelations, with their associated standard deviation
shown in black. The red vertical line represents time of the Mw 7.1 Ridgecrest earthquake.

Nine of the stations experienced maximum velocity changes of 0.45% to 1.8%, relative to the dv/v values immediately before the Mw 7.1
Ridgecrest earthquake. Of the remaining seven stations, five (CI.SHO, CI.HAR, CI.TOW2, CI.WBS, and CI.LRL) either showed no perceptible
response to the earthquake, remained relatively consistent over the time period, or exhibited a high level of background dv/v variation that
made it impossible to identify changes associated with the Ridgecrest earthquake. Three of these stations (CI.SHO, CI.HAR and CI.WBS) are
over 50 km away from the epicenter of the earthquake. Two stations (ZY.SV02 and ZY.SV05) had large amounts of missing data, which
prevented them from being used in this study.
For the nine stations that had observable velocity changes, two recovery periods were observed, with dv/v values recovered to background
levels within either one or three months. The seismic velocity at stations CI.SRT and ZY.SV01–8 took about three months to recover to a
stable level. In contrast, stations CI.CCC and CI.CLC saw their velocities recover within about one month after the Ridgecrest earthquake. The
longer recovery time appears to follow a steady dv/v increase over time period, while the one-month recovery for stations CI.CCC and CI.CLC
did not initiate until late in the process, and recovery occurred over a short time period.

Figure 5: Zoomed in area between the Ridgecrest fault zone (orange) and Garlock fault
(red) with the stations color coded based on their apparent velocity changes associated
with the Mw 7.1 Ridgecrest earthquake. The 780 km2 area of suspected of being altered
by the Mw 7.1 Ridgecrest earthquake is outlined in blue.
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