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Introduction

This project extends our previous effort in quantifying the spatial and temporal distribution of
postseismic deformation during the first ~3.5 years after the 2019 Ridgecrest earthquake sequence.
Additionally, this project explores the feasibility of extracting the north-south component of surface
deformation along plate boundary and active faults using Multi-Aperture Interferometry (MAI) of Synthetic
Aperture Radar (SAR) data.

Data

Built on our previous year’s effort, we have now obtained a complete view of postseismic
deformation ~3.2 years after the 2019 Ridgecrest earthquake mainshock using Sentinel-1 InSAR and GNSS
observations (Figure 1). The original GNSS data used in this study are daily position time series at more
than 400 continuous stations around the 2019 Ridgecrest rupture. The positions are in the International
Terrestrial Reference Frame 2014 (ITRF2014) processed by the Central Washington University (CWU),
archived at the Geodetic Facility for the Advancement of Geoscience (GAGE). We noticed that the original
time series at a large portion of the stations exhibited sharp changes within a short duration (<5 days) that
were not clearly documented in the published offset tables (e.g., the master steps database provided by the
Nevada Geodetic Laboratory at the University of Nevada, Reno). Causes of such abrupt changes are not
well understood, but could be sometimes attributed to a sudden change in the observation conditions (e.g.,
tree purges). Such offsets may affect the estimate of interseismic velocity at a given station, thus as a
necessary step in the study of postseismic deformation, they must be corrected before the data can be used
for further analysis. To tackle this problem, we first detrended the time series at each station between 2016
and 2022, and then visually inspected the ‘flattened’ time series to determine if there were any obvious
short-duration changes during this time period. For each time epoch with apparent disruption, we estimated
an offset by differencing the average positions 10 days before and 10 days after the corresponding offset
time. To avoid overcorrection, we only applied the correction if the estimated offset were greater than 3
mm, which is roughly comparable to the scattering level of the original time series. The estimated offsets
were then added back to the original time series to re-estimate the interseismic/preseismic deformation rate.
To minimize the potential contamination due to the enduring postseismic relaxation from the 1992 Landers,
1999 Hector Mine and the 2010 El Mayor Cucapah earthquakes, the interseismic velocity at each station
was estimated using data from only 3 years before the 2019 Ridgecrest earthquake.

Figure 1 shows the postseismic GNSS displacements at stations within 100 km from the 2019
Ridgecrest mainshock epicenter. The maximum horizontal displacement at the closest site P595 has reached
more than 40 mm, 3 years after the mainshock. To characterize the spatial and temporal distributions of the
observed displacement field, we performed a Principal Component Analysis (PCA) to the GNSS
postseismic time series at stations within 100 km from the mainshock epicenter (Barbot et al., 2009; Dong
et al., 2006). The results are shown Figure 1c and d. The temporal evolution of the horizontal component

can be reasonably well approximated by a logarithm function y = A X log (1 + %) with a relaxation time

T = ]2.6 days (Figure lc). The overall improved fitting of the temporal evolution with a logarithmic
function compared with an exponential function y = A X [1 — exp (—t/7)] suggests that the postseismic
displacements close to the rupture are dominated by afterslip. The spatial pattern of the horizontal GNSS
displacements resembles the coseismic deformation field (Figure 1d), which could result from either
afterslip or viscoelastic relaxation.
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Figure 1. Postseismic
displacement time series
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functions of the first
principal component (PC1) of the postseismic GNSS displacement time series 3 years after
mainshock.

Atmospheric perturbation remains one of the major error sources in InNSAR measurement for low-
magnitude surface deformation. In this project, we explored different approaches to mitigate the
atmospheric noise when constructing the InSAR time series, including the methods based on numerical
weather models (Jolivet et al., 2011), GNSS-based Zenithal Total Delay (ZTD) products (Yu et al., 2018),
Common-Scene-Stacking (CSS) (Tymofyeyeva et al., 2019), as well as a combination of them. The overall
performance of the weather model correction is mixed, in that for some interferograms, it can indeed
significantly reduce the phase variations, particularly at large scales, while for others the correction may
deteriorate the results. This is largely because of the limited resolution of current weather models. For
instance, the ERA-5 weather model used in this study has a spatial resolution of ~25 km and temporal
resolution of 1 hour. The spatial resolution of modern SAR systems, on the other hand, is on the order of
10-100 meters. Interpolations in both space and time are therefore needed to obtain the path delay for each
SAR pixel at the time of image acquisition. This may introduce large errors in the case of atmospheric
conditions being highly dynamic. Continuous GNSS observations can provide high temporal resolution of
ZTD products, but its poor spatial resolution, which is essentially determined by the average spacing of the
GNSS network, still poses challenges to fully compensate for the atmospheric delay of a SAR image. Due
to these limitations, the corrections with either ERA-5 weather model or GNSS ZTD products are shown
to have limited performances. Specifically, the time series corrected with the ERA-5 weather model (pink
squares in Figure 2c-d) or GNSS ZTD (green circles in Figure 2¢c-d) estimates both exhibit less scattering,
compared to the one without any atmospheric noise correction (cyan diamonds in Figure 2c-d). However,
they still contain large and rapid variations through time that cannot be easily associated with a postseismic
relaxation process (Figure 2¢c-d). The CSS method, on the other hand, performing like a low-pass filter (e.g.,
Wang and Biirgmann, 2020), can effectively reduce the high-frequency noise in the temporal domain. Since
the algorithm of CSS is based on the assumption that the atmospheric noise in SAR images is random in
time, in the case where the atmospheric conditions exhibit systematic variations in time, e.g., seasonal
variations, it is necessary to correct for the temporally correlated component before a CSS is applied. In
this study, we find that combining the GNSS ZTD correction with CSS can effectively reduce the scattering
in the time series, while still preserving the temporally decaying pattern expected from a postseismic
relaxation process (green lines in Figures 2c-d).



Figure 2. Postseismic line-of-sight (LOS)
displacements derived from Sentinel-1
InSAR using data from the ascending
track ASC64 (a) and descending tracking
DES71 (b). Panels (c) and (d) show
example line-of-sight (LOS) time series
obtained with different approaches of
atmospheric noise correction. Note that
the LOS time series without atmospheric
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The resulting time series at each pixel is then fitted with a logarithmic function to estimate the
cumulative displacement during a given time period. To reduce the uncertainties, we fix the relaxation time
here to be the same value of 12.6 days estimated by fitting the first principal component (PC1) of the near-
field GNSS time series (Figure 1c). The cumulative LOS displacements from both ascending and
descending tracks 3 years after the mainshock are then combined to separate the horizontal and vertical
displacement components (Figure 2). Since there are only LOS measurements from two look geometries,
it is impossible to solve for the full 3D displacement component. Considering that the satellites fly along
near-polar orbits, we assume that the ground motion along the north-south direction does not significantly
contribute to the range changes, and only solve for the motion along the east-west and vertical directions.
Similar to the GNSS observations, the horizontal component of the Sentinel-1 InSAR displacement field is
characterized by mostly eastward motion on the eastern side of the mainshock rupture, and westward
motion on the western side (Figure 2). The vertical component, however, is rather complicated, and mostly
concentrated close to the rupture, particularly around the areas with fault geometry complexities. Some
noticeable vertical deformation features include the uplift near the mainshock epicenter, where the fault
strike changes direction to form a releasing bend, the fault junction between the Mw 6.4 foreshock and the
Mw 7.1 mainshock ruptures, as well as the uplift and subsidence around the rupture tips. As is briefly
discussed below, we suggest that the near-field vertical displacements observed by InSAR are mostly
associated with poroelastic rebound in the shallow crust.

Results

Commonly considered postseismic relaxation mechanisms include continued aseismic afterslip on
the fault, viscoelastic relaxation in the lower crust and upper mantle, poroelastic rebound in the water-
bearing shallow crust, and shallow fault-zone dilatancy recovery (Biirgmann & Dresen, 2008; Fialko, 2004;



Fielding et al., 2009; Massonnet et al., 1996; Peltzer et al., 1998; Pollitz et al., 2000; Savage et al., 2003).
For the sake of simplicity, in the current study, we accounted for the contribution of viscoelastic relaxation
using an existing rheological model derived from modeling the postseismic deformation following the 1992
Landers and the 1999 Hector Mine earthquakes over a time period of two decades (Liu et al., 2020). The
predicted surface displacements due to viscoelastic relaxation based on this rheological model were then
subtracted from the postseismic GNSS and InSAR observations to explore the distribution of afterslip and
properties of the shallow crust associated with poroelastic rebound. Although the horizontal component of
the observed postseismic deformation in the relatively near field (<100 km) is qualitatively consistent with
what one would expect from afterslip, the vertical deformation field appears to be best explained by
poroelastic rebound. To avoid the potential bias due to poroelastic rebound, we only used the horizontal
component of the postseismic displacements as shown in Figure 1-2 when inverting for the afterslip
distribution. The resulting distribution of afterslip 3 years after the 2019 Ridgecrest mainshock is shown in
Figure 3. The total moment release based on our preferred afterslip model is equivalent to an earthquake of
~Mw 6.52, about 13 % of the coseismic moment release. Most of the afterslip is concentrated in a relatively
shallow depth range above 25 km, and in areas of relatively low coseismic slip. This is in contrast to the
afterslip model presented in Pollitz et al., (2021), where the major afterslip appears to be concentrated at a
depth range well beneath the coseismic rupture area. Because for strike-slip faults, both viscoelastic
relaxation and afterslip can give rise to similar patterns of surface deformation in the horizontal direction
(Savage & Prescott, 2012), the inverted afterslip could be biased toward a deeper depth range, if the
contribution from viscoelastic relaxation is not properly accounted for. Interestingly, the afterslip model
presented in Pollitz et al. (2021) was based on a joint inversion for both the afterslip and viscoelastic
relaxation. The large difference between our preferred afterslip shown in Figure 3 and that in Pollitz et al.
(2021) once again highlights the uncertainty of using postseismic deformation to probe the rheological
properties of the fault and host rocks.
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The resulting afterslip model fits well with the horizontal component of the InSAR and GNSS
observations, but fails to match the pattern of the vertical component. Qualitative analysis suggests that the
observed vertical displacement near the fault is mainly due to poroelastic rebound (Wang & Biirgmann,
2020). The temporal evolution of vertical deformation at locations that are likely due to poroelastic rebound



allows us to constrain the hydraulic diffusivity of the shallow crust. Particularly, we find that the uplift
feature at the releasing bend of the mainshock epicenter can be well approximated by a poroelastic rebound
model with a hydraulic diffusivity of ~0.1 m/s"2 in the top 2 km .

Although the combined model including afterslip and viscoelastic relaxation based on the
rheological model of Liu et al. (2020) can fit the GNSS displacement south of the rupture reasonably well,
the model significantly underpredicts the GNSS displacements at stations to the north of the rupture. This
indicates a lateral variation in the rheology across the region. We have also analyzed the GNSS data at even
greater distances from the rupture. The results reveal robust transient deformation at stations across much
of California (up to the latitude of ~40N) and western Nevada. The transient deformation at such a great
distance is another manifestation of viscoelastic relaxation excited by the 2019 Ridgecrest earthquakes.

Another objective of this project is to explore the feasibility of using Multi-Aperture Interferometry
(MAI) of Synthetic Aperture Radar (SAR) to image the tectonic motion along the satellite’s flying direction,
which has been of high priority for deriving a complete 3D displacement field using SAR data. We have
tested the method with ALOS-2 ScanSAR data acquired over the Ridgecrest area using the InSAR Scientific
Computing Environment (ISCE) software. The preliminary results show that, as expected, the MAI is much
noisier compared to the conventional LOS InSAR. One major problem is that similar to the conventional
InSAR, MALI also suffers from severe contamination due to ionospheric perturbation. The range split-
spectrum method has proven to be an effective method correcting the ionospheric perturbations in
conventional InSAR (Liang et al., 2017). However, the results show that even with the range-split spectrum
method, many of the MAI interferograms we tested still exhibit large-scale variations that are possibly due
to residual ionospheric noise. Additionally, the relatively small postseismic displacements are more difficult
to measure accurately with MAI than the large coseismic measurements (Fielding et al., 2020). We are
exploring how ionosphere correction can be applied more accurately in the MAI processing flow and
different post-processing methods (e.g., filtering, stacking, deramping) to improve the MAI accuracy.
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