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Abstract: On 21 May 2021, an Mw 6.1 earthquake occurred in Yangbi County, Dali Bai Autonomous
Prefecture, Yunnan Province, with the epicenter located in an unmapped blind fault approximately
7 km west of the Weixi-Qiaohou fault (WQF) on the southeastern margin of the Qinghai–Tibetan
Plateau. While numerous studies have been conducted to map the coseismic slip distribution by using
the Global Navigation Satellite System (GNSS), Interferometric Synthetic Aperture Radar (InSAR)
and seismic data as well as their combinations, the understanding of deformation characteristics
during the postseismic stage remains limited, mostly due to the long revisiting time interval and large
uncertainty of most SAR satellites. In this study, we refined coseismic slip and afterslip distributions
with nonlinear inversions for both fault geometry and relaxation time. First, we determined the
fault geometry and coseismic slip distribution of this earthquake by joint inversion for coseismic
offsets in the line-of-sight (LOS) direction of both Sentinel-1A/B ascending and descending track
images and GNSS data. Then, the descending track time series of Sentinel-1 were further fitted using
nonlinear least squares to extract the coseismic and postseismic deformations. Finally, we obtained
the refined coseismic slip and afterslip distributions and investigated the spatiotemporal evolution
of fault slip by comparing the afterslip with aftershocks. The refined coseismic moment magnitude,
which was of Mw 6.05, was smaller than Mw 6.1 or larger, which was inferred from our joint
inversion and previous studies, indicating a significant reduction in early postseismic deformation.
In contrast, the afterslip following the mainshock lasted for about six months and was equivalent
to a moment release of an Mw 5.8 earthquake. These findings not only offer a novel approach to
extracting postseismic deformation from noisy InSAR time series but also provide valuable insights
into fault slip mechanisms associated with the Yangbi earthquake, enhancing our understanding of
seismic processes.

Keywords: InSAR; GNSS; Yangbi earthquake; SBAS; coseismic slip distribution inversion; afterslip
fitting

1. Introduction

On 21 May 2021, an Mw 6.1 earthquake occurred in Yangbi County, Dali Prefecture,
Yunnan Province, China. According to the China Earthquake Networks Center, the earth-
quake struck at 21:48:34 local time (13:48:34 UTC), with the epicenter located at [99.87◦E,
25.67◦N]. The mainshock was preceded and followed by an intense earthquake sequence
that had initiated three days prior to the mainshock, including an Ms5.6 foreshock that oc-
curred approximately 27 min prior to the mainshock, and an Ms5.2 aftershock within 10 min
after the mainshock, indicating a typical foreshock–mainshock–aftershock sequence [1–3].
Given such a unique seismic pattern, numerous studies based on geophysical observations
have been conducted to reveal the complexities of this earthquake from different aspects,
such as seismicity and seismogenic fault geometry [1,4–8], deep structure [9–11], and rup-
ture directivity [12–14], highlighting our understanding of the tectonic background and
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dynamic processes of this earthquake. Meanwhile, geodetic studies based on GNSS, InSAR
as well as their combinations have revealed static coseismic slip distribution [3,15–20].
These studies have shown that the earthquake was primarily characterized by right lateral
motion, accompanied by a minor normal fault component. Such a slip pattern is compatible
with both the long-term tectonic stress and present-day strain rate of the region [14,21].

However, constrained from static coseismic deformation, one cannot detect the tem-
poral process of afterslip, which is the ongoing deformation of coseismic slip. As an
integral part of the total strain budget released during an earthquake sequence [22], af-
terslip may further enhance aftershocks through redistributing stress to its adjacent fault
segments. Consequently, afterslip usually shares a similar pattern of temporal decay
as aftershocks. In contrast to discontinuous aftershocks, afterslip reflects a gradual re-
lease of accumulated strain along the seismogenic fault. A general trend of postseismic
deformation is to decay logarithmically with time after an earthquake [23], and the per-
centage of the released moment due to afterslip can be significant and even greater than
the coseismic moment [24,25]. For example, after the 2004 Mw6.0 Parkfield, California,
earthquake [26,27], the accumulated aseismic moment over five years was larger than that
of its mainshock [24,25,28]. Therefore, quantifying the contribution of afterslip to the total
strain release and understanding its interplay with aftershocks will provide important and
detailed clues for comprehensive seismic hazard assessments and for developing models
that can better predict the behavior of fault systems after an earthquake.

Recently, combined with GNSS and InSAR data, kinematic slip process
models [14,29,30] have also revealed unilateral rupture propagation, initiating at the
hypocenter and then expanding as a slip–pulse southward about 12 km along strike,
temporally similar to the migration pattern of aftershocks. When such a rapid slip process
stops, the seismogenic fault may be dominated by afterslip. As a result, both daily GPS
solutions [15] and InSAR data, especially those several days after the mainshock, may
contain a large amount of deformation during the postseismic stage [16,17,19]. In fact, Lu
et al. [19] attempted to extract postseismic deformation with InSAR time series 6 months
after the mainshock, and they estimated a peak cumulative postseismic deformation of
18 mm, with a peak rate about 3.5 cm/yr, in the southeast segment of the seismogenic
fault. The descending postseismic deformation acquired from Sentinel-1 showed an uplift
trend on the east of the seismogenic fault, similar to the coseismic deformation. If part
of these postseismic deformations is misleadingly included in the estimate of coseismic
displacements, the moment magnitude of the mainshock will be overestimated. To date,
because of the 12-day revisiting time interval of Sentinel satellites and tropospheric stratifi-
cation delays in this region [31], no studies have been conducted to specifically investigate
postseismic surface deformation and fault afterslip, especially including the first week,
using InSAR technology.

In this paper, we will first map coseismic slip distribution by conducting joint inversion
from the GNSS data and both ascending and descending InSAR images, then refine the
coseismic slip and afterslip after extracting both the coseismic offsets and postseismic
deformation from the resampled InSAR time series with nonlinear least squares, and
finally compare such refined coseismic inversion with the joint inversion and discuss the
spatiotemporal interplay between the afterslip and aftershocks. Our results will provide
a new method for extracting postseismic deformation from high-noise InSAR time series,
and the refined coseismic slip distribution will contribute to a better understanding of the
strain partitioning during different stages of the Yangbi earthquake.

2. Background of the Study Area

The 2021 Yangbi Mw 6.1 earthquake occurred on an unmapped fault located ~26 km
from Dali City in southwestern China (Figure 1). The seismogenic fault was ~5 km west to
the NW-trending Weixi-Qiaohou fault (WQF). Serving as geological boundary zones [32,33],
both the WQF and the Red River Fault (RRF) exhibited dextral strike-slip characteristics
and shared similar kinematic properties. Although there is ongoing debate about whether



Remote Sens. 2024, 16, 3996 3 of 20

the WQF is part of the RRF, these two faults together controlled the geological activity
of the boundary zone, where regional seismicity was relatively high [34]. Geological
investigations after the Yangbi earthquake indicated that there was no significant surface
rupture, except for surface fractures about 5 km long [35]. The absence of surface rupture
information further complicated the task of constraining the fault geometric parameters.
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Figure 1. (a) Tectonics and SAR tracks of the Yangbi Region. The black lines indicate active faults
near the epicenter. The image frames for Sentinel-1A ascending (blue box), Sentinel-1A descending
(red box) and Sentinel-1B ascending (yellow box) are shown. The red star represents the epicenter of
the 2021 Yangbi Mw6.1 earthquake. The white box indicates the position of (b). Aftershock data were
provided by Tian et al. (2023) [21]. Abbreviations: WQF, Weixi-Qiaohou Fault; LCF, Lancangjiang
Fault; RRF, Red River Fault. (b) Aftershocks in 60 days following the mainshock. The color bar
depicts the days after the mainshock. Solid blue triangles denote GNSS stations.

The source mechanism for this earthquake was compiled by Harvard University’s
Global Centroid Moment Tensor (GCMT), the United States Geological Survey (USGS),
the German Research Center for Geoscience (GFZ) and the China Earthquake Network
Center (CENC) (Table 1). Although the epicenter was not well determined due to the
lack of near-field seismic stations, all these focal mechanistic solutions showed a general
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deformation in a right lateral strike-slip sense, with the hypocentral depth at 8–9 km and
the centroid depths at 15–17.5 km, providing a depth constraint for both the fault geometry
and coseismic slip distribution.

Table 1. Source parameters of the 21 May 2021 Yangbi earthquake given by different organizations.

Institution Longitude/(◦) Latitude/(◦) Focal Depth/km
Plane I/(◦) Plane II/(◦) Mw

Strike Dip Rake Strike Dip Rake

GCMT 100.02 25.61 15 315 86 168 46 78 4 6.1
USGS 100.01 25.76 17.5 135 82 –165 43 78 –9 6.1
CENC 99.87 25.67 8 – – – – – – 6.4
GFZ 99.92 25.73 17 319 88 –165 – – – 6.0

3. Coseismic Deformation Field Derived from InSAR and GNSS
3.1. Data and Processing

The InSAR data used in this paper were downloaded from the NASA Alaska Satellite
Facility (Alaska Satellite Facility). The data source included Sentinel-1A/B interferometric
wide-swath mode SLC IW C-band imagery, with a VV polarization mode. Each image
covered an area of 250 km × 250 km, with a resolution of 20 m × 5 m in the azimuth and
range directions, respectively. The temporal baseline for the descending orbit images was
12 days (10 May 2021 to 22 May 2021), while for the ascending orbit images, it was 6 days
(20 May 2021 to 26 May 2021). The spatial baselines were 48 m and 30 m, respectively.
Shorter temporal and spatial baselines helped mitigate the effects of decorrelation on the
deformation results.

The interferometric processing was implemented with the conventional two-pass
differential InSAR strategy by the open-source software ISCE (v2.6.3) [36], which has been
widely used in extracting ground deformation information from SAR images [37]. The
30 m resolution digital elevation data of the Space Shuttle Radar Topography Mission
(SRTM) were used as auxiliary data to remove the influence of the topographic phase [38].
Multi-view processing was applied at a 5:1 ratio in both the range and azimuth directions,
and precise orbital (AUX_POEORB) data from the European Space Agency (ESA) were
used to eliminate orbital errors. To further improve the signal-to-noise ratio and minimize
the effects of spatial and temporal baseline decoherence, the interferometric images were
processed with an enhanced power spectral filtering method [39]. Additionally, the Generic
Atmospheric Correction Online Service (GACOS) was used to remove tropospheric effects
from each interferogram [40]. The GACOS data showed that the atmospheric errors
in the ascending and descending track interferograms were obvious in this study area
and appeared to be related to the topography. The ranges of atmospheric errors for the
ascending and descending track interferograms were from −0.03 m to 0.01 m and from
−0.01 m to 0.02 m, respectively [18,41]. Therefore, reducing the impact of atmospheric
errors would significantly improve the accuracy of the derived ground displacements [18].
Additionally, in the southwestern region, where dense vegetation cover and heavy water
vapor contributed to radar image decorrelation, this study increased the filtering window
to 80 and enhanced the degree of filtering to improve the clarity of the interferometric
fringes [40]. The generated phase interferogram was unwrapped using the minimum
cost flow (MCF) algorithm [42] to obtain displacement data and the interferograms were
geocoded into the WGS-1984 coordinate system to derive the coseismic deformation field
of Yangbi. According to previous studies [3,35], some scholars utilized ascending track
images (20 May 2021 to 1 June 2021) to obtain the coseismic deformation field of Yangbi,
which may have been with the purpose of quickly retrieving the coseismic slip distribution.
However, the presence of postseismic deformation within the first twelve days following
the earthquake may have introduced more noise into their observations. Therefore, this
study utilized the ascending track images from Sentinel-1B on 26 May 2021, five days after
the mainshock, for a more accurate representation of the coseismic deformation field and



Remote Sens. 2024, 16, 3996 5 of 20

fault slip distribution. The detailed information about the ascending and descending tracks
is listed in Table 2.

Table 2. InSAR ascending and descending track data parameters.

Orbit
Direction

Imaging Date
Polarization

Azimuth
Angle

Incident
Angle

Spatial
Baseline

Temporal
Baseline

Pre-Earthquake Postseismic α/(◦) θ/(◦) m d

Ascending 20 May 2021 26 May 2021 VV 90 36.55 30 6

Descending 10 May 2021 22 May 2021 VV 90 42.16 48 12

Many researchers used only InSAR data [3,18,43] for fault inversion. However, the
long temporal baseline of Sentinel-1A may have introduced a considerable amount of
afterslip information, while data downsampling may have resulted in the loss of some
information. These factors would have increased the uncertainty in estimating the fault slip.
In comparison, near-field high-precision GNSS site displacement data could significantly
improve the surface deformation accuracy affected by far-field noise, providing more
detailed constraints on fault slip [44]. The joint inversion of the GNSS and InSAR data
could enhance the reliability and stability of inversion [16]. Therefore, we incorporated
data from four near-field GPS stations with significant displacements within 10 km on both
sides of the fault [15] to constrain far-field deformation and refine the fault depth. The
displacement information of the four near-field GPS stations is shown in Table 3.

Table 3. Four near-field GPS stations’ data.

Serial
Number

Station
Name

Location North–South
Component (mm)

East–West
Component (mm)

Vertical
Component (mm)LON (◦) LAT (◦)

1 H204 99.92 25.72 −45.8 5.3 −2.1
2 YBZZ 99.79 25.66 1.3 −40.0 7.6
3 YBXL 99.91 25.64 33.0 −9.4 −44.2
4 YBZM 100.02 25.71 −14.2 26.9 −0.2

3.2. InSAR Coseismic Deformation

From the interferogram in Figure 2, it can be seen that the long axis of the main
deformation field of the Yangbi earthquake was roughly oriented in the NW direction.
The ascending track interferogram exhibited an elliptical pattern of fringes on the west-
ern side of the epicenter, while the descending track interferogram showed a symmetric
butterfly-like distribution with more closely spaced interferometric fringes, located near
the epicenter. The deformation field in the ascending orbit measured approximately 25 km
in the north–south direction and 19 km in the east–west direction while in the descending
orbit, it measured about 22 km in the north–south direction and 20 km in the east–west
direction. The differences in flight attitude and satellite side view between the ascend-
ing and descending orbits resulted in different imaging patterns, leading to variations in
the spatial distribution of the coseismic deformation. Figure 3a,b show the line-of-sight
(LOS) deformation fields obtained from the Sentinel-1A/B ascending and descending orbit
images. In these figures, positive (red) and negative (blue) deformation zones represent
regions moving toward and away from the satellite, respectively. The ascending track
interferogram indicated a line-of-sight (LOS) deformation ranging from −7 cm to 7 cm,
while the descending track interferogram showed a range of −9 cm to 9 cm. The differing
patterns observed in the interferograms (Figure 2) from the two tracks indicated that coseis-
mic deformation was primarily characterized by horizontal rather than vertical movement,
indicating a strong strike-slip component, as revealed by seismology-based focal mecha-
nisms (see Table 1). What is more is that the absence of evident surface rupture in the field
investigation suggests that this earthquake may have occurred on a blind fault [35].
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Figure 3. Line-of-sight (LOS) deformation maps of the 2021 Mw 6.1 Yangbi earthquake: (a) on the
ascending track between 20 and 26 May 2021 and (b) on the descending track between 10 and 22 May
2021, red represents regions moving toward the satellite, while blue represents regions moving away
from the satellite(with gray lines representing coseismic contours at 2 cm intervals).

4. Inversion of Fault Slip Distribution
4.1. Inversion of Fault Geometry

When all fault geometric parameters are known, surface displacement due to fault
slip, d, can be expressed as a linear function between Green’s function of fault geometric
parameters and fault slip through Okada’s finite fault dislocation model in an elastic
half-space [45]:

d = G(X)s(δ) + ε (1)

where X = [L, W, x, y, D, φ, θ] represents the fault geometric parameters (the fault length L,
width W, depth D, the latitude and longitude for the starting point of the fault, the strike
angle φ, and the dip angle θ), G represents Green’s function corresponding to the unit slip
of the fault plane, s is the uniform fault slip along the rake direction, δ is the rake angle and
ε is the observation error.

In the first step, we determined fault geometric parameters by assuming a uniform slip
on the fault plane through a nonlinear inversion. Such nonlinear inversion was conducted
by prescribing bounded constraints on the fault geometric parameters with the Levenberg–
Marquardt algorithm [46], which is primarily used for least squares curve fitting problems.
This algorithm combines the steepest descent method and the Gauss–Newton method. It
starts with an initial guess for the parameters and then iteratively updates these parameters
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to minimize the sum of the squares of the residuals between the observations and the
predictions:

min :∑(d − G(X)s(δ)) 2

subject to : Xl ≤ X ≤ Xu

δl ≤ δ ≤ δu (2)

where the initial values and the bounded values for the fault geometric parameter and
rake angle were prescribed from the focal mechanism solution by the global CMT (GCMT,
https://www.globalcmt.org, accessed on 25 July 2024). We set a smaller iterative range
for these three parameters (the dip angle range was 80–90 degrees, the strike range was
130–150 degrees and the rake range was −210 to −150 degrees). The ranges for longi-
tude and latitude were confined within a rectangular area that fully encompassed the
deformation zone (99.832, 25.697; 100.115, 25.526), which was restricted from the relocated
aftershocks by Yang et al. (2022). For the other four parameters, we set a broader iterative
range: the length was limited to 9–20 km, the width to 2–15 km, the slip range to 0–1.5 m
and the depth range to 0–5 km.

Moreover, the primary technical approach involved inversion on the constraints by
the LOS deformation from ascending and descending tracks in the seismic area. Since data
points obtained by InSAR are typically on the order of 108, the large amount of observations
would have led to significant redundancy during the inversion. Such overabundance of
observational data may sometimes be counterproductive, as it does not necessarily enhance
detail but can instead introduce excessive noise into solutions. This additional noise can
hinder the convergence of results, complicating the analytical process [47]. Therefore, in
order to reduce the data volume and emphasize the main deformation information, we
downsampled the InSAR data by dividing the main deformation area and the far-field
deformation to achieve different levels of sampling density (Figure S1). In our experiments,
we found that the resolution of the input data sampling and the presence of other defor-
mation fields in the region significantly affected the depth and dip in the inversion results.
Improving the sampling accuracy in the main deformation zone enhanced the coseismic
signal, which could increase the earthquake magnitude and fault dip while shallowing the
fault depth. However, excessively high sampling accuracy in the main deformation zone
led to a large data volume and diminished the constraint effects of the far-field deformation
on the fault parameters. After multiple comparisons, we found that a sampling frequency
of 300 m in the mainshock center, combined with a 1000 m sampling frequency for far-field
deformation signals, retained the spatial characteristics of the original deformation field
and provided stable fault slip while ensuring accuracy. Additionally, we also found an
abnormal uplift along Cangshan Mountain in the descending track images (Figure 3b).
Since such abnormal signals associated with high relief are usually due to non-tectonic
factors such as cloud and atmospheric delay [31], we masked this area prior to the inversion
as other scholars have done [18].

Based on the interferometric fringe direction and deformation distribution from InSAR,
we employed iterative processes by adjusting the parametric ranges to obtain the optimal
solution. The algorithm was restarted multiple times to maximize the likelihood of the cost
function converging to the global minimum. In the nonlinear inversion, a global minimum
had to be tested at least three times to be deemed valid. The cost function tolerance was
set to 0.001, with improvements below this threshold deemed negligible. Inversion was
conducted with a maximum of 50 algorithmic restarts and 100 algorithmic iterations. A
total of 15,212 ascending and 11,121 descending track data points were acquired, resulting
in the identification of a NW–SE striking fault based on the deformation field.

For the near-field GPS data, we projected the 3D displacement of the GPS data to the
LOS direction according to Equation (3) and set its weight ratio with the InSAR data to 10:1.{

dLOS = −de cos(α) sin(θ) + dn sin(α) sin(θ) + du cos(θ)
dHor

2 = d2
e + d2

n
(3)

https://www.globalcmt.org
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where dlos is the LOS deformation, α and θ are the azimuth and incidence angles of the radar
satellite, respectively, and dHor is the horizontal displacement of the GPS site synthesized
from the north–south(dn) and east–west(de) displacements.

To assess the reliability of the fault geometric parameters, we used the Monte Carlo
method to add noise perturbations to the inversion results, generating 100 sets of obser-
vations for reinversion. We also computed the posterior probability density functions
(PDFs) of the inverted faults, which demonstrated that all fault geometric parameters were
relatively stable. The optimal fault parameters are shown in Table 4.

Table 4. Optimal geometric parameters for fault constraints.

Parameters Length
(km)

Width
(km)

Depth
(km)

Dip
(◦)

Strike
(◦)

Lon
(◦)

Lat
(◦)

Slip
(m)

Optimal 12.912 3.2554 0.954 82.75 139.67 99.92 25.644 0.8956
Mean 13.267 4.4436 0.340 80.69 141.14 99.919 25.641 0.8345

Standard deviation 1.636 1.9222 0.784 7.82 4.60 0.0077 0.0082 0.2472

Figure 4 shows the one-dimensional posterior distribution of the fault length, which
reached the highest probability at 12.9 km, smaller than the ~20 km [21] that was delineated
from aftershocks. The fault strike was 139◦ with a dip of 82.7◦ to the southwest, which was
nearly identical to the focal mechanism from GCMT.

Additionally, we estimated a magnitude of Mw6.1, which was consistent with the
results from both the USGS and GCMT. Figure 5 shows the final optimal solution of
100 iterations. From such an optimal model, the slip distribution depicted a clear right
lateral strike-slip fault with a high dip angle, consistent with the seismic mechanism
solutions from Feng et al. [48] and Yang et al. [49]. Located between the central regions of
the two deformation zones, the rupture did not reach the surface and was thus consistent
with a blind fault zone inclined to the southwest [15–17]. The optimal fault geometric
parameters are shown in Table 5.

Table 5. Fault geometric characteristics of the mainshock area from the joint inversion of ascending
and descending track images.

Type Fault Length/m Fault Width/m Fault Depth/m Dip Strike

Asc–Des 12,912 3255 954.400 82.75 139

Type Epicentral
Longitude

Epicentral
Latitude Rake Slip/m Mw

Asc–Des 99.92 25.64 −171 0.80 6.1

Figures 6 and 7 show the InSAR coseismic deformation (Figures 6a and 7a), the
predicted deformation based on the optimal fault model (Figures 6b and 7b) and the
residuals (Figures 6c and 7c). The inversion results closely reproduced the coseismic
deformation field. The residuals for both ascending and descending images were controlled
to within 10 mm, with only sporadic errors up to 20 mm in the main deformation zone
of the descending image, indicating that our model effectively simulated the coseismic
deformation field of Yangbi. It is notable that the uniform fault slip model may not have
captured the far-field deformation well, leading to perceptible residuals. Nevertheless,
these residuals fell within an acceptable range of noise uncertainty, ensuring the overall
reliability of our analysis. In addition, the ascending track data (20 May 2021 to 26 May
2021), acquired 6 days after the earthquake, showed significant residuals in some local areas
near the fault (Figure 7c). One possible reason is that postseismic deformation occurred
after the mainshock. Analysis of GPS displacement simulations showed that sites YBZZ
and YBZM moved westward and eastward, respectively, while H204 and YBXL moved
nearly north–south, confirming the dextral slip along the NW direction of the coseismic
fault. The GNSS displacements indicated that the simulation results were very close to
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the actual observations. These results demonstrated that the measured displacement data
were effectively validated by the optimal fault simulation. Overall, the ascending and
descending track simulations accurately reproduced the coseismic deformation field within
an acceptable error range.
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4.2. Inversion of Coseismic Fault Slip Distribution

In the second step, we inverted the slip distribution on our determined seismogenic
fault plane in a linear squares sense. After dividing the fault plane into subfaults of
specific sizes, we modeled the ground deformation field with the Okada elastic half-space
dislocation and applied regularization with a second-order Laplacian smoothing constraint
order to prevent divergence in the slip distribution solution. The equation to be solved was
the following: [

dInSAR
0

]
=

[
G
κ∇2

]
s +

[
ε
0

]
(4)

where dInSAR is the observed surface deformation, G is Green’s matrix, κ is the smoothing
factor, ∇2 is the Laplacian smoothing operator, s is the distributed slip vector and ε is the
observation error.
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(b) Spatial distribution characteristics of the optimal fault.

Based on previous studies of the historical data of the Yangbi earthquake and recent
strong earthquakes in the central part of the WQF [50], combined with the spatial slip dis-
tribution characteristics of the fault, we set the initial slip surface of the Yangbi earthquake
fault as 20 km long along the strike and 15 km wide along the dip with 1 km × 1 km slip
patches. We had sufficient sampling density data to support precise slip on the fault surface,
which was much more accurate than the 2 km × 2 km slip patch results of Liu et al. [30] and
Zhang et al. [3]. For each slip patch, a fluctuation range of ±45◦ in its main slip direction
was set to better adapt to the actual deformation field. To find an optimal coseismic slip
inversion, we tested 100 smoothing factors (from 0.01 to 1). A higher smoothing factor
makes the fault slip too smooth, while a lower smoothing factor causes severe mismatches
in the slip results. Therefore, we determined 0.05 as the optimal smoothing factor value,
balancing the root mean square (RMS) mismatch and model roughness. The inverted
coseismic slip was located to the southeast side of the epicenter, primarily concentrated at
depths between 4 and 10 km, with the peak slip of 0.7 m occurring at a depth of 6.9 km.
The main slip zone (>0.5 m) extended approximately 6 km in length and 4 km in width,
with a roughly rectangular shape that gradually weakened outward. Slip decreased rapidly
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below 8 km, nearly ceasing around 10 km. The entire slip area was elongated, exhibiting
clear right lateral strike-slip characteristics.
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GNSS stations, with red representing observed values, blue representing model values and black
representing residuals (descending images from 10 to 22 May 2021).
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(b) modeled result; and (c) residuals. The arrows represent the horizontal displacements of the
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representing residuals (ascending images from 20 to 26 May 2021).

From the distribution of aftershocks, a total of 78 aftershocks of Ms2.9 or higher
occurred within a week after the mainshock and were linearly arranged in a northwest–
southeast direction, and the distribution of aftershocks corresponded to the unidirectional
rupture of the northeast-trending fault from northwest to southeast. The Coulomb stress in
the shallow part of this rupture continues to accumulate [18], so there is still some seismic
risk in the future.

Our coseismic slip distribution model (Figure 8) indicated a significant right lateral
strike-slip component for the Yangbi earthquake. The moment magnitude and slip ampli-
tude derived from the integration of multiple geodetic datasets and the reduced interval
between interferometric images showed slight discrepancies compared to some previous
studies. In Section 5, we will further re-estimate the coseismic displacement by fitting
postseismic time series derived from InSAR images, aiming to obtain a more detailed
pattern of the fault slip.
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5. Refined Coseismic Slip and Afterslip

The 2021 Yangbi Mw 6.1 earthquake occurred in an area that was significantly impacted
from non-tectonic factors such as atmospheric conditions and cloud cover [31]. These
non-tectonic factors resulted in severe decoherence between the SAR images acquired at
different times during the postseismic stage. To date, no studies have been conducted to
specifically investigate postseismic surface deformation and fault afterslip in the Yangbi
area using InSAR technology.

In this section, we re-estimated coseismic offsets and extracted postseismic displace-
ments from InSAR time series with nonlinear least squares fitting and then mapped both
coseismic slip and afterslip distributions. This approach was expected to enhance our
understanding of the true subsurface slip distribution along the causative faults in Yangbi
and refine our interpretation of the fault rupture process.

5.1. Time-Series Data Preparation and Processing

Compared to the ascending track images, the descending track images displayed a
more concentrated deformation zone. At the same time, their time-series atmospheric data
were relatively stable. Therefore, we selected 22 descending images from a ten-month
period, spanning from 10 May 2021 to 6 March 2022, for processing. The time-series data
were processed using the small baseline subset (SBAS) module of Mintpy [51], which
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improves data coherence by setting the azimuthal multi-look to 5 and the range multi-
look to 20. Precision orbit information was incorporated to correct systematic errors, and
GACOS [40,52] was used to remove tropospheric effects. For time-series processing, the
image on 22 May 2021, the first day after the earthquake, was chosen as the reference
image. In order to facilitate image unwrapping and region selection, we set the minimum
coherence for the interferometric network and postseismic time series to be 0.5 and for
reference points to 0.6.

Figure 9 shows that the postseismic surface deformation was predominantly focused
in the same deforming areas of the mainshock. It initially amounted to only 4 cm, starting
from 3 June 2021, and became most pronounced on 25 October 2021, reaching a peak of
9 cm. Following this peak, the increased rate of deformation decelerated, and the cumula-
tive amount of deformation began to gradually level off. It is notable that the October 25
image clearly delineated two separate zones, which could have been due to the favorable
atmospheric conditions during image capture.
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Figure 9. Temporal characteristics of the surface deformation in 6 months after the mainshock of the
Yangbi earthquake. The red star denotes the epicenter of the mainshock. Black dots (Selected_Points)
denote 2191 points used to refine the coseismic offset and extract postseismic deformation. The black
triangles represent eight points (A–H) from the “black dots” and their time series are displayed in
Figure 9.
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5.2. Re-Estimate of Coseismic Offsets and Extraction of Postseismic Deformation

The postseismic deformation field was primarily a response to afterslip, poroelastic
rebound and viscoelastic relaxation. Given that the Yangbi earthquake had a magnitude of
Mw 6.1 and released limited energy [12], we can reasonably assume that the postseismic
deformation was predominantly controlled by afterslip. We re-estimated the coseismic
offsets and extracted the postseismic deformation through fitting the following logarithmic
function:

S = C + P × log(1 +
t − teq

τ
) (5)

where S represents the LOS displacement time series, C denotes the coseismic offset, P is
the amplitude of postseismic deformation, t represents the observation time, teq is the start
time of postseismic deformation and τ is the postseismic relaxation time.

Out of the 21 postseismic descending orbit images, atmospheric conditions were
rapidly changing as Yunnan approached summer, leading to reduced coherence of the
interferometric pairs. Therefore, considering the image coherence, deformation level
and function characteristics, we finally selected 14 images for fitting: 10 May, 22 May,
3 June, 15 June, 26 August, 1 October, 13 October, 25 October, 6 November, 18 November,
30 November, 2021, 5 January, 17 January and 29 January, all from 2022. These dates
correspond to the observation dates marked by the blue triangles in the fitted curves in
Figure 10.

We determined the constants C and P fixed by a grid search for the values of teq and τ
with the least squares method. We prescribed teq to change from 1 min to 300 min in an
increment of 1 min, and τ from 0.1 days to 100 days in increments of 0.1 days. For each
time series, we fitted 300,000 curve models and determined the optimal fitting model with
the smallest root mean square (RMS) of residuals. From 4991 uniform sampling points
obtained using the grid sampling method, we selected 2191 points in total which exhibited
convergence trends and minimal residuals. These selected points were nearly uniformly
distributed on both sides of the coseismic deformation field (Figure 9).
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Figure 10. The postseismic fitting curves of the selected points (points A–H) in Figure 9. The blue
arrows represent the coseismic observation values of the LOS directions at selected points, and the
red arrows represent the coseismic values predicted by the postseismic fitting model at the selected
points.

Figure 10 compares the raw time series and their refined fittings for eight points
selected from the descending interferometric images (Figure 9). Points A, B, C and D
are located in the areas exhibiting positive coseismic offsets, and Points E, F, G and H
are located in the areas exhibiting negative coseismic offsets. The red curves represent
the estimated logarithmic trends of the postseismic deformations. They show that the
postseismic motion characteristics of most sampling points aligned with the coseismic
direction, which somewhat enhanced the impact of the coseismic effect. The refined
coseismic offsets were slightly smaller than those from the raw interferometric pairs. This
suggests that the postseismic deformation process began before the acquisition time of
the descending image on 22 May. As a result, coseismic offsets directly derived from the
raw interferometric pairs between 10 May and 22 May 2021 included a certain fraction of
postseismic deformation.

5.3. Refined Coseismic Slip and Afterslip Distributions

We further conducted two coseismic slip distribution inversions: one using the raw
descending interferometric pairs directly and the refined model using the extracted coseis-
mic jump C values for all selected points through nonlinear fitting. In order to retain the
robustness of the comparison, both inversions were performed with the same smoothing
factor on the same subfault model. Figure 11 shows that the refined fault slips were gen-
erally smaller than those obtained from the raw interferometric images. The overall slip
was reduced, with the maximum slip decreasing from 0.35 m to 0.32 m and the moment
magnitude decreasing from 6.11 to 6.05.

Figure 12 shows the temporal process of afterslip at seven snapshots that were taken on
the 21st, the same date of the mainshock, from one month to half a year after the mainshock.
It shows that the afterslip was concentrated at depths of 3 to 8 km and gradually increased
over time. The maximum slip increased from 7 cm in June, with a moment magnitude of
Mw5.6, to 20 cm in November, with a moment magnitude of Mw5.8, and then gradually
stabilized. This indicates that the afterslip effect of the Yangbi earthquake persisted for
nearly half a year.
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6. Analysis and Discussion

In this paper, we first determined the fault geometry with a nonlinear least squares
method by combining GNSS data and both ascending and descending InSAR data. Our
inversions for the strike slip, dip slip, strike angle and dip angle (as shown in Table 5) were
consistent with predictions from other institutions and researchers. The slip initiated at a
depth of 2 km along the dip and extended down to 12 km, with the main slip spanning
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from 4 km to 8 km downdip. More specifically, our fault slip distribution was consistent
with the InSAR-based inversions using different methods [19,20]. The optimal rake angle
identified in our model was −171◦, indicating a pronounced right lateral strike-slip motion.
This is in agreement with the results obtained by Chen et al. [29] using broadband regional
seismic waveform data, underscoring the high consistency between our model and seismic
waveform data. Our estimate of the dip angle was consistent with the dip angle of 80◦,
which was estimated with seismicity and combined InSAR and GNSS data (Zhang et al. [15],
Wang et al. [17], Wang et al. [18]), whereas it was slightly flatter than that estimated with
InSAR data (Lu et al. [19] (86◦), Xu et al. [43] (89◦), Zhang et al. [3] (86◦)). This suggests
that relying solely on InSAR data may lead to an overestimation of the fault dip angle,
whereas incorporating GNSS data provides a better constraint on the dip angle. In addition,
according to Lei et al. [53], the Ms5.6 seismic moment tensor of the Yangbi earthquake
showed a significant non-double-couple component, suggesting that the earthquake may
have been driven by deep high-pressure fluids. Therefore, modeling deformation based on
subsurface faults under regional tectonic stress can only achieve a primary fit with some
residual errors.

Meanwhile, we attempted to achieve fault geometric inversion using only single-view
Sentinel images. Compared to the results from joint inversion, the inversion based on single-
source data exhibited issues such as a shallower fault depth and narrower fault width.
According to Wang et al. [18], the depth of the Yangbi fault derived from single-source
SAR inversion ranged from 2 km to 9 km, which was slightly shallower than the depth of
3–13 km obtained by Zhang et al. [3] through the use of geodetic and teleseismic data. Lu
et al. [19] indicated that single-source InSAR observations could increase the uncertainty of
seismic slip and result in a shallower fault depth. However, the fault parameters obtained
from the single-source ascending and descending track image inversion, such as the strike
angle, dip angle, length and slip angle, were generally consistent with the results from
joint data inversion. The fitting residuals for the ascending and descending tracks were
0.010 m and 0.011 m, respectively, slightly larger than the 0.009 m residuals from the joint
inversion. Therefore, under limited conditions, the automated search based on single-
source measurement data could still provide relatively reliable reference results.

The extraction of both the coseismic offsets and postseismic deformation may have
been influenced by several factors. First, the Yangbi area was characterized by dense
vegetation cover and variable topography, so the coherence of the images within the
first three months after the earthquake was relatively poor, limiting the effectiveness
of curve fitting. Both Figures 9 and 10 showed that the variations for certain months
were particularly evident on 15 June and 25 October. The interferometric data on 15
June appeared to be generally lower, which might be attributed to the high vegetation
cover around Yangbi and atmospheric factors that increased overall noise. Conversely,
the October 25 image presented very distinct results, clearly delineating two separate
zones. Such enhanced signals could be due to the favorable atmospheric conditions during
image capture. Regardless of which cause, it is important to note that the presence of
reasonable levels of noise did not impact the trend of postseismic deformation, allowing
for accurate curve fitting in the analysis. Second, we found that the selection of sampling
points significantly impacted the final inversion results. Selected reference points should
be uniformly distributed on both sides of a coseismic deformation field and should include
teleseismic information to constrain the deep slip of the fault. Third, due to the constraints of
our study area, the Sentinel-1B images were not used in this time-series analysis. However,
by precisely cropping the study area to the mainshock area and introducing Sentinel-1B
images for time-series interferometric processing, along with integrating up-orbit images
and GNSS data, the accuracy of coseismic signal constraints could be further improved.

7. Conclusions

In this study, we first determined fault geometry and inverted coseismic slip distri-
bution by combining Sentinel-1A/B ascending and descending orbit observations with
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GNSS data. Then, we refined coseismic slip distribution by eliminating the effects from
the early postseismic deformation. Finally, we investigated the spatiotemporal evolution
characteristics of afterslip. The results showed that the moment magnitude of the refined
coseismic slip inferred from the postseismic deformation fitting using descending data
was Mw 6.05, which is smaller than Mw 6.1, which was inferred from our joint inversion
and previous studies. Predominantly located at depths of 4–6 km, afterslip extended over
nearly six months and stabilized by November 2021, with a moment release equivalent to
an Mw 5.8 earthquake. Most aftershocks are distributed beneath afterslip, indicating a spa-
tially complementary pattern of distinct slip behaviors on a seismogenic fault. Our results
suggested that utilizing InSAR data several days after the mainshock without correcting
the postseismic effect would lead to an overestimation of coseismic slip. Besides offering a
novel approach to extracting postseismic deformation from InSAR time series with large
uncertainties, this study contributes to a better understanding of the seismic process of the
Yangbi earthquake.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/rs16213996/s1, Figure S1: Gridded Sampling map of Ascending
and Descending Orbits. (a) Gridded Sampling Map of ascending Orbits. (b) Gridded Sampling Map
of descending Orbits.
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