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Abstract

Back-projection (BP) is a cornerstone method for imaging earthquake ruptures, particularly effective at teleseismic distances
for deciphering large earthquake kinematics. Its superior resolution is attributed to the ability to resolve high-frequency (>1
Hz) seismic signals, where waveforms immediately following the first coherent arrivals are composed of waves scattered by
small-scale seismic velocity heterogeneities. This scattering leads to waveform incoherence between neighboring stations, a
phenomenon not captured by synthetic tests of BP using Green’s functions (GF) derived from oversimplified 1D or smooth
3D velocity models. Addressing this gap, we introduce a novel approach to generate synthetic Incoherent Green’s Functions
(IGF) that include scattered waves, accurately mimicking the observed inter-station waveform coherence decay spatially and
temporally. Our methodology employs a waveform simulator that adheres to ray theory for the travel times of scattered waves,
aggregating them as incident plane waves to simulate the high-frequency scattered wavefield across a seismic array. Contrary to
conventional views that scattered waves degrade BP imaging quality by reducing array coherence, our synthetic tests reveal that
IGF's are indispensable for accurately imaging extensive ruptures. Specifically, the rapid decay of IGF coherence prevents early
rupture segments from overshadowing subsequent ones, a critical flaw when using coherent GFs. By leveraging IGFs, we delve
into previously unexplored aspects of BP imaging’s resolvability, sensitivity, fidelity, and uncertainty. Our investigation not only
highlights and explains the commonly observed “tailing” and “shadowing” artefacts but also proposes a robust framework for

identifying different rupture stages and quantifying their uncertainties, thereby significantly enhancing BP imaging accuracy.
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13 Key Points:

14 e Developed a stochastic generator for realistic seismic wave incoherency, improving
15 understanding of earthquake source imaging analyses.

16 e Incoherent Green's functions crucially enhance back-projection imaging, resolving
17 complex rupture details.

18 e This work enables evaluations of fidelity and artifacts in advancing seismic imaging
19 techniques and accurate rupture speed assessments.

20 Abstract:

21 Back-projection (BP) is a cornerstone method for imaging earthquake ruptures, particularly
22 effective at teleseismic distances for deciphering large earthquake kinematics. Its superior
23 resolution is attributed to the ability to resolve high-frequency (>1 Hz) seismic signals, where
24 waveforms immediately following the first coherent arrivals are composed of waves scattered
25 by small-scale seismic velocity heterogeneities. This scattering leads to waveform
26 incoherence between neighboring stations, a phenomenon not captured by synthetic tests of
27 BP using Green's functions (GF) derived from oversimplified 1D or smooth 3D velocity
28 models. Addressing this gap, we introduce a novel approach to generate synthetic Incoherent
29 Green's Functions (IGF) that include scattered waves, accurately mimicking the observed
30 inter-station waveform coherence decay spatially and temporally. Our methodology employs a
31 waveform simulator that adheres to ray theory for the travel times of scattered waves,
32 aggregating them as incident plane waves to simulate the high-frequency scattered wavefield
33 across a seismic array. Contrary to conventional views that scattered waves degrade BP
34 imaging quality by reducing array coherence, our synthetic tests reveal that IGFs are
35 indispensable for accurately imaging extensive ruptures. Specifically, the rapid decay of IGF
36 coherence prevents early rupture segments from overshadowing subsequent ones, a critical
37 flaw when using coherent GFs. By leveraging IGFs, we delve into previously unexplored
38 aspects of BP imaging's resolvability, sensitivity, fidelity, and uncertainty. Our investigation
39 not only highlights and explains the commonly observed “tailing” and “shadowing” artefacts
40 but also proposes a robust framework for identifying different rupture stages and quantifying
41 their uncertainties, thereby significantly enhancing BP imaging accuracy.
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42 Plain Language Summary

43 Earthquakes release energy that travels through the Earth as seismic waves. Back-projection
44 (BP) was used to create images of these earthquakes from the waves recorded by
45 seismometers around the world. This helps us understand how earthquakes happen, including
46 which parts of the fault moved. Traditionally, BP has relied on simplified models that assume
47 seismic waves travel in a straightforward manner. However, as waves move through the Earth,
48 they encounter various materials that scatter them in different directions, much like light
49 scatters when it hits a foggy window. This scattering makes the waves more complicated by
50 the time they reach seismometers. In this study, by simulating a more realistic scenario where
51 waves scatter, we can create better images of earthquakes. This is important because it allows
52 us to see not just the initial break but also how the rupture evolves over time, without parts of
53 it being hidden by the complexities of wave scattering. This leads to a clearer picture of the
54 entire earthquake process. Additionally, our work shows a more accurate way to estimate the
55 speed at which the earthquake propagates. Understanding these speeds is crucial for assessing
56 the earthquake's impact and improving our preparedness for future seismic events.

57 1 Introduction

58 Back-projection (BP) imaging is a cornerstone technique for delineating the rupture
59 kinematics of significant earthquakes (Mw ~ 6.5+), playing a pivotal role in enriching our
60 grasp of rupture physics and enhancing seismic and tsunami hazard mitigation strategies (Bao
61 et al., 2022; Meng et al., 2014; Xie & Meng, 2020). Distinguished by its ability to pinpoint
62 sources of potent and coherent high-frequency (0.1 - 10 Hz) seismic radiation, BP leverages
63 the coherent seismic phases captured by densely spaced, large-aperture teleseismic arrays,
64 offering insights unattainable through conventional finite source inversions (Kiser & Ishii,
65 2017). This method stands out for its minimal reliance on preconceived notions regarding
66 fault geometry and slip parameterization, thus unveiling intricate details and complexities in
67 kinematic rupture processes often overlooked by traditional kinematic source inversions that
68 typically depend on longer-period seismic data (10 - 40 s).

69 BP's utility is further exemplified by its success in uncovering phenomena such as
70 multi-branch ruptures, the instantaneous dynamic triggering of local aftershocks,
71 frequency-dependent ruptures in subduction zone megathrust earthquakes, and high-frequency
72 bursts near large-slip areas or geometric barriers (Meng et al., 2011; Meng et al., 2012a; Fan
73 & Shearer, 2016; Kiser & Ishii, 2011; Yao et al., 2013; Uchide et al., 2013; Vallée & Satriano,
74 2014; Okuwaki & Yagi, 2018). Notably, BP affords more direct estimations of rupture
75 dimensions and velocities, treating high-frequency radiation sources as proxies for tracking
76 the rupture fronts (Meng et al., 2018).

77 Despite these advancements, the resolution and fidelity of the BP method is not completely
78 understood. Studies utilizing deterministic synthetic waveforms as Green’s functions for BP
79 imaging tests (Okuwaki et al., 2018; Yin & Denolle, 2019; Zeng et al., 2019; Li et al., 2022)
8o reveal a significant limitation: the simplified Green’s functions derived from overly smooth
g1 1D or 3D velocity models fall short of capturing the full spectrum of waveform complexities,
82 thus failing to accurately model the relationship between the imaged radiators and the actual
83 kinematics of the ruptures, as well as the associated uncertainties and biases in BP imaging.

84 The efficacy of BP imaging in revealing the kinematics of earthquake ruptures is largely
g5 attributed to its adeptness at capturing coherent, high-frequency seismic signals. Traditional
g6 wisdom suggests that a high degree of waveform coherence is essential for generating a
87 high-quality BP image, facilitating the clear resolution of rupture processes (Rost & Thomas,
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88 2002). Commonly, the artifacts observed in BP images are thought to arise from the
89 waveform intricacies inherent to Green's functions (GFs), notably the P coda waves, which
90 are influenced by scattering across the heterogeneous fabric of the Earth's interior.

91 Interestingly, these waveform complexities—particularly the incoherent elements within the
92 P-coda waves—unexpectedly contribute to the success of BP imaging. The presence of low
93 coherence in the coda waves plays a crucial role, as it allows for the imaging of continuous
94 ruptures by ensuring that the BP signal strength from early sub-sources diminishes swiftly
95 over time. This dynamic prevents early rupture phases from overshadowing later ones, a stark
96 contrast to scenarios dominated by coherent coda waves. This nuanced understanding
97 underscores the significance of waveform complexities in refining BP imaging outcomes,
98 highlighting the intricate interplay between signal coherence and the visualization of seismic
99 events.

100 The complexity inherent in GFs, pivotal to BP imaging, stems from the medium's
101 heterogeneities on both the station side (Figure 1a) and the source side (Figure 1b). On the
102 station side, crustal scattering causes a decay in waveform coherence, observable in
103 teleseismic array recordings as a function of both time and distance between stations.
104 Conversely, source-side scattering 1is linked to waveform complexity due to
105 fault-damage-zone reflection and diffraction, adding another layer of complications to seismic
106 waveform analysis.
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108 Figure 1. lllustrative Overview of Green's Function Incoherency Origins. This figure captures
109 the essence of incoherency within Green's functions, differentiating between station-side (a)
110 and source-side (b) scattering and path variations. Panels (c) and (d) provide contrasts
111 between a coherent Green's function, with amplitude represented through a colormap, and a
112 more realistic depiction featuring incoherent components. Subsequent sections (e) and (f)
113 detail the aggregated power from both coherent and incoherent Green's functions,
114 respectively, with instances derived from the USArray's recordings during the 2020 Cayman
115 Trough earthquake, situated in the Caribbean Sea Plate (refer to Figure 3a for context).
116 Finally, diagrams (g) and (h) conceptualize the coherent Green's functions for individual
117 sub-sources and the teleseismic recording of a homogeneous rupture at one station, alongside
118 a representation of source-side incoherency within a homogeneous rupture's teleseismic
119 recording, respectively.

120 Green's functions generated by 1D velocity models show a lack of station-side incoherency
121 (Figure Ic), which leads to a gradual decline in the stacked power of the P-coda waves
122 (Figure le). This scenario can obscure the P-arrival from later sub-sources, effectively
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123 "burying" them within the prominent P-coda waves emanating from preceding sub-sources. In
124 contrast, more realistic Green's functions, characterized by station-side incoherency (Figure
125 1d), presents a coherent initial P arrival followed by subsequent incoherent coda waves. These
126 incoherent coda waves do not constructively interfere, leading to a rapidly diminishing
127 stacked power (Figure 1f). Such dynamics prevent an early sub-source from significantly
128 overshadowing subsequent ones, facilitating a clearer delineation of the rupture sequence (see
129 section 4.1 for more details).

130 Furthermore, source-side incoherency within Green's functions guarantees that teleseismic
131 waveform recordings from each sub-source remain distinct, even if their source-time
132 functions are identical. In cases of homogeneous (uniform slip and rise time) ruptures, Green's
133 functions lacking source-side incoherency are prone to destructive interference among
134 sub-sources (Figure 1g), which typically allows only the initial and final phases of the rupture
135 to be captured by BP. The autonomy of each sub-source introduces variations in teleseismic
136 recordings, disrupting the destructive interference pattern observed at teleseismic distances.
137 This leads to waveform fluctuations that complement the initial and terminal phases (Figure
138 1h), thereby enabling the imaging of the entirety of the homogeneous ruptures (see section 4.2
139 for more details).

140 In this study, we begin by showcasing the coherence pattern within a teleseismic array,
141 drawing upon empirical Green’s Function (EGF) events from the 2020 Mw 7.7 Cayman
142 Trough earthquake—one of the most significant strike-slip earthquakes in the Caribbean Sea
143 (refer to Figure 3a). Subsequently, we introduce an innovative stochastic multi-plane-wave
144 methodology for generating teleseismic Incoherent Green's Functions (IGF). This approach
145 involves aggregating a series of incoming plane waves to closely match the observed
146 coherence pattern of EGFs documented by a teleseismic array. Leveraging the IGFs produced
147 through this novel technique, we undertake two important synthetic tests: one aimed at
148 distinguishing between two seismic sources and another focusing on analyzing a
149 homogeneous rupture. These exercises not only highlight the critical role of waveform
150 incoherency but also serve to authenticate the IGFs' efficacy. Furthermore, they underscore
151 the implications of incorporating IGFs into the arsenal of tools for future BP synthetic
152 analyses, paving the way for more nuanced and comprehensive understandings of earthquake
153 source imaging.

154 2 Quantifying Incoherence in Realistic Green's Functions

155 In this section, we quantify the incoherence in realistic GFs, which form the benchmark for
156 our waveform modeling endeavors. To achieve this, we analyze the cross-correlation
157 coefficient (cc) of seismic array recordings, specifically targeting the P wave train starting
158 with the initial P arrival and spanning a 10-second window. To quantify waveform coherence,
159 we employ a normalized cross-correlation coefficient cc within a chosen time window [t s,
160t e:

ftt: u(zy,t) - u(we, t)dt

VI o, D]t [ us, 1)) 24t 0

ce(xy, x2) =

161

162 Here, u(x) represents the velocity waveforms recorded by two distinct stations located at x;
163 and Xx,. Within the context of a seismic array, the coherence pattern CC is derived by
164 calculating the average cc values across all pairs of stations within a specified inter-distance
165 bin d.
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167 Where, € is the interval of the inter-distance bin d. Such a coherence pattern manifested across
168 an entire array for a given earthquake event delineates the station-side incoherency. Drawing
169 from our prior investigations into the coherence patterns of teleseismic P waves associated
170 with global deep earthquakes (Zhou et al., 2022), a notable trend emerges: waveform
171 coherence experiences a general decline as the interstation distance increases (Figure 2b).
172 Additionally, the coherence pattern shows a decaying trend over time following the P wave's
173 arrival (Figure 2a).
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176 Figure 2. Coherence Patterns of Global Deep Earthquakes Recorded by the USArray in
177 Alaska. Panel (a) displays the coherence pattern, represented by the average
178 cross-correlation (CC) values among station pairs within predetermined inter-distance bins,
179 charted over time subsequent to the initial P-wave arrival. Individual earthquake
180 measurements are denoted by gray curves, whereas the composite average across all events
181 (color beach balls in the upper inset) is highlighted with the red curve. Panel (b) explores the
182 CC values as a function of the distance between stations.

183 To delve deeper into the coherence patterns of teleseismic waveforms, we focused on the
184 source region of the 2020 Mw 7.7 Cayman Trough earthquake, as recorded by the USArray in
185 Alaska (AK) (Figure 3a). The earthquake's hypocenter was located at 78.756°W, 19.419°N
186 (NEIC). For our EGFs analysis, we selected three aftershocks within the fault zone, with
187 magnitudes of M 5.4, M 5.1, and M 6.1, respectively (illustrated in Figures 3b-d). The
188 waveforms from these EGFs, recorded by the Alaska array, were aligned based on the initial P
189 arrival to ensure waveform coherence before being stacked together (Figure 3e), and were
190 filtered within the 0.5-2 Hz frequency range.

191 Our analysis revealed distinct differences among the three EGFs. Specifically, EGF1 and
192 EGF2 demonstrated similarities in their initial P arrivals and subsequent depth phases. The
193 stacked waveforms (Figure 3e) highlighted that the peak amplitude of P-coda, approximately
194 10 seconds post-P arrival, carried roughly 50% of the direct P-wave's power across all three
195 EGFs. However, EGF3, with a magnitude of M 6.1, presented more complex waveforms
196 preceding the P-wave arrival, possibly indicating the coda wave of an earlier earthquake.
197 Ideally, to accurately measure source-side incoherence and to potentially reconstruct a
198 elongated rupture, a dense coverage of EGFs across the fault plane would be preferable.



199 Nevertheless, given the reality that only earthquakes with magnitudes above M5 are
200 discernible with a decent signal-to-noise ratio (SNR) at teleseismic distances, available events
201 are limited and sparsely distributed. In the context of the Cayman Trough earthquake
202 sequence, this limitation meant that only three such earthquakes were available for analysis.
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204 Figure 3. Three EGFs in the Cayman Trough fault zone. (a) Tectonic settings. Outer panel
205 shows the Cayman Trough fault plane (green line), mainshock (red star), and three
206 aftershocks (vellow stars) with moment tensor solutions from global centroid moment tensor
207 (gCMT) catalog. The fault plane is assumed to be along the strike direction of the mainshock.
208 Inner panel shows the relative location of the fault zone (ved star) and the USArray in Alaska
209 (green triangles). (b-d) Aligned colormap showing the coherence of the three EGFs5.
210 Colormap represents the amplitude. (e) Stacked waveform (power) of the aligned waveforms
211 of the three EGF's (normalized according to the maximum amplitude of each stacked EGF).

212 Subsequently, we delve into the coherence patterns presented by each EGF, as illustrated in
213 Figure 4. Within a specified narrow frequency band, we observe that the coherence pattern
214 tends to decrease both over time and with increasing distance between stations, reflecting the
215 influences of the station-side scatterings. To quantify the decay of coherence relative to the
216 distance between stations, we adopt a consistent 10-second window commencing at the
217 P-wave onset, calculating the cross-correlation (CC) for each pair of stations in the array.
218 Distances between stations are categorized into 50 km bins, beginning from a minimum of
219 100 km, with the average CC value and its standard deviation documented for each bin
220 (Figure 4a).

221 Additionally, the temporal decay of coherence, starting from the initial P-wave arrival, is
222 evaluated using a moving window approach. This approach maintains a 10-second duration,
223 advancing in 0.5-second increments. At every step, we compile and report the mean CC value
224 across all station pairings (Figure 4b), offering insights into the temporal change of the
225 seismic signal coherence.

226 Within a specified narrow frequency band (i.e., 0.5-2 Hz), we noted that the coherence
227 patterns across the three EGFs displayed striking similarities (as shown in Figure 4c,d).
228 Specifically, the CC values for EGF1 and EGF3 commence at approximately 0.77 at an
229 interstation distance of 50 km, exhibiting an almost linear decline to values between 0.65 and
230 0.7 at distances extending to 2,500 km. In contrast, the CC value for EGF2 demonstrates a
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231 more gradual decrease, from 0.92 at 50 km to 0.88 at 2,500 km. Regarding the temporal decay
232 of CC values, all three EGFs start with high CC values (ranging from 0.78 to 0.88) at the
233 onset of the first P arrival, which then precipitously fall to below 0.4 within 25 seconds post-P
234 arrival.
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236 Figure 4. Analyzing the Coherence Patterns of Empirical Green's Functions in the Cayman
237 Trough Fault Zone. Panels (a) and (b) present the initial coherence measurements, employing
238 the average cross-correlation coefficient (CC) across all station pairs, with error bars
239 indicating the standard deviation of these CC values. These measurements, specifically for
240 EGF1 within the 0.5-2 Hz frequency range, illustrate (a) the variation of CC relative to
241 interstation distance and (b) the change in CC over time following the P-wave onset. Panels
242 (c) and (d) extend this analysis to encompass the coherence patterns of all three EGFs within
243 the same frequency band, examining (c) interstation distance effects and (d) temporal decay
244 post-P arrival. Panels (e) and (f) synthesize these observations, showcasing the overall
245 coherence patterns across the fault zone: (e) aggregates the time-dependent coherence
246 patterns from the three EGFs across varying frequency bands, while (f) compiles the spatial
247 coherence trends.

248 Given the shared coherence pattern among the three EGFs, we averaged the coherence
249 functions to encapsulate the overall coherence patterns from the fault zone to the seismic
250 array (illustrated in Figure 4e,f). This averaged coherence, assessed across three frequency
251 bands (0.25-1, 0.5-2, and 1-4 Hz), reveals a consistent trend of coherence fluctuation relative
252 to both interstation distance and time elapsed since the P-wave arrival. The initial 20 seconds
253 post-P arrival witnesses a rapid decay in averaged coherence values, plummeting from
254 between 0.72-0.8 to 0.25-0.3. From 20 to 60 seconds, this decay rate moderates, culminating
255 in exceedingly low CC values around 0.6 seconds. The analysis shows a uniform linear
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256 decline in coherence across all three frequency bands concerning interstation distance: starting
257 with CC values of 0.78-0.82 at 250 km and diminishing to 0.68-0.78 at 2,000 km. The decline
258 rate remains consistent across frequencies, although coherence at zero distance decreases with
259 increasing frequency—a phenomenon partly attributed to local site conditions, particularly
260 shallow subsurface variations, leading to waveform similarities of less than 1 even at zero
261 distance.

262 Assessing source-side coherence poses its challenges, notably due to the scarcity of
263 teleseismic observations of requisite EGFs characterized by small earthquakes within a single
264 fault zone sharing a similar focal mechanism but varying locations. Such data could ideally be
265 sourced from earthquake swarms or zones with recurring seismic activity. Despite these
266 limitations, near-fault observations offer valuable insights into source-side coherence patterns,
267 supported by observed waveform spatial correlation lengths of ~ 20 km within the source
268 region, as derived from phase coherence fluctuation measurements of the LASA and
269 NORSAR arrays in the 0.5 - 0.8 Hz band (Capon & Berteussen, 1974; Berteussen et al.,
270 1975). These insights allow us to approximate the source-side coherence pattern with a degree
271 of informed speculation.

272 3. Multi-Plane-Wave Method for Generating Incoherent Green's
273 Functions

274 This section introduces a novel waveform simulator that leverages the superposition of
275 multiple plane waves to effectively model incoherent GFs. Given the crucial role of
276 incoherence in both station-side and source-side phenomena for generating realistic and
277 dependable BP synthetic tests, our method aims to accurately simulate the high-frequency
278 waveform characteristics inherent to realistic seismic events.

279 Traditionally, capturing the full scope of a seismic rupture's complexity might involve
280 collecting EGF events for each subfault within the rupture zone. Ideally, these EGF events
281 would range between magnitudes 4.5 and 6.5, aligning with the point-source assumption and
282 ensuring a high signal-to-noise ratio. However, the scarcity of EGF events that adequately
283 span the entire source region presents a significant challenge. An alternative approach
284 involves generating synthetic GFs (SGFs) through numerical waveform modeling, utilizing
285 3D velocity structures derived from tomographic imaging and hypothesized subduction
286 geometries. Yet, these models often fall short, offering overly smoothed representations that
287 fail to capture essential high-frequency waveform details. Attempts to introduce random
288 heterogeneity into these models have been made (e.g., Emoto & Sato, 2018), but the
289 computational demands of such detailed waveform simulations on a global
290 scale—particularly at the necessary high frequencies (~2 Hz)—are prohibitively high, with a
291 single SGF computation at an epicentral distance of 50 degrees potentially taking over 1,278
292 days on a desktop workstation (an Intel Xeon Gold 6132@2.4GHz CPU with 14 cores).

293 To address these challenges, we propose a highly efficient simulator capable of producing
294 high-frequency incoherent GFs without necessitating deterministic waveform modeling.
295 Crucially, this simulator is designed to align with the observed coherence patterns of actual
296 GFs, thereby enhancing the utility of array-processing techniques.

297 The methodology centers on the initial plane wave, signifying the teleseismic P-wave arrival,
298 followed by a series of plane waves simulating the P coda waves as observed in array
299 recordings. These subsequent waves, emanating from random Rayleigh scatterers near the
300 raypath, arrive from a variety of azimuths described by a Gaussian distribution.
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The distribution's mean azimuth, o,, correlates with the initial P-wave arrival direction, with
its standard deviation, o,, increasing linearly over time (Figure 5a-c). This pattern continues
until reaching a specified maximum value, a,,,, beyond the initial arrival period (threshold
time t,), as depicted in Figure 5d. Such a distribution aims to replicate the broadening
azimuthal range of scattered waves encountered at later times, thereby contributing to the

observed decay in waveform coherence with increasing inter-station distance. The synthetic
Green's function can be written as:
M
w
Gk (Thg, t) = E(t) - Z ?cos(ai —a)Go(t —t; — (rux — 10) pcos(a; — Oyo))
i=1 (4)

In this model, G,, represents the Green's function from the n-th point source to the k-th
station, where r,; is the epicentral distance. r, and p are the mean epicentral distance and ray
parameters, respectively. We anticipate the arrival of M plane waves within our designated
time frame. The amplitude of each arriving plane wave is modulated by the cosine of the
azimuth angle difference (o,—a,), adhering to the Rayleigh scattering radiation pattern and
assuming the scatterer's proximity to the direct ray path. The amplitude diminishes inversely
with travel time (z;), respecting the geometric spread of body waves, as depicted in Figure 5c.
The constant parameter w influences the overall weighting. The initial plane wave, or the seed
function G,,, emanates from the n-th source towards a reference station, comprising a
0.5-second half-period of a 1-Hz sine wave to mimic the point source's initial response. This

is succeeded by a 9.5-second random time series, embodying a series of half-sine waves with
randomized arrival times, with its maximum amplitude set to 10% of the initial sine wave to
illustrate source-side incoherence due to heterogeneous fault zone propagation.
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Figure 5. Illustrating the Multi-Plane-Wave Method. Panels (a) and (b) depict incoming

326 plane waves at two distinct travel times, t; and t, with their azimuths determined by a

327

Gaussian distribution (highlighted area), represented by red dashed lines for clarity, and the
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328 direction of propagation indicated by solid red arrows. Panel (c) shows the amplitude decay
329 factor relative to time post-P-wave arrival, with arrival times t; and t, highlighted for
330 reference. Panel (d) presents a scatter plot illustrating the variability in incoming azimuths as
331 a perturbation from the P-wave's azimuth over time; here, gray circles denote individual
332 plane waves, while red dots highlight specific waves at t; and t,, underscored by cyan dashed
333 lines, with the threshold time demarcated by a red line. Panels (e) and (f) display the
334 coherence patterns adjusted for time post-P-wave arrival and interstation distance,
335 respectively. The gray curves map out the coherence pattern across 100 implementations of
336 the IGF using the multi-plane-wave approach, with the red curve summarizing the average
337 coherence pattern from these implementations. The green curve reflects the coherence pattern
338 derived from empirical Green's Functions, with all patterns assessed within the 0.5-2 Hz
339 frequency band.

340 Given the absence of direct measurements for short-wavelength heterogeneity within the fault
341 zone, seed functions are produced with a 20 km spatial correlation length in the source region,
342 inspired by the P-wave phase coherence fluctuation analysis from the LASA and NORSAR
343 array within the 0.5 - 0.8 Hz band (Capon & Berteussen, 1974; Berteussen et al., 1975). The
344 shared path and receiver effects across different fault patches necessitate a uniform azimuth
345 variable a; for all sources. The factor E(¢) adjusts the envelope of the synthetic incoherent
346 Green's function, with the envelope of stacked empirical Green's functions providing a basis
347 to preserve relative amplitude details post-first P phase. Although ideally measured at each
348 station, the low signal-to-noise ratio of EGFs at certain stations complicates direct envelope
349 measurements. Hence, an averaged envelope suffices for relative amplitude comparisons in
350 BP analysis.

351 Equation (3) outlines three pivotal parameters—maximum azimuth range (o), threshold
352 time (¢,), and plane wave density (M)—identified through a grid-search method to align with
353 the observed coherence decay over time and distance, based on empirical data in a
354 least-square sense.
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356 This process, exemplified by the Cayman Trough earthquake analysis, successfully replicates
357 the spatial and temporal coherence pattern with a,,,,=120°, 7,=18 seconds, and M=30 for the
358 0.5 - 2 Hz frequency band (Figures Se-f). These empirically derived parameters, while
359 effective for replicating observed coherence patterns, are not directly linked to the underlying
360 scattering processes, which remains beyond this study's scope. Notably, waveform analysis
361 within this frequency range illustrates pronounced incoherent components (Figure 6a) in stark
362 contrast to the overly coherent 1D synthetic Green's functions (SGFs) (Figure 6b). The
363 envelope of the IGF closely mirrors that of the EGFs, marking a significant advancement in
364 our method's ability to efficiently simulate realistic incoherent GFs, thereby enhancing the
365 fidelity of BP synthetic tests.
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367 Figure 6. Comparison of Waveforms and Their Stacked Envelopes. Panel (a) showcases the
368 Incoherent Green's Functions (IGF) waveforms, panel (b) displays the 1-Dimensional
369 Synthetic Green's Functions (1D SGF), and panel (c) illustrates the Empirical Green's
370 Functions (EGF) waveforms. In each panel, variations in waveform amplitude are indicated
371 by the color spectrum.

a72 4 Synthetic BP tests with incoherent GFs

373 In this section, we conduct two synthetic BP tests using IGFs to demonstrate the significance
374 of incoherency of Green's functions to BPs. The first test is the BP of two competing
375 sub-sources which shows the importance of coherence decay with time. The second test is the
376 BP of a homogeneous rupture to show the ability that incoherency enables the imaging of the
377 middle part of the homogeneous rupture. In general, we observe that our multi-plane-wave
378 method generated IGFs consist of realistic high-frequency incoherent waves, which allows the
379 BP to resolve the entirety of the homogenous rupture and is thus suitable for further BP
380 synthetic tests.

381 4.1 Two competing sources

382 In this synthetic test, we simulate the source region of the 2020 Cayman Trough earthquake
383 (as depicted in Figure 3a) with the USArray in Alaska serving as the seismic array. Two
384 competing point sources are introduced: the primary source is located at the Cayman Trough
385 earthquake's hypocenter (78.756°W, 19.419°N, NEIC), and the secondary 'competing' source
386 is positioned 30 km west, with a 10-second delay, simulating westward rupture propagation at
387 3 km/s. This setup particularly aims to explore the interaction between the P-codas from the
388 initial source and the direct P-wave from the subsequent source in BP imaging, assigning
389 double the power to the first source compared to the second. To assess the impact of different
390 Green's functions, we utilize synthetic GFs calculated with the 1D PREM earth model (1D
391 SGF), the waveforms from an M5.4 aftershock as the EGF, and the IGF produced by our
392 multi-plane-wave method.

393 The peak amplitude of the P-coda from the first source coincides with the direct P-wave from
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394 the second source, both arriving with similar amplitudes and thus competing within the BP
395 imaging framework. Figures 7a-c present the BP results from the competing-source tests
396 using 1D SGFs, EGFs, and IGFs, respectively. The 1D SGFs fail to account for coherence
397 decay over time or across station distances, whereas the EGFs, with their inherent incoherent
398 components, allow for the resolution of the second source with less than 7 km of uncertainty
399 (Figure 7b). The 1D SGF BP results exhibit a pronounced systematic location bias (over 15
400 km) favoring the first source (Figure 7a) and fail to identify any signals at the second source's
401 location. In contrast, the IGFs successfully delineate the second source, albeit with some
402 artifacts between the two sources (Figure 7c). This experiment demonstrates that when two
403 signals of comparable power intersect, the coda waves from 1D SGFs can obscure or distort
404 subsequent arrivals. It further illustrates the importance of realistically modeling GF
405 coherence decay over time to prevent early subsources from overshadowing later ruptures.
406 IGFs accurately mimic the decay of realistic GFs' coherency, significantly improving the
407 resolution of competing sources.
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409 Figure 7. Experiment of two competing sources. (a) (b) and (c) are BP results of the two
410 competing sources when 1D synthetic GF (1D SGF), Empirical GF (EGF), and incoherent
411 GF (IGF) are applied, respectively. Stars with red edges are the two input sources, and circles
412 are the location of peak source radiation identified by BP. All symbols are color coded by
413 time and scaled by relative powers.

414 4.2 Analysis of a Homogeneous Rupture

415 Exploring the impacts of incoherent Green's Functions (GFs) originating from the source side
416 provides valuable insights, particularly in the context of a homogenous rupture model. Here
417 “homogeneous ruptures” refer to those with uniform source characteristic across the rupture
418 zone (slip, shape of source time function, rise time, etc). In reality, ruptures are rarely
419 homogenous but can be highly smooth especially on mature strike-slip faults and shallow
420 portions of the megathrust faults (Meng et al., 2011). Figure 8 conceptualizes the challenges
421 presented by perfectly coherent GFs within such a model, where each sinusoidal wave
422 packet—emitted by individual sub-sources within a narrow frequency band—generates
423 identical signals. This uniformity leads to destructive interference across the rupture's center,
424 notably diminishing the presence of high-frequency signals and leaving only the
425 starting/stopping phases to be imaged by BP.
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428 Figure 8. Conceptual paradigms of destructive interferences in a homogenous rupture with
429 perfectly coherent GFs, which explains the physical origins of starting/stopping phases. We
430 present two different perspectives: (a) seismograms originated from different subsequent
431 sources result constructively interfere in the beginning and the end but destructively interfere
432 in the middle; (b) a high-pass filter applied over the moment-time function shows that in such
433 settings, high-frequency signals are not correlated to the absolute moment rate but rather to
434 the its fluctuations.

435 To examine these effects, we conducted BP tests on a homogenous rupture model employing
436 three distinct types of GFs: 1D synthetic GFs (Figure 9a), uniform EGFs based on M5.4
437 aftershock waveforms applied uniformly across all sub-sources (Figure 9b), and IGFs imbued
438 with spatial variability for each sub-source (Figure 9c). These IGFs were generated using the
439 multi-plane-wave method, ensuring significant wave incoherence both at the source and
440 receiver ends.

441 Mirroring the conceptual demonstration, the BP analysis using uniform EGFs primarily
442 highlights the rupture's initiation and termination phases (Figure 9b). However, spatial
443 variability in GFs on the source side disrupts the pattern of destructive interference,
444 facilitating the generation of high-frequency signals throughout the rupture. This effect is
445 vividly captured in the BP test employing IGFs, which successfully delineates the propagating
446 fronts across the entire rupture event (Figure 9c). Beyond the inherent incoherency in GFs,
447 sudden variations in fault kinematics—such as changes in rupture speed, slip velocity, and the
448 spatial arrangement of slip vectors across sub-fault patches—can similarly counteract
449 destructive interference, producing pronounced signals within BP imagery (Li et al., 2020).
450 Nonetheless, the application of incoherent IGFs enables BP to consistently resolve the
451 movement of rupture fronts, even under conditions of gradual kinematic variation. This
452 finding elucidates why BP analyzes often successfully depict the full extent of rupture
453 propagation in numerous case studies.
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455 Figure 9. Back-Projection Analysis of a Homogeneous Rupture Scenario. Panels (a) and (d)
456 showcase BP images and their corresponding power levels derived from synthetic Green's
457 Functions (GFs) based on a 1D seismic model (1D SGF). Panels (b) and (e) display results
458 using a uniform empirical Green's Function (EGF), while panels (c) and (f) present outcomes
459 from incoherent synthetic Green'’s Functions (IGFs). In this synthetic experiment, the input
460 fault rupture (straight color line) is configured to span 300 km in length and 15 km in width,
461 featuring a consistent slip of 5 meters. The rupture is designed to advance unilaterally
462 westward at a velocity of 5 km/s, within the source region of the Cayman Trough earthquake,
463 as illustrated in Figure 3a.

464 4.3 Evaluating Tailing and Shadowing Artifacts in BP Imaging

465 Utilizing IGFs allows for the simulation of realistic incoherency, presenting a distinctive
466 avenue to scrutinize artifacts within BP imaging that closely mirror actual conditions. This
467 section investigates two commonly encountered artifacts in BP imaging: tailing and
468 shadowing. Shadowing artifacts predominantly emerge at points of abrupt changes in rupture
469 velocity, where bursts of high-frequency energy create local maxima in BP power, leading to
470 the visualization of complex BP radiators. These artifacts, indicative of an apparent
471 stagnation, often overshadow subsequent sources. This effect is visible as clustered radiators
472 at the juncture of velocity change, coupled with a discernible gap at the onset of another
473 rupture segment exhibiting a different speed (highlighted by a purple circle in Figure 10a).
474 Conversely, tailing artifacts manifest as an extension of BP radiators beyond the actual
475 cessation of rupture (illustrated by a pink circle in Figure 10a), attributed similarly to sudden
476 alterations in rupture velocity at its termination.

477 When focusing solely on leading BP radiators, a gap becomes evident at points where the
478 rupture velocity abruptly shifts or at the initiation/termination of a rupture segment (depicted
479 in Figures 10b and 10d). Notably, both real observational BP results and synthetic BP
480 analyzes employing IGFs exhibit these artifacts, as marked in Figures 10a and 10c. Thus,
481 accurately identifying shadowing and tailing artifacts is crucial for the precise evaluation of
482 rupture kinematics—such as determining the exact cessation of rupture, pinpointing changes
483 between different rupture velocity regimes, and identifying segments likely to be
484 misinterpreted due to artifact presence. Furthermore, the parallelism between artifacts
485 generated by IGFs and those observed with EGFs (Figures 10a and 10c) underscores the
486 efficacy of IGFs in producing BP images that reflect realistic scenarios, thereby enhancing
487 our capability to assess and interpret these artifacts accurately.
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489 Figure 10. Identifying Shadowing and Tailing Artifacts in BP Imaging of synthetic rupture
490 scenarios with uniform slip and abrupt rupture speed change. The setting is to image the 2020
491 Mw 7.7 Cayman Trough Earthquake using the Alaska array (referenced in Figure 3a), this
492 figure showcases BP imaging results. It plots the along-strike distances from the hypocenter
493 against rupture times relative to the earthquake's origin time. Panel (a) demonstrates BP
494 imaging with an EGF; Panel (b) isolates leading BP radiators for analysis; Panel (c) displays
495 BP imaging using an IGF,; and Panel (d) similarly focuses on leading BP radiators. Notably,
496 the rupture velocities, inferred from the slope of the high-frequency (HF) radiators, exhibit
497 variations between the intervals of 0-30 seconds and 50-70 seconds. The phenomena of
498 "shadowing artifact” and "tailing artifact" are emphasized with purple and pink circles,
499 respectively, while the green lines represent the input rupture fronts.

s00 S Discussion

501 The multi-plane-wave method stands out for its efficiency in generating stochastic,
502 high-frequency P-coda waves that align with realistic coherence decay patterns. While not
503 deterministic—meaning it does not replicate the exact waveform details (wiggle by wiggle) of
504 scattered waves—this method is particularly well-suited for array processing and BP analysis
505 due to its accurate modeling of coherence decay. Leveraging the IGFs it produces, this
506 technique enables the creation of a comprehensive test database aimed at addressing critical
507 questions about BP imaging's resolution, sensitivity, fidelity, and uncertainty. Future work
508 within this scope include assessing the reliability of BP-derived rupture speed estimates,
509 particularly in the context of supershear earthquakes; understanding the extent to which BP's
510 geometric complexities should be interpreted; exploring the relationship between BP power
511 and kinematic source parameters; and evaluating novel earthquake source imaging
512 methodologies and data sources, such as Distributed Acoustic Sensing (DAS) and
513 smartphone-based detections.
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514 Rupture speed, a crucial aspect of seismic source characterization, plays a significant role in
515 ground shaking intensity and seismic hazard assessments. Directly tracing the rupture front
516 movement via BP offers a straightforward approach to estimating rupture speed, yet a
517 comprehensive analysis of associated uncertainties remains outstanding. Utilizing realistic
518 IGFs facilitates systematic uncertainty assessments across various scenarios, from simple
519 unilateral ruptures with constant speeds to more complex fault models featuring both uniform
520 and non-uniform slip distributions derived from historical earthquakes. The insights garnered
521 from this approach, which will be detailed in forthcoming publications, promise to enhance
522 our understanding of supershear phenomena detection and offer valuable guidelines for
523 interpreting BP-observed rupture speeds, especially in elongated ruptures (Bao et al., 2022).
524 Further exploration will also delve into how depth phase contamination, abrupt changes in
525 rupture speed, and bilateral ruptures may affect accurate rupture velocity measurements,
526 providing a more nuanced understanding of the factors influencing BP analysis outcomes.

527 BP imaging has proven effective resolving a range of rupture dynamics, such as reverse
528 rupture propagation (Hicks et al., 2020), bilateral ruptures (Xie et al., 2021), encirclement of
529 rupture fronts (Meng et al., 2018), and fault jumps and steps (Meng et al., 2012a; Xie et al.,
530 2021). The reliability of these complex observations underpins the confidence in their
531 interpretation. Observations deemed trustworthy should inspire subsequent dynamic
532 simulation studies, whereas findings of marginal confidence warrant cautious consideration.
533 Employing IGFs for synthetic tests of various rupture scenarios, with attention to realistic
534 path effects, enhances our ability to distinguish between genuine rupture radiators and
535 artifacts in BP images—a crucial step in assessing the confidence level of BP analyses.
536 Additional tests, incorporating complexities from dynamic rupture simulations, will explore
537 their resolvability through BP, further refining our understanding of rupture mechanics.

538 The relationship between high-frequency seismic radiation (BP power) and specific source
539 parameters remains indistinct, with differing interpretations such as direct slip acceleration
540 (suggested by Fukahata et al., 2014 when GFs approximate a delta function) and scaling by
541 the amplitude of depth-dependent GFs (Okuwaki et al., 2019). Prior studies lacking BP
542 analysis with realistic incoherent GFs have not fully accounted for path effect influences,
543 highlighting the need for re-evaluation using IGFs. Realistic IGFs also facilitate probing the
544 kinematic source parameters that govern the high-frequency energies detected by BP,
545 including slip, slip-rate, and the form of slip-rate functions. Moreover, exploring the source
546 dynamics behind high-frequency energy generation—attributed to phenomena like barrier and
547 asperity failures, heterogeneity in the brittle-ductile transition zone (Lay et al., 2012), fault
548 roughness (Bruhat et al., 2016), and rapid healing in damage zones (Huang et al., 2016)—can
549 provide deeper insights into earthquake rupture physics.

550 Beyond BP, various emerging array processing techniques aim to enhance the quality and
551 robustness of source imaging. These include compressive sensing (Yao et al., 2011), MUSIC
552 BP (Meng et al., 2012b), N-th root stacking (Fan & Shearer, 2015), Hybrid BP (Yagi et al.,
553 2012), correlation-stacking (Fletcher et al., 2006), and BP with genetic-algorithm-based
554 station selection (Kehoe & Kiser 2018). While efforts to test these methods against synthetic
555 rupture scenarios have been made—for instance, investigations by Yin and Yao (2016) and
556 Meng et al. (2012b) on the recovery of closely spaced simultaneous sources using 1D
557 SGF—it's essential to reassess the efficacy of various BP techniques in different synthetic
558 rupture scenarios, especially in the context of waveform complexities introduced by IGFs.

559 Emerging technologies like DAS and rotational seismology are drawing increased interest
560 within the seismic research community. DAS systems, known for their capability to measure
561 strain rate using densely spaced channels, offer unique advantages that may enhance the
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562 resolution of source imaging and improve earthquake early warning systems near active faults
563 (Li et al., 2023). A study by van den Ende and Ampuero (2021) highlighted that beamforming
564 with DAS recordings is significantly influenced by scattered waves and local heterogeneities,
565 rendering DAS channel recordings markedly less coherent than those from collocated nodal
566 seismometers. This disparity could be attributed to DAS's directional sensitivity,
567 velocity-enhanced damping, and the inherently incoherent nature of strain-rate measurements
568 compared to velocity measurements. Synthetic tests using IGFs capturing such waveform
569 complexity in DAS measurements will be crucial to understand its feasibility and uncertainty
570 in seismic array processing.

571 Furthermore, the construction of synthetic test rupture scenarios has paved the way for
572 developing machine learning models dedicated to identifying artifacts in BP imaging.
573 Initially, artifacts and reliable BP radiators will be manually labeled in a vast array of
574 synthetic BP tests based on our models. Subsequently, a Deep Learning (DL) model, such as a
575 Convolutional Neural Network (CNN) or Foureir Neuro Operators (FNO), will be trained to
576 distinguish these two types of BP radiators in both synthetic and real BP images. Additionally,
577 DL methods will investigate the potential for automatically grouping BP radiators into
578 clusters that correspond to rupture segments influenced by abrupt fault kinematics changes,
579 such as jumps in rupture speed, slip variation, and alterations in sub-fault geometry. This
580 automatic segmentation process bears similarities to traditional image segmentation and
581 recognition tasks, solvable through encoder-decoder CNN architectures like U-Net
582 (Ronneberger, 2015). One could also aim to explore whether DL methods can directly
583 estimate rupture kinematic parameters (e.g., slip, rupture length, and speed).

584 However, the methodology requires further refinement to accurately model complex
585 scatterings and coherence patterns, particularly for source-side incoherency, where direct
586 measurement of coherence patterns is often hampered by the scarcity of EGF observations
587 around the fault zone. Earthquake swarms and repeating earthquakes offer a natural laboratory
588 for observing source-side scatterings, enabling the study of cross-correlation among small
589 earthquakes to derive coherence patterns and correlation lengths, for instance, in the Japan
590 subduction zone (Ide, 2019). Such observations could inform adjustments to the parameters of
591 the multi-plane-wave simulator. Additionally, modeling incoming scattered waves demands
592 consideration not only of azimuthal variation but also of changes in amplitude and polarity.
593 Incorporating more control parameters could enhance the simulation of P-coda waves, while
594 fitting CC patterns necessitates not just phase information—commonly used in BPs—but also
595 matching the amplitude decay pattern for a more comprehensive analysis.

596 6 Conclusion

597 In this study, we developed an advanced stochastic waveform generator based on the
598 superposition of plane waves, designed to replicate the incoherency observed in GFs for
599 teleseismic array recordings. This generator employs ray theory to calculate travel times and
600 aggregates random plane waves to mimic the complex high-frequency waveform intricacies
601 resulting from local/path scatterings and velocity heterogeneities. Through a grid-search
602 process, we optimized the IGFs to closely match the observed decay patterns in waveform
603 coherence over time and across interstation distances.

604 Armed with these realistically IGFs, we discovered that incoherency not only introduces
605 artifacts into BPs but also significantly enhances BP's imaging capabilities. Specifically, it
606 facilitates the detailed imaging of the central segments of homogeneous ruptures and aids in
607 distinguishing between closely situated sub-sources. Our examination of shadowing and
608 tailing artifacts further illustrates that rupture speeds can be reliably inferred by analyzing
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609 leading BP radiators, with the systematic error in rupture speed estimation quantifiably
610 assessed through this approach.

611 Looking ahead, we intend to conduct a series of synthetic tests, engaging in comprehensive
612 forward-modeling exercises and establishing benchmarks for BP imaging. Our ultimate goal
613 1s to create a versatile platform that will serve as a foundation for future BP synthetic tests,
614 pushing the boundaries of earthquake source analysis and contributing to a deeper
615 understanding of earthquake rupture dynamics. This work underscores the critical role of
616 incorporating waveform incoherency in seismic modeling and highlights the potential of
617 innovative methods to advance the field of earthquake seismology.
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13 Key Points:

14 e Developed a stochastic generator for realistic seismic wave incoherency, improving
15 understanding of earthquake source imaging analyses.

16 e Incoherent Green's functions crucially enhance back-projection imaging, resolving
17 complex rupture details.

18 e This work enables evaluations of fidelity and artifacts in advancing seismic imaging
19 techniques and accurate rupture speed assessments.

20 Abstract:

21 Back-projection (BP) is a cornerstone method for imaging earthquake ruptures, particularly
22 effective at teleseismic distances for deciphering large earthquake kinematics. Its superior
23 resolution is attributed to the ability to resolve high-frequency (>1 Hz) seismic signals, where
24 waveforms immediately following the first coherent arrivals are composed of waves scattered
25 by small-scale seismic velocity heterogeneities. This scattering leads to waveform
26 incoherence between neighboring stations, a phenomenon not captured by synthetic tests of
27 BP using Green's functions (GF) derived from oversimplified 1D or smooth 3D velocity
28 models. Addressing this gap, we introduce a novel approach to generate synthetic Incoherent
29 Green's Functions (IGF) that include scattered waves, accurately mimicking the observed
30 inter-station waveform coherence decay spatially and temporally. Our methodology employs a
31 waveform simulator that adheres to ray theory for the travel times of scattered waves,
32 aggregating them as incident plane waves to simulate the high-frequency scattered wavefield
33 across a seismic array. Contrary to conventional views that scattered waves degrade BP
34 imaging quality by reducing array coherence, our synthetic tests reveal that IGFs are
35 indispensable for accurately imaging extensive ruptures. Specifically, the rapid decay of IGF
36 coherence prevents early rupture segments from overshadowing subsequent ones, a critical
37 flaw when using coherent GFs. By leveraging IGFs, we delve into previously unexplored
38 aspects of BP imaging's resolvability, sensitivity, fidelity, and uncertainty. Our investigation
39 not only highlights and explains the commonly observed “tailing” and “shadowing” artefacts
40 but also proposes a robust framework for identifying different rupture stages and quantifying
41 their uncertainties, thereby significantly enhancing BP imaging accuracy.
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42 Plain Language Summary

43 Earthquakes release energy that travels through the Earth as seismic waves. Back-projection
44 (BP) was used to create images of these earthquakes from the waves recorded by
45 seismometers around the world. This helps us understand how earthquakes happen, including
46 which parts of the fault moved. Traditionally, BP has relied on simplified models that assume
47 seismic waves travel in a straightforward manner. However, as waves move through the Earth,
48 they encounter various materials that scatter them in different directions, much like light
49 scatters when it hits a foggy window. This scattering makes the waves more complicated by
50 the time they reach seismometers. In this study, by simulating a more realistic scenario where
51 waves scatter, we can create better images of earthquakes. This is important because it allows
52 us to see not just the initial break but also how the rupture evolves over time, without parts of
53 it being hidden by the complexities of wave scattering. This leads to a clearer picture of the
54 entire earthquake process. Additionally, our work shows a more accurate way to estimate the
55 speed at which the earthquake propagates. Understanding these speeds is crucial for assessing
56 the earthquake's impact and improving our preparedness for future seismic events.

57 1 Introduction

58 Back-projection (BP) imaging is a cornerstone technique for delineating the rupture
59 kinematics of significant earthquakes (Mw ~ 6.5+), playing a pivotal role in enriching our
60 grasp of rupture physics and enhancing seismic and tsunami hazard mitigation strategies (Bao
61 et al., 2022; Meng et al., 2014; Xie & Meng, 2020). Distinguished by its ability to pinpoint
62 sources of potent and coherent high-frequency (0.1 - 10 Hz) seismic radiation, BP leverages
63 the coherent seismic phases captured by densely spaced, large-aperture teleseismic arrays,
64 offering insights unattainable through conventional finite source inversions (Kiser & Ishii,
65 2017). This method stands out for its minimal reliance on preconceived notions regarding
66 fault geometry and slip parameterization, thus unveiling intricate details and complexities in
67 kinematic rupture processes often overlooked by traditional kinematic source inversions that
68 typically depend on longer-period seismic data (10 - 40 s).

69 BP's utility is further exemplified by its success in uncovering phenomena such as
70 multi-branch ruptures, the instantaneous dynamic triggering of local aftershocks,
71 frequency-dependent ruptures in subduction zone megathrust earthquakes, and high-frequency
72 bursts near large-slip areas or geometric barriers (Meng et al., 2011; Meng et al., 2012a; Fan
73 & Shearer, 2016; Kiser & Ishii, 2011; Yao et al., 2013; Uchide et al., 2013; Vallée & Satriano,
74 2014; Okuwaki & Yagi, 2018). Notably, BP affords more direct estimations of rupture
75 dimensions and velocities, treating high-frequency radiation sources as proxies for tracking
76 the rupture fronts (Meng et al., 2018).

77 Despite these advancements, the resolution and fidelity of the BP method is not completely
78 understood. Studies utilizing deterministic synthetic waveforms as Green’s functions for BP
79 imaging tests (Okuwaki et al., 2018; Yin & Denolle, 2019; Zeng et al., 2019; Li et al., 2022)
8o reveal a significant limitation: the simplified Green’s functions derived from overly smooth
g1 1D or 3D velocity models fall short of capturing the full spectrum of waveform complexities,
82 thus failing to accurately model the relationship between the imaged radiators and the actual
83 kinematics of the ruptures, as well as the associated uncertainties and biases in BP imaging.

84 The efficacy of BP imaging in revealing the kinematics of earthquake ruptures is largely
g5 attributed to its adeptness at capturing coherent, high-frequency seismic signals. Traditional
g6 wisdom suggests that a high degree of waveform coherence is essential for generating a
87 high-quality BP image, facilitating the clear resolution of rupture processes (Rost & Thomas,

2



88 2002). Commonly, the artifacts observed in BP images are thought to arise from the
89 waveform intricacies inherent to Green's functions (GFs), notably the P coda waves, which
90 are influenced by scattering across the heterogeneous fabric of the Earth's interior.

91 Interestingly, these waveform complexities—particularly the incoherent elements within the
92 P-coda waves—unexpectedly contribute to the success of BP imaging. The presence of low
93 coherence in the coda waves plays a crucial role, as it allows for the imaging of continuous
94 ruptures by ensuring that the BP signal strength from early sub-sources diminishes swiftly
95 over time. This dynamic prevents early rupture phases from overshadowing later ones, a stark
96 contrast to scenarios dominated by coherent coda waves. This nuanced understanding
97 underscores the significance of waveform complexities in refining BP imaging outcomes,
98 highlighting the intricate interplay between signal coherence and the visualization of seismic
99 events.

100 The complexity inherent in GFs, pivotal to BP imaging, stems from the medium's
101 heterogeneities on both the station side (Figure 1a) and the source side (Figure 1b). On the
102 station side, crustal scattering causes a decay in waveform coherence, observable in
103 teleseismic array recordings as a function of both time and distance between stations.
104 Conversely, source-side scattering 1is linked to waveform complexity due to
105 fault-damage-zone reflection and diffraction, adding another layer of complications to seismic
106 waveform analysis.
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108 Figure 1. lllustrative Overview of Green's Function Incoherency Origins. This figure captures
109 the essence of incoherency within Green's functions, differentiating between station-side (a)
110 and source-side (b) scattering and path variations. Panels (c) and (d) provide contrasts
111 between a coherent Green's function, with amplitude represented through a colormap, and a
112 more realistic depiction featuring incoherent components. Subsequent sections (e) and (f)
113 detail the aggregated power from both coherent and incoherent Green's functions,
114 respectively, with instances derived from the USArray's recordings during the 2020 Cayman
115 Trough earthquake, situated in the Caribbean Sea Plate (refer to Figure 3a for context).
116 Finally, diagrams (g) and (h) conceptualize the coherent Green's functions for individual
117 sub-sources and the teleseismic recording of a homogeneous rupture at one station, alongside
118 a representation of source-side incoherency within a homogeneous rupture's teleseismic
119 recording, respectively.

120 Green's functions generated by 1D velocity models show a lack of station-side incoherency
121 (Figure Ic), which leads to a gradual decline in the stacked power of the P-coda waves
122 (Figure le). This scenario can obscure the P-arrival from later sub-sources, effectively
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123 "burying" them within the prominent P-coda waves emanating from preceding sub-sources. In
124 contrast, more realistic Green's functions, characterized by station-side incoherency (Figure
125 1d), presents a coherent initial P arrival followed by subsequent incoherent coda waves. These
126 incoherent coda waves do not constructively interfere, leading to a rapidly diminishing
127 stacked power (Figure 1f). Such dynamics prevent an early sub-source from significantly
128 overshadowing subsequent ones, facilitating a clearer delineation of the rupture sequence (see
129 section 4.1 for more details).

130 Furthermore, source-side incoherency within Green's functions guarantees that teleseismic
131 waveform recordings from each sub-source remain distinct, even if their source-time
132 functions are identical. In cases of homogeneous (uniform slip and rise time) ruptures, Green's
133 functions lacking source-side incoherency are prone to destructive interference among
134 sub-sources (Figure 1g), which typically allows only the initial and final phases of the rupture
135 to be captured by BP. The autonomy of each sub-source introduces variations in teleseismic
136 recordings, disrupting the destructive interference pattern observed at teleseismic distances.
137 This leads to waveform fluctuations that complement the initial and terminal phases (Figure
138 1h), thereby enabling the imaging of the entirety of the homogeneous ruptures (see section 4.2
139 for more details).

140 In this study, we begin by showcasing the coherence pattern within a teleseismic array,
141 drawing upon empirical Green’s Function (EGF) events from the 2020 Mw 7.7 Cayman
142 Trough earthquake—one of the most significant strike-slip earthquakes in the Caribbean Sea
143 (refer to Figure 3a). Subsequently, we introduce an innovative stochastic multi-plane-wave
144 methodology for generating teleseismic Incoherent Green's Functions (IGF). This approach
145 involves aggregating a series of incoming plane waves to closely match the observed
146 coherence pattern of EGFs documented by a teleseismic array. Leveraging the IGFs produced
147 through this novel technique, we undertake two important synthetic tests: one aimed at
148 distinguishing between two seismic sources and another focusing on analyzing a
149 homogeneous rupture. These exercises not only highlight the critical role of waveform
150 incoherency but also serve to authenticate the IGFs' efficacy. Furthermore, they underscore
151 the implications of incorporating IGFs into the arsenal of tools for future BP synthetic
152 analyses, paving the way for more nuanced and comprehensive understandings of earthquake
153 source imaging.

154 2 Quantifying Incoherence in Realistic Green's Functions

155 In this section, we quantify the incoherence in realistic GFs, which form the benchmark for
156 our waveform modeling endeavors. To achieve this, we analyze the cross-correlation
157 coefficient (cc) of seismic array recordings, specifically targeting the P wave train starting
158 with the initial P arrival and spanning a 10-second window. To quantify waveform coherence,
159 we employ a normalized cross-correlation coefficient cc within a chosen time window [t s,
160t e:

ftt: u(zy,t) - u(we, t)dt

VI o, D]t [ us, 1)) 24t 0

ce(xy, x2) =

161

162 Here, u(x) represents the velocity waveforms recorded by two distinct stations located at x;
163 and Xx,. Within the context of a seismic array, the coherence pattern CC is derived by
164 calculating the average cc values across all pairs of stations within a specified inter-distance
165 bin d.



cold SV ce(ay, x9) €

166 (d) = N 2 ()

167 Where, € is the interval of the inter-distance bin d. Such a coherence pattern manifested across
168 an entire array for a given earthquake event delineates the station-side incoherency. Drawing
169 from our prior investigations into the coherence patterns of teleseismic P waves associated
170 with global deep earthquakes (Zhou et al., 2022), a notable trend emerges: waveform
171 coherence experiences a general decline as the interstation distance increases (Figure 2b).
172 Additionally, the coherence pattern shows a decaying trend over time following the P wave's
173 arrival (Figure 2a).
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176 Figure 2. Coherence Patterns of Global Deep Earthquakes Recorded by the USArray in
177 Alaska. Panel (a) displays the coherence pattern, represented by the average
178 cross-correlation (CC) values among station pairs within predetermined inter-distance bins,
179 charted over time subsequent to the initial P-wave arrival. Individual earthquake
180 measurements are denoted by gray curves, whereas the composite average across all events
181 (color beach balls in the upper inset) is highlighted with the red curve. Panel (b) explores the
182 CC values as a function of the distance between stations.

183 To delve deeper into the coherence patterns of teleseismic waveforms, we focused on the
184 source region of the 2020 Mw 7.7 Cayman Trough earthquake, as recorded by the USArray in
185 Alaska (AK) (Figure 3a). The earthquake's hypocenter was located at 78.756°W, 19.419°N
186 (NEIC). For our EGFs analysis, we selected three aftershocks within the fault zone, with
187 magnitudes of M 5.4, M 5.1, and M 6.1, respectively (illustrated in Figures 3b-d). The
188 waveforms from these EGFs, recorded by the Alaska array, were aligned based on the initial P
189 arrival to ensure waveform coherence before being stacked together (Figure 3e), and were
190 filtered within the 0.5-2 Hz frequency range.

191 Our analysis revealed distinct differences among the three EGFs. Specifically, EGF1 and
192 EGF2 demonstrated similarities in their initial P arrivals and subsequent depth phases. The
193 stacked waveforms (Figure 3e) highlighted that the peak amplitude of P-coda, approximately
194 10 seconds post-P arrival, carried roughly 50% of the direct P-wave's power across all three
195 EGFs. However, EGF3, with a magnitude of M 6.1, presented more complex waveforms
196 preceding the P-wave arrival, possibly indicating the coda wave of an earlier earthquake.
197 Ideally, to accurately measure source-side incoherence and to potentially reconstruct a
198 elongated rupture, a dense coverage of EGFs across the fault plane would be preferable.



199 Nevertheless, given the reality that only earthquakes with magnitudes above M5 are
200 discernible with a decent signal-to-noise ratio (SNR) at teleseismic distances, available events
201 are limited and sparsely distributed. In the context of the Cayman Trough earthquake
202 sequence, this limitation meant that only three such earthquakes were available for analysis.
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204 Figure 3. Three EGFs in the Cayman Trough fault zone. (a) Tectonic settings. Outer panel
205 shows the Cayman Trough fault plane (green line), mainshock (red star), and three
206 aftershocks (vellow stars) with moment tensor solutions from global centroid moment tensor
207 (gCMT) catalog. The fault plane is assumed to be along the strike direction of the mainshock.
208 Inner panel shows the relative location of the fault zone (ved star) and the USArray in Alaska
209 (green triangles). (b-d) Aligned colormap showing the coherence of the three EGFs5.
210 Colormap represents the amplitude. (e) Stacked waveform (power) of the aligned waveforms
211 of the three EGF's (normalized according to the maximum amplitude of each stacked EGF).

212 Subsequently, we delve into the coherence patterns presented by each EGF, as illustrated in
213 Figure 4. Within a specified narrow frequency band, we observe that the coherence pattern
214 tends to decrease both over time and with increasing distance between stations, reflecting the
215 influences of the station-side scatterings. To quantify the decay of coherence relative to the
216 distance between stations, we adopt a consistent 10-second window commencing at the
217 P-wave onset, calculating the cross-correlation (CC) for each pair of stations in the array.
218 Distances between stations are categorized into 50 km bins, beginning from a minimum of
219 100 km, with the average CC value and its standard deviation documented for each bin
220 (Figure 4a).

221 Additionally, the temporal decay of coherence, starting from the initial P-wave arrival, is
222 evaluated using a moving window approach. This approach maintains a 10-second duration,
223 advancing in 0.5-second increments. At every step, we compile and report the mean CC value
224 across all station pairings (Figure 4b), offering insights into the temporal change of the
225 seismic signal coherence.

226 Within a specified narrow frequency band (i.e., 0.5-2 Hz), we noted that the coherence
227 patterns across the three EGFs displayed striking similarities (as shown in Figure 4c,d).
228 Specifically, the CC values for EGF1 and EGF3 commence at approximately 0.77 at an
229 interstation distance of 50 km, exhibiting an almost linear decline to values between 0.65 and
230 0.7 at distances extending to 2,500 km. In contrast, the CC value for EGF2 demonstrates a
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231 more gradual decrease, from 0.92 at 50 km to 0.88 at 2,500 km. Regarding the temporal decay
232 of CC values, all three EGFs start with high CC values (ranging from 0.78 to 0.88) at the
233 onset of the first P arrival, which then precipitously fall to below 0.4 within 25 seconds post-P
234 arrival.
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236 Figure 4. Analyzing the Coherence Patterns of Empirical Green's Functions in the Cayman
237 Trough Fault Zone. Panels (a) and (b) present the initial coherence measurements, employing
238 the average cross-correlation coefficient (CC) across all station pairs, with error bars
239 indicating the standard deviation of these CC values. These measurements, specifically for
240 EGF1 within the 0.5-2 Hz frequency range, illustrate (a) the variation of CC relative to
241 interstation distance and (b) the change in CC over time following the P-wave onset. Panels
242 (c) and (d) extend this analysis to encompass the coherence patterns of all three EGFs within
243 the same frequency band, examining (c) interstation distance effects and (d) temporal decay
244 post-P arrival. Panels (e) and (f) synthesize these observations, showcasing the overall
245 coherence patterns across the fault zone: (e) aggregates the time-dependent coherence
246 patterns from the three EGFs across varying frequency bands, while (f) compiles the spatial
247 coherence trends.

248 Given the shared coherence pattern among the three EGFs, we averaged the coherence
249 functions to encapsulate the overall coherence patterns from the fault zone to the seismic
250 array (illustrated in Figure 4e,f). This averaged coherence, assessed across three frequency
251 bands (0.25-1, 0.5-2, and 1-4 Hz), reveals a consistent trend of coherence fluctuation relative
252 to both interstation distance and time elapsed since the P-wave arrival. The initial 20 seconds
253 post-P arrival witnesses a rapid decay in averaged coherence values, plummeting from
254 between 0.72-0.8 to 0.25-0.3. From 20 to 60 seconds, this decay rate moderates, culminating
255 in exceedingly low CC values around 0.6 seconds. The analysis shows a uniform linear
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256 decline in coherence across all three frequency bands concerning interstation distance: starting
257 with CC values of 0.78-0.82 at 250 km and diminishing to 0.68-0.78 at 2,000 km. The decline
258 rate remains consistent across frequencies, although coherence at zero distance decreases with
259 increasing frequency—a phenomenon partly attributed to local site conditions, particularly
260 shallow subsurface variations, leading to waveform similarities of less than 1 even at zero
261 distance.

262 Assessing source-side coherence poses its challenges, notably due to the scarcity of
263 teleseismic observations of requisite EGFs characterized by small earthquakes within a single
264 fault zone sharing a similar focal mechanism but varying locations. Such data could ideally be
265 sourced from earthquake swarms or zones with recurring seismic activity. Despite these
266 limitations, near-fault observations offer valuable insights into source-side coherence patterns,
267 supported by observed waveform spatial correlation lengths of ~ 20 km within the source
268 region, as derived from phase coherence fluctuation measurements of the LASA and
269 NORSAR arrays in the 0.5 - 0.8 Hz band (Capon & Berteussen, 1974; Berteussen et al.,
270 1975). These insights allow us to approximate the source-side coherence pattern with a degree
271 of informed speculation.

272 3. Multi-Plane-Wave Method for Generating Incoherent Green's
273 Functions

274 This section introduces a novel waveform simulator that leverages the superposition of
275 multiple plane waves to effectively model incoherent GFs. Given the crucial role of
276 incoherence in both station-side and source-side phenomena for generating realistic and
277 dependable BP synthetic tests, our method aims to accurately simulate the high-frequency
278 waveform characteristics inherent to realistic seismic events.

279 Traditionally, capturing the full scope of a seismic rupture's complexity might involve
280 collecting EGF events for each subfault within the rupture zone. Ideally, these EGF events
281 would range between magnitudes 4.5 and 6.5, aligning with the point-source assumption and
282 ensuring a high signal-to-noise ratio. However, the scarcity of EGF events that adequately
283 span the entire source region presents a significant challenge. An alternative approach
284 involves generating synthetic GFs (SGFs) through numerical waveform modeling, utilizing
285 3D velocity structures derived from tomographic imaging and hypothesized subduction
286 geometries. Yet, these models often fall short, offering overly smoothed representations that
287 fail to capture essential high-frequency waveform details. Attempts to introduce random
288 heterogeneity into these models have been made (e.g., Emoto & Sato, 2018), but the
289 computational demands of such detailed waveform simulations on a global
290 scale—particularly at the necessary high frequencies (~2 Hz)—are prohibitively high, with a
291 single SGF computation at an epicentral distance of 50 degrees potentially taking over 1,278
292 days on a desktop workstation (an Intel Xeon Gold 6132@2.4GHz CPU with 14 cores).

293 To address these challenges, we propose a highly efficient simulator capable of producing
294 high-frequency incoherent GFs without necessitating deterministic waveform modeling.
295 Crucially, this simulator is designed to align with the observed coherence patterns of actual
296 GFs, thereby enhancing the utility of array-processing techniques.

297 The methodology centers on the initial plane wave, signifying the teleseismic P-wave arrival,
298 followed by a series of plane waves simulating the P coda waves as observed in array
299 recordings. These subsequent waves, emanating from random Rayleigh scatterers near the
300 raypath, arrive from a variety of azimuths described by a Gaussian distribution.
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The distribution's mean azimuth, o,, correlates with the initial P-wave arrival direction, with
its standard deviation, o,, increasing linearly over time (Figure 5a-c). This pattern continues
until reaching a specified maximum value, a,,,, beyond the initial arrival period (threshold
time t,), as depicted in Figure 5d. Such a distribution aims to replicate the broadening
azimuthal range of scattered waves encountered at later times, thereby contributing to the

observed decay in waveform coherence with increasing inter-station distance. The synthetic
Green's function can be written as:
M
w
Gk (Thg, t) = E(t) - Z ?cos(ai —a)Go(t —t; — (rux — 10) pcos(a; — Oyo))
i=1 (4)

In this model, G,, represents the Green's function from the n-th point source to the k-th
station, where r,; is the epicentral distance. r, and p are the mean epicentral distance and ray
parameters, respectively. We anticipate the arrival of M plane waves within our designated
time frame. The amplitude of each arriving plane wave is modulated by the cosine of the
azimuth angle difference (o,—a,), adhering to the Rayleigh scattering radiation pattern and
assuming the scatterer's proximity to the direct ray path. The amplitude diminishes inversely
with travel time (z;), respecting the geometric spread of body waves, as depicted in Figure 5c.
The constant parameter w influences the overall weighting. The initial plane wave, or the seed
function G,,, emanates from the n-th source towards a reference station, comprising a
0.5-second half-period of a 1-Hz sine wave to mimic the point source's initial response. This

is succeeded by a 9.5-second random time series, embodying a series of half-sine waves with
randomized arrival times, with its maximum amplitude set to 10% of the initial sine wave to
illustrate source-side incoherence due to heterogeneous fault zone propagation.
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Figure 5. Illustrating the Multi-Plane-Wave Method. Panels (a) and (b) depict incoming

326 plane waves at two distinct travel times, t; and t, with their azimuths determined by a

327

Gaussian distribution (highlighted area), represented by red dashed lines for clarity, and the
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328 direction of propagation indicated by solid red arrows. Panel (c) shows the amplitude decay
329 factor relative to time post-P-wave arrival, with arrival times t; and t, highlighted for
330 reference. Panel (d) presents a scatter plot illustrating the variability in incoming azimuths as
331 a perturbation from the P-wave's azimuth over time; here, gray circles denote individual
332 plane waves, while red dots highlight specific waves at t; and t,, underscored by cyan dashed
333 lines, with the threshold time demarcated by a red line. Panels (e) and (f) display the
334 coherence patterns adjusted for time post-P-wave arrival and interstation distance,
335 respectively. The gray curves map out the coherence pattern across 100 implementations of
336 the IGF using the multi-plane-wave approach, with the red curve summarizing the average
337 coherence pattern from these implementations. The green curve reflects the coherence pattern
338 derived from empirical Green's Functions, with all patterns assessed within the 0.5-2 Hz
339 frequency band.

340 Given the absence of direct measurements for short-wavelength heterogeneity within the fault
341 zone, seed functions are produced with a 20 km spatial correlation length in the source region,
342 inspired by the P-wave phase coherence fluctuation analysis from the LASA and NORSAR
343 array within the 0.5 - 0.8 Hz band (Capon & Berteussen, 1974; Berteussen et al., 1975). The
344 shared path and receiver effects across different fault patches necessitate a uniform azimuth
345 variable a; for all sources. The factor E(¢) adjusts the envelope of the synthetic incoherent
346 Green's function, with the envelope of stacked empirical Green's functions providing a basis
347 to preserve relative amplitude details post-first P phase. Although ideally measured at each
348 station, the low signal-to-noise ratio of EGFs at certain stations complicates direct envelope
349 measurements. Hence, an averaged envelope suffices for relative amplitude comparisons in
350 BP analysis.

351 Equation (3) outlines three pivotal parameters—maximum azimuth range (o), threshold
352 time (¢,), and plane wave density (M)—identified through a grid-search method to align with
353 the observed coherence decay over time and distance, based on empirical data in a
354 least-square sense.
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356 This process, exemplified by the Cayman Trough earthquake analysis, successfully replicates
357 the spatial and temporal coherence pattern with a,,,,=120°, 7,=18 seconds, and M=30 for the
358 0.5 - 2 Hz frequency band (Figures Se-f). These empirically derived parameters, while
359 effective for replicating observed coherence patterns, are not directly linked to the underlying
360 scattering processes, which remains beyond this study's scope. Notably, waveform analysis
361 within this frequency range illustrates pronounced incoherent components (Figure 6a) in stark
362 contrast to the overly coherent 1D synthetic Green's functions (SGFs) (Figure 6b). The
363 envelope of the IGF closely mirrors that of the EGFs, marking a significant advancement in
364 our method's ability to efficiently simulate realistic incoherent GFs, thereby enhancing the
365 fidelity of BP synthetic tests.
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367 Figure 6. Comparison of Waveforms and Their Stacked Envelopes. Panel (a) showcases the
368 Incoherent Green's Functions (IGF) waveforms, panel (b) displays the 1-Dimensional
369 Synthetic Green's Functions (1D SGF), and panel (c) illustrates the Empirical Green's
370 Functions (EGF) waveforms. In each panel, variations in waveform amplitude are indicated
371 by the color spectrum.

a72 4 Synthetic BP tests with incoherent GFs

373 In this section, we conduct two synthetic BP tests using IGFs to demonstrate the significance
374 of incoherency of Green's functions to BPs. The first test is the BP of two competing
375 sub-sources which shows the importance of coherence decay with time. The second test is the
376 BP of a homogeneous rupture to show the ability that incoherency enables the imaging of the
377 middle part of the homogeneous rupture. In general, we observe that our multi-plane-wave
378 method generated IGFs consist of realistic high-frequency incoherent waves, which allows the
379 BP to resolve the entirety of the homogenous rupture and is thus suitable for further BP
380 synthetic tests.

381 4.1 Two competing sources

382 In this synthetic test, we simulate the source region of the 2020 Cayman Trough earthquake
383 (as depicted in Figure 3a) with the USArray in Alaska serving as the seismic array. Two
384 competing point sources are introduced: the primary source is located at the Cayman Trough
385 earthquake's hypocenter (78.756°W, 19.419°N, NEIC), and the secondary 'competing' source
386 is positioned 30 km west, with a 10-second delay, simulating westward rupture propagation at
387 3 km/s. This setup particularly aims to explore the interaction between the P-codas from the
388 initial source and the direct P-wave from the subsequent source in BP imaging, assigning
389 double the power to the first source compared to the second. To assess the impact of different
390 Green's functions, we utilize synthetic GFs calculated with the 1D PREM earth model (1D
391 SGF), the waveforms from an M5.4 aftershock as the EGF, and the IGF produced by our
392 multi-plane-wave method.

393 The peak amplitude of the P-coda from the first source coincides with the direct P-wave from
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394 the second source, both arriving with similar amplitudes and thus competing within the BP
395 imaging framework. Figures 7a-c present the BP results from the competing-source tests
396 using 1D SGFs, EGFs, and IGFs, respectively. The 1D SGFs fail to account for coherence
397 decay over time or across station distances, whereas the EGFs, with their inherent incoherent
398 components, allow for the resolution of the second source with less than 7 km of uncertainty
399 (Figure 7b). The 1D SGF BP results exhibit a pronounced systematic location bias (over 15
400 km) favoring the first source (Figure 7a) and fail to identify any signals at the second source's
401 location. In contrast, the IGFs successfully delineate the second source, albeit with some
402 artifacts between the two sources (Figure 7c). This experiment demonstrates that when two
403 signals of comparable power intersect, the coda waves from 1D SGFs can obscure or distort
404 subsequent arrivals. It further illustrates the importance of realistically modeling GF
405 coherence decay over time to prevent early subsources from overshadowing later ruptures.
406 IGFs accurately mimic the decay of realistic GFs' coherency, significantly improving the
407 resolution of competing sources.
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409 Figure 7. Experiment of two competing sources. (a) (b) and (c) are BP results of the two
410 competing sources when 1D synthetic GF (1D SGF), Empirical GF (EGF), and incoherent
411 GF (IGF) are applied, respectively. Stars with red edges are the two input sources, and circles
412 are the location of peak source radiation identified by BP. All symbols are color coded by
413 time and scaled by relative powers.

414 4.2 Analysis of a Homogeneous Rupture

415 Exploring the impacts of incoherent Green's Functions (GFs) originating from the source side
416 provides valuable insights, particularly in the context of a homogenous rupture model. Here
417 “homogeneous ruptures” refer to those with uniform source characteristic across the rupture
418 zone (slip, shape of source time function, rise time, etc). In reality, ruptures are rarely
419 homogenous but can be highly smooth especially on mature strike-slip faults and shallow
420 portions of the megathrust faults (Meng et al., 2011). Figure 8 conceptualizes the challenges
421 presented by perfectly coherent GFs within such a model, where each sinusoidal wave
422 packet—emitted by individual sub-sources within a narrow frequency band—generates
423 identical signals. This uniformity leads to destructive interference across the rupture's center,
424 notably diminishing the presence of high-frequency signals and leaving only the
425 starting/stopping phases to be imaged by BP.
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Conceptual Paradigm of the Starting/Stopping Phase
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428 Figure 8. Conceptual paradigms of destructive interferences in a homogenous rupture with
429 perfectly coherent GFs, which explains the physical origins of starting/stopping phases. We
430 present two different perspectives: (a) seismograms originated from different subsequent
431 sources result constructively interfere in the beginning and the end but destructively interfere
432 in the middle; (b) a high-pass filter applied over the moment-time function shows that in such
433 settings, high-frequency signals are not correlated to the absolute moment rate but rather to
434 the its fluctuations.

435 To examine these effects, we conducted BP tests on a homogenous rupture model employing
436 three distinct types of GFs: 1D synthetic GFs (Figure 9a), uniform EGFs based on M5.4
437 aftershock waveforms applied uniformly across all sub-sources (Figure 9b), and IGFs imbued
438 with spatial variability for each sub-source (Figure 9c). These IGFs were generated using the
439 multi-plane-wave method, ensuring significant wave incoherence both at the source and
440 receiver ends.

441 Mirroring the conceptual demonstration, the BP analysis using uniform EGFs primarily
442 highlights the rupture's initiation and termination phases (Figure 9b). However, spatial
443 variability in GFs on the source side disrupts the pattern of destructive interference,
444 facilitating the generation of high-frequency signals throughout the rupture. This effect is
445 vividly captured in the BP test employing IGFs, which successfully delineates the propagating
446 fronts across the entire rupture event (Figure 9c). Beyond the inherent incoherency in GFs,
447 sudden variations in fault kinematics—such as changes in rupture speed, slip velocity, and the
448 spatial arrangement of slip vectors across sub-fault patches—can similarly counteract
449 destructive interference, producing pronounced signals within BP imagery (Li et al., 2020).
450 Nonetheless, the application of incoherent IGFs enables BP to consistently resolve the
451 movement of rupture fronts, even under conditions of gradual kinematic variation. This
452 finding elucidates why BP analyzes often successfully depict the full extent of rupture
453 propagation in numerous case studies.
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Synthetic Rupture Front

n
=}
s}

Power

(=]
o

Distance Projected
Along Strike (km)

L ¢ . . 0
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
(d) Time (s) (e) Time (s) (f) Time (s)

| — WY
0 20 40 60 80100120140
Time (s)

454 82

455 Figure 9. Back-Projection Analysis of a Homogeneous Rupture Scenario. Panels (a) and (d)
456 showcase BP images and their corresponding power levels derived from synthetic Green's
457 Functions (GFs) based on a 1D seismic model (1D SGF). Panels (b) and (e) display results
458 using a uniform empirical Green's Function (EGF), while panels (c) and (f) present outcomes
459 from incoherent synthetic Green'’s Functions (IGFs). In this synthetic experiment, the input
460 fault rupture (straight color line) is configured to span 300 km in length and 15 km in width,
461 featuring a consistent slip of 5 meters. The rupture is designed to advance unilaterally
462 westward at a velocity of 5 km/s, within the source region of the Cayman Trough earthquake,
463 as illustrated in Figure 3a.

464 4.3 Evaluating Tailing and Shadowing Artifacts in BP Imaging

465 Utilizing IGFs allows for the simulation of realistic incoherency, presenting a distinctive
466 avenue to scrutinize artifacts within BP imaging that closely mirror actual conditions. This
467 section investigates two commonly encountered artifacts in BP imaging: tailing and
468 shadowing. Shadowing artifacts predominantly emerge at points of abrupt changes in rupture
469 velocity, where bursts of high-frequency energy create local maxima in BP power, leading to
470 the visualization of complex BP radiators. These artifacts, indicative of an apparent
471 stagnation, often overshadow subsequent sources. This effect is visible as clustered radiators
472 at the juncture of velocity change, coupled with a discernible gap at the onset of another
473 rupture segment exhibiting a different speed (highlighted by a purple circle in Figure 10a).
474 Conversely, tailing artifacts manifest as an extension of BP radiators beyond the actual
475 cessation of rupture (illustrated by a pink circle in Figure 10a), attributed similarly to sudden
476 alterations in rupture velocity at its termination.

477 When focusing solely on leading BP radiators, a gap becomes evident at points where the
478 rupture velocity abruptly shifts or at the initiation/termination of a rupture segment (depicted
479 in Figures 10b and 10d). Notably, both real observational BP results and synthetic BP
480 analyzes employing IGFs exhibit these artifacts, as marked in Figures 10a and 10c. Thus,
481 accurately identifying shadowing and tailing artifacts is crucial for the precise evaluation of
482 rupture kinematics—such as determining the exact cessation of rupture, pinpointing changes
483 between different rupture velocity regimes, and identifying segments likely to be
484 misinterpreted due to artifact presence. Furthermore, the parallelism between artifacts
485 generated by IGFs and those observed with EGFs (Figures 10a and 10c) underscores the
486 efficacy of IGFs in producing BP images that reflect realistic scenarios, thereby enhancing
487 our capability to assess and interpret these artifacts accurately.
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489 Figure 10. Identifying Shadowing and Tailing Artifacts in BP Imaging of synthetic rupture
490 scenarios with uniform slip and abrupt rupture speed change. The setting is to image the 2020
491 Mw 7.7 Cayman Trough Earthquake using the Alaska array (referenced in Figure 3a), this
492 figure showcases BP imaging results. It plots the along-strike distances from the hypocenter
493 against rupture times relative to the earthquake's origin time. Panel (a) demonstrates BP
494 imaging with an EGF; Panel (b) isolates leading BP radiators for analysis; Panel (c) displays
495 BP imaging using an IGF,; and Panel (d) similarly focuses on leading BP radiators. Notably,
496 the rupture velocities, inferred from the slope of the high-frequency (HF) radiators, exhibit
497 variations between the intervals of 0-30 seconds and 50-70 seconds. The phenomena of
498 "shadowing artifact” and "tailing artifact" are emphasized with purple and pink circles,
499 respectively, while the green lines represent the input rupture fronts.

s00 S Discussion

501 The multi-plane-wave method stands out for its efficiency in generating stochastic,
502 high-frequency P-coda waves that align with realistic coherence decay patterns. While not
503 deterministic—meaning it does not replicate the exact waveform details (wiggle by wiggle) of
504 scattered waves—this method is particularly well-suited for array processing and BP analysis
505 due to its accurate modeling of coherence decay. Leveraging the IGFs it produces, this
506 technique enables the creation of a comprehensive test database aimed at addressing critical
507 questions about BP imaging's resolution, sensitivity, fidelity, and uncertainty. Future work
508 within this scope include assessing the reliability of BP-derived rupture speed estimates,
509 particularly in the context of supershear earthquakes; understanding the extent to which BP's
510 geometric complexities should be interpreted; exploring the relationship between BP power
511 and kinematic source parameters; and evaluating novel earthquake source imaging
512 methodologies and data sources, such as Distributed Acoustic Sensing (DAS) and
513 smartphone-based detections.
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514 Rupture speed, a crucial aspect of seismic source characterization, plays a significant role in
515 ground shaking intensity and seismic hazard assessments. Directly tracing the rupture front
516 movement via BP offers a straightforward approach to estimating rupture speed, yet a
517 comprehensive analysis of associated uncertainties remains outstanding. Utilizing realistic
518 IGFs facilitates systematic uncertainty assessments across various scenarios, from simple
519 unilateral ruptures with constant speeds to more complex fault models featuring both uniform
520 and non-uniform slip distributions derived from historical earthquakes. The insights garnered
521 from this approach, which will be detailed in forthcoming publications, promise to enhance
522 our understanding of supershear phenomena detection and offer valuable guidelines for
523 interpreting BP-observed rupture speeds, especially in elongated ruptures (Bao et al., 2022).
524 Further exploration will also delve into how depth phase contamination, abrupt changes in
525 rupture speed, and bilateral ruptures may affect accurate rupture velocity measurements,
526 providing a more nuanced understanding of the factors influencing BP analysis outcomes.

527 BP imaging has proven effective resolving a range of rupture dynamics, such as reverse
528 rupture propagation (Hicks et al., 2020), bilateral ruptures (Xie et al., 2021), encirclement of
529 rupture fronts (Meng et al., 2018), and fault jumps and steps (Meng et al., 2012a; Xie et al.,
530 2021). The reliability of these complex observations underpins the confidence in their
531 interpretation. Observations deemed trustworthy should inspire subsequent dynamic
532 simulation studies, whereas findings of marginal confidence warrant cautious consideration.
533 Employing IGFs for synthetic tests of various rupture scenarios, with attention to realistic
534 path effects, enhances our ability to distinguish between genuine rupture radiators and
535 artifacts in BP images—a crucial step in assessing the confidence level of BP analyses.
536 Additional tests, incorporating complexities from dynamic rupture simulations, will explore
537 their resolvability through BP, further refining our understanding of rupture mechanics.

538 The relationship between high-frequency seismic radiation (BP power) and specific source
539 parameters remains indistinct, with differing interpretations such as direct slip acceleration
540 (suggested by Fukahata et al., 2014 when GFs approximate a delta function) and scaling by
541 the amplitude of depth-dependent GFs (Okuwaki et al., 2019). Prior studies lacking BP
542 analysis with realistic incoherent GFs have not fully accounted for path effect influences,
543 highlighting the need for re-evaluation using IGFs. Realistic IGFs also facilitate probing the
544 kinematic source parameters that govern the high-frequency energies detected by BP,
545 including slip, slip-rate, and the form of slip-rate functions. Moreover, exploring the source
546 dynamics behind high-frequency energy generation—attributed to phenomena like barrier and
547 asperity failures, heterogeneity in the brittle-ductile transition zone (Lay et al., 2012), fault
548 roughness (Bruhat et al., 2016), and rapid healing in damage zones (Huang et al., 2016)—can
549 provide deeper insights into earthquake rupture physics.

550 Beyond BP, various emerging array processing techniques aim to enhance the quality and
551 robustness of source imaging. These include compressive sensing (Yao et al., 2011), MUSIC
552 BP (Meng et al., 2012b), N-th root stacking (Fan & Shearer, 2015), Hybrid BP (Yagi et al.,
553 2012), correlation-stacking (Fletcher et al., 2006), and BP with genetic-algorithm-based
554 station selection (Kehoe & Kiser 2018). While efforts to test these methods against synthetic
555 rupture scenarios have been made—for instance, investigations by Yin and Yao (2016) and
556 Meng et al. (2012b) on the recovery of closely spaced simultaneous sources using 1D
557 SGF—it's essential to reassess the efficacy of various BP techniques in different synthetic
558 rupture scenarios, especially in the context of waveform complexities introduced by IGFs.

559 Emerging technologies like DAS and rotational seismology are drawing increased interest
560 within the seismic research community. DAS systems, known for their capability to measure
561 strain rate using densely spaced channels, offer unique advantages that may enhance the
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562 resolution of source imaging and improve earthquake early warning systems near active faults
563 (Li et al., 2023). A study by van den Ende and Ampuero (2021) highlighted that beamforming
564 with DAS recordings is significantly influenced by scattered waves and local heterogeneities,
565 rendering DAS channel recordings markedly less coherent than those from collocated nodal
566 seismometers. This disparity could be attributed to DAS's directional sensitivity,
567 velocity-enhanced damping, and the inherently incoherent nature of strain-rate measurements
568 compared to velocity measurements. Synthetic tests using IGFs capturing such waveform
569 complexity in DAS measurements will be crucial to understand its feasibility and uncertainty
570 in seismic array processing.

571 Furthermore, the construction of synthetic test rupture scenarios has paved the way for
572 developing machine learning models dedicated to identifying artifacts in BP imaging.
573 Initially, artifacts and reliable BP radiators will be manually labeled in a vast array of
574 synthetic BP tests based on our models. Subsequently, a Deep Learning (DL) model, such as a
575 Convolutional Neural Network (CNN) or Foureir Neuro Operators (FNO), will be trained to
576 distinguish these two types of BP radiators in both synthetic and real BP images. Additionally,
577 DL methods will investigate the potential for automatically grouping BP radiators into
578 clusters that correspond to rupture segments influenced by abrupt fault kinematics changes,
579 such as jumps in rupture speed, slip variation, and alterations in sub-fault geometry. This
580 automatic segmentation process bears similarities to traditional image segmentation and
581 recognition tasks, solvable through encoder-decoder CNN architectures like U-Net
582 (Ronneberger, 2015). One could also aim to explore whether DL methods can directly
583 estimate rupture kinematic parameters (e.g., slip, rupture length, and speed).

584 However, the methodology requires further refinement to accurately model complex
585 scatterings and coherence patterns, particularly for source-side incoherency, where direct
586 measurement of coherence patterns is often hampered by the scarcity of EGF observations
587 around the fault zone. Earthquake swarms and repeating earthquakes offer a natural laboratory
588 for observing source-side scatterings, enabling the study of cross-correlation among small
589 earthquakes to derive coherence patterns and correlation lengths, for instance, in the Japan
590 subduction zone (Ide, 2019). Such observations could inform adjustments to the parameters of
591 the multi-plane-wave simulator. Additionally, modeling incoming scattered waves demands
592 consideration not only of azimuthal variation but also of changes in amplitude and polarity.
593 Incorporating more control parameters could enhance the simulation of P-coda waves, while
594 fitting CC patterns necessitates not just phase information—commonly used in BPs—but also
595 matching the amplitude decay pattern for a more comprehensive analysis.

596 6 Conclusion

597 In this study, we developed an advanced stochastic waveform generator based on the
598 superposition of plane waves, designed to replicate the incoherency observed in GFs for
599 teleseismic array recordings. This generator employs ray theory to calculate travel times and
600 aggregates random plane waves to mimic the complex high-frequency waveform intricacies
601 resulting from local/path scatterings and velocity heterogeneities. Through a grid-search
602 process, we optimized the IGFs to closely match the observed decay patterns in waveform
603 coherence over time and across interstation distances.

604 Armed with these realistically IGFs, we discovered that incoherency not only introduces
605 artifacts into BPs but also significantly enhances BP's imaging capabilities. Specifically, it
606 facilitates the detailed imaging of the central segments of homogeneous ruptures and aids in
607 distinguishing between closely situated sub-sources. Our examination of shadowing and
608 tailing artifacts further illustrates that rupture speeds can be reliably inferred by analyzing
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609 leading BP radiators, with the systematic error in rupture speed estimation quantifiably
610 assessed through this approach.

611 Looking ahead, we intend to conduct a series of synthetic tests, engaging in comprehensive
612 forward-modeling exercises and establishing benchmarks for BP imaging. Our ultimate goal
613 1s to create a versatile platform that will serve as a foundation for future BP synthetic tests,
614 pushing the boundaries of earthquake source analysis and contributing to a deeper
615 understanding of earthquake rupture dynamics. This work underscores the critical role of
616 incorporating waveform incoherency in seismic modeling and highlights the potential of
617 innovative methods to advance the field of earthquake seismology.
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