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Summary6

Back-projection has proven useful in imaging large earthquake rupture processes. The method7

is generally robust and does not require many assumptions about the fault geometry or the Earth8

velocity model. It can be applied in both the time and frequency domain. However, back-projection9

images are often obtained from records filtered in a narrow frequency range, limiting our ability10

to uncover the whole rupture process. Here we develop and apply a novel frequency-difference11

backprojection (FDBP) technique to image large earthquakes, which imitates frequencies below the12

bandwidth of the signal. The new approach originates from frequency-difference beamforming,13

which was initially designed to locate acoustic sources. The method stacks the phase-difference14

of frequency pairs, given by the autoproduct, and is less affected by multipathing and structural15

inhomogeneities. Additionally, it can potentially allow us to locate sources more accurately even16

in the presence of strong near-source scattering, albeit with lower resolution. In this study, we first17

develop the FDBP algorithm and then validate it by performing synthetic tests. We further compare18

two different stacking techniques of the FDBP method and their effects in the back-projection images.19

We then apply both the FDBP and conventional time-domain back-projection methods to the 201520

M 7.8 Gorkha earthquake as a case study. The back-projection results from the two methods agree21

well with each other, and we find that the peak radiation loci have standard error of less than 0.2◦22

through a bootstrapping test. The FDBP method shows promise in resolving complex earthquake23

rupture processes in tectonically complex regions.24

Key words: Earthquake source observations; Time-series analysis; Computational seismology;25

Body waves; Wave propagation26
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1 INTRODUCTION27

Understanding earthquake rupture processes is fundamental to studying earthquake physics28

and estimating seismic hazards. However, large earthquakes often rupture in complex ways, which29

are challenging to resolve via traditional means. Backprojection is an imaging technique to study30

earthquake rupture evolution [Ishii et al., 2005; Krüger and Ohrnberger, 2005]. The method is data31

driven but computationally efficient; thus, it has potential in hazard warning applications [e.g., Hayes32

et al., 2011]. Uniquely, backprojection can take advantage of coherent high-frequency seismic body33

waves to discern earthquake rupture velocity and slip extent without assuming a fault geometry [see34

summary in Kiser and Ishii, 2017]. Hence, backprojection results have led to improved understanding35

of the inter-relations between rupture propagation, fault geometry, surrounding material lithology,36

and earthquake triggering [Walker and Shearer, 2009; Meng et al., 2012a; Fan et al., 2017, 2019].37

Backprojection uses simple 𝑃 waves and takes advantage of source-receiver reciprocity to image38

earthquakes. The method can be implemented in either the time domain or the frequency domain39

[e.g., Manchee and Weichert, 1968; Goldstein and Archuleta, 1987; Ishii et al., 2005; Krüger and40

Ohrnberger, 2005; Tan et al., 2019], and it has also been applied to various arrays with different41

configurations [e.g., Xu et al., 2009a; Kiser and Ishii, 2012; Wang and Mori, 2011]. Although the data42

processing procedures of different methods can cause some variations [Rost and Thomas, 2002; Meng43

et al., 2016; Qin and Yao, 2017], the general rupture features are similar [Zhang et al., 2016; Yagi and44

Okuwaki, 2015; Liu et al., 2017; Wang and Mori, 2016; Avouac et al., 2015], showing the robustness of45

the backprojection results. The stability results from stacking coherent waveforms, and the approach46

does not perform a formal inversion with physical constraints. However, the method can suffer from47

imaging artifacts when there are coherent signals that are not due to the rupture process [e.g., Meng48

et al., 2012b]. Such artifacts can be caused by near-source scatters, e.g., depth phases and water49

phases [Yue et al., 2017; Fan and Shearer, 2018]. The backprojection images can also suffer from50

strong 3D velocity influences in causing inaccurate travel time predictions or limited array footprints51

that can distort the array responses [e.g., Okuwaki et al., 2014; Meng et al., 2016]. Furthermore,52

complex ruptures may involve multiple distinct faults that have varying focal mechanisms, posing53

challenges to accurately resolve the spatiotemporal propagation of these earthquakes [e.g., Zeng54

et al., 2020]. Mitigating these biases and quantifying the solution uncertainties remain key issues in55

backprojection studies.56

Here, we develop a novel frequency-difference backprojection method (FDBP) aimed to address57

the uncertainties in earthquake imaging. The frequency-difference method was first introduced in58
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acoustics beamforming [Abadi et al., 2012]. It can accurately resolve the arrival of a signal even59

in the presence of wave propagation effects that cannot be fully characterised by a known velocity60

model. The basis of this method lies in the inherent tradeoff between robustness and resolving power61

of any given wavelength. Backprojection of higher frequencies becomes increasingly unstable as the62

period of the waves approaches the magnitude of error in predicted travel times. To circumvent this63

limitation, the frequency-difference method uses “autoproducts” to simulate lower frequencies. The64

autoproduct is given by the quadratic product of a complex wavefield with the complex conjugate65

of another wavefield at a different frequency. The phase-difference of each frequency pair mimics66

the phase of a wave at the difference-frequency (Figure 1). Such a procedure can potentially resolve67

source locations with higher accuracy (Figure 1B), albeit with lower resolution. Additionally, the68

autoproducts can be averaged incoherently over a frequency band of interest, which may further69

reduce the error from multipathing or scattering under certain conditions [Worthmann and Dowling,70

2017]. We elaborate on the theory of FDBP in Section 2.71

In this study, we first develop the theoretical and numerical frameworks of using FDBP to image72

earthquakes, and then apply the method to the 2015 Mw 7.8 Gorkha, Nepal earthquake to investigate73

its rupture process as a case study. We evaluate the method by performing synthetic tests using74

both Ricker and real seismic waveforms. Our synthetic tests are benchmarked with results from a75

conventional time domain backprojection method. We also explore a range of empirical parameters76

used in the FDBP imaging procedure to examine the effects of the parameter choices. In general,77

FDBP can image seismic radiation accurately and appears less sensitive to the noise level when78

compared to conventional backprojection methods. For the 2015 Gorkha earthquake, the rupture79

characteristics resolved by FDBP are consistent with previous results, especially in a high frequency80

(0.3-2Hz) band. Our results show that FDBP is a promising new method, and its robust results may81

provide new insights into complex earthquake rupture processes.82

2 THEORY83

2.1 Conventional Backprojection84

Conventional time-domain 𝑃-wave backprojection aligns the seismic waveforms with their85

initial arrivals, and then back-propagates the records to a set of grid points near the earthquake86

hypocenter to infer its rupture process. For simplicity, herein the conventional time-domain back-87

projection is referred as CTBP to compare with FDBP. The stacked waveforms from CTBP at a88
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candidate source (grid location 𝑟) is given by89

𝐵conv (𝑟, 𝑡) =
𝑁∑︁
𝑘=1

1
𝑛𝑘

𝑑𝑘 (𝑡 − 𝜏𝑘 (𝑟) − 𝑠𝑘) (1)90

where 𝑑𝑘 (𝑡) is the velocity record of the 𝑘 th station at time 𝑡, 𝑟 is the source grid location, 𝜏𝑘 (𝑟) is91

the predicted travel time from 𝑟 to the 𝑘 th station, and 𝑠𝑘 is the time correction term obtained from92

cross-correlation (Section 3.1). The velocity record of each station is inversely weighted by the total93

number of stations within 5 degrees of the station, 𝑛𝑘 , to enhance the signals recorded at sparsely94

distributed stations [e.g., Fan et al., 2016]. Finally, the backprojection energy is computed as the95

root-mean-square of the stacked waveforms over a time window 𝑇 :96

𝐸conv (𝑟) =
√︃
⟨(𝐵conv (𝑟, 𝑡))2⟩𝑇 (2)97

In the frequency domain, conventional backprojection shifts the spectra in phase, stacks spectra98

from different stations, and averages the stacks over the frequency band of interest. The phase-shifts99

are equivalent to the time-shifts in the time domain. The waveforms are divided into segments to100

investigate the temporal propagation. Taking the earthquake hypocenter as a reference point (𝑟0) for101

the first time window, the time-shift at grid 𝑟 can be rearranged as102

𝜏𝑘 (𝑟) = 𝜏𝑘 (𝑟0) + [𝜏𝑘 (𝑟) − 𝜏𝑘 (𝑟0)]

= 𝜏𝑘 (𝑟0) + Δ𝜏0
𝑘 (𝑟)

(3)103

where 𝜏𝑘 (𝑟0) determines the onset of the time window segments and Δ𝜏𝑘 (𝑟) is used in the phase-104

shift of the waveforms to obtain the back-projection images. As the rupture moves away from the105

hypocenter, a Doppler correction is needed to ensure that seismic phases from the same slip episode106

are included in one time window. Hence, we use the peak energy location of the previous time107

window as the reference point for the successive time window [e.g., Meng et al., 2012b; Wang108

et al., 2016; Yin et al., 2018]. This method works best for simple rupture cases, such as unilateral,109

continuous rupture propagations.110

Taking 𝑃𝑘 (𝜔) as the spectrum of the 𝑘 th station for a time window, where 𝜔 is the frequency,111

the backprojection result at frequency 𝜔 is112

𝐵conv (𝑟, 𝜔) =
����� 𝑁∑︁
𝑘=1

1
𝑛𝑘

𝑃𝑘 (𝜔)𝑤𝑘 (𝑟, 𝜔)
�����2 (4)113

where 𝑤𝑘 (𝑟, 𝜔) = 𝑒𝑖𝜔Δ𝜏0
𝑘
(𝑟) is a phase-weighting factor, and the backprojection energy is then114

calculated by averaging over the frequency range of interest.115

𝐸conv =
〈
𝐵conv (𝑟, 𝜔)

〉
𝜔

(5)116
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2.2 Frequency-Difference Backprojection117

When applying the frequency-difference backprojection (FDBP), the complex wavefield term118

in Equation 5 is substituted with the autoproduct, the product of complex wavefields [Douglass119

and Dowling, 2019]. The autoproduct simulates a wave at the difference-frequency using the phase120

difference of a pair of frequencies (Figure 1A). Assuming that the phase of the source is approximately121

constant over the frequency band of interest [Worthmann and Dowling, 2017] and that arrivals of122

lower frequency seismic waves can be better predicted, backprojecting the autoproduct decreases the123

impact of travel time error on the accuracy of the phase shift (Figure 1B). The autoproduct, 𝐴𝑃𝑘 ,124

measured at the 𝑘 th station for a pair of frequencies, is defined as:125

𝐴𝑃𝑘 (�̄�,Δ𝜔) = 𝑃𝑘 (𝜔2)𝑃∗
𝑘 (𝜔1) = 𝑃𝑘

(
�̄� + Δ𝜔

2

)
𝑃∗
𝑘

(
�̄� − Δ𝜔

2

)
(6)126

where �̄� is the average and Δ𝜔 is the difference of two frequencies, 𝜔1 and 𝜔2.127

The autoproduct can then be averaged incoherently (BWAP – Band Width Averaged Autoprod-128

uct) or coherently (non-BWAP) over the frequency pairs. Here, averaging incoherently (BWAP)129

means averaging the spectra of the available frequency pairs (complex value) before stacking. Aver-130

aging coherently (non-BWAP) means averaging the backprojection results of each pair (real value)131

after stacking. The incoherently averaged (BWAP) autoproduct is defined as132

𝐴𝑃𝑘 = ⟨𝐴𝑃𝑘 (�̄�,Δ𝜔)⟩𝜔 =
1
𝑀

𝑀∑︁
𝑚=1

𝐴𝑃𝑘 (�̄�𝑚,Δ𝜔) (7)133

for 𝑀 sets of average frequencies.134

The BWAP procedure can improve the robustness of the results in the presence of random135

noise and signal-generated noise in earthquake 𝑃 waves by suppressing additional terms due to the136

multiple path effects, e.g., scattered or reflected waves from multiple ray paths [Worthmann et al.,137

2017; Douglass et al., 2017]. It is most effective if the frequency range (bandwidth) is sufficiently wide138

such that there are enough averaging pairs. The required bandwidth depends on the time difference139

between the interfering ray paths, and is given by the condition (ΔΩ𝐻−𝐿 − Δ𝜔) |Δ𝜏𝑚−𝑙 | >= 2𝜋140

[Worthmann and Dowling, 2017], where ΔΩ𝐻−𝐿 is the averaging bandwidth, Δ𝜔 is the difference-141

frequency, and Δ𝜏𝑚−𝑙 is the arrival time differences of two ray paths. For example, this condition is142

satisfied for difference-frequencies of 0.1 Hz when the signal bandwidth is ≥1.7 Hz for arrival-time143

differences of 4s or longer. Hence, the smaller the value of Δ𝜔, the more robust BWAP is to random144

noise and reflected waves.145
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The FDBP outputs for both averaging methods at a difference-frequency, Δ𝜔, are given by146

𝐵Δ,BWAP(𝑟,Δ𝜔) =
����� 𝑁∑︁
𝑘=1

𝐴𝑃𝑘 (Δ𝜔)𝑤𝑘 (𝑟,Δ𝜔)
�����2 (8)147

and148

𝐵Δ,non−BWAP(𝑟,Δ𝜔) =
〈����� 𝑁∑︁

𝑘=1
𝐴𝑃𝑘 (�̄�,Δ𝜔)𝑤𝑘 (𝑟,Δ𝜔)

�����2
〉
𝜔

(9)149

The final backprojection results can be obtained by averaging over a range of difference-150

frequency pairs to increase the robustness of the results [Douglass et al., 2017]. The output of FDBP151

in this study is defined as152

𝐵Δ (𝑟) =
〈
𝐵Δ (𝑟, �̄�)

〉
Δ𝜔

(10)153

which varies for different stacking time windows and can be used to track earthquake rupture154

propagation.155

3 DATA AND METHODS156

In this section, we describe the data processing steps for synthetic and real waveforms as157

well as the practical implementations of CTBP and FDBP for the synthetic cases and the 2015158

Mw 7.8 Gorkha earthquake. To benchmark our FDBP mainshock results with the images obtained159

from CTBP, we designed two sets of resolution and uncertainty analyses using both synthetic and160

observed seismograms. We also bootstrap the records to statistically analyze the result sensitivity to161

the global array configuration.162

3.1 Seismic Data Selection and Processing163

For synthetic seismograms, we use the Ricker wavelet to approximate 𝑃-wave pulses (Fig-164

ure 3A). The Ricker wavelet has a constant phase over 0.3–2 Hz. The constant phase simplifies the165

implementation of BWAP [Worthmann and Dowling, 2017], and such an exercise helps to isolate166

the effects of inaccurate travel times in the backprojection images. A single Ricker wavelet [Ricker,167

1953] in the time domain is defined as168

𝑑Ricker (𝑡) =
(
1 − 1

2
(2𝜋 𝑓𝑝)2𝑡2

)
exp

(
−1

4
(2𝜋 𝑓𝑝)2𝑡2

)
(11)169

where 𝑓𝑝 is the peak frequency (Hz) and 𝑡 denotes time. In this study, the peak frequency 𝑓𝑝 is 1 Hz.170

For a multiple source case, synthetic seismograms of each source are generated independently and171

then summed together at each station.172
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We download globally distributed, vertical-component, broadband 𝑃-wave records from the173

Data Management Center of the Incorporated Research Institutions for Seismology (see Data Avail-174

ability), including records of Mw 6.6 (2015/04/25) and Mw 6.7 (2015/04/26) aftershocks, and those175

of the 2015 Mw 7.8 Gorkha earthquake. The records are processed in a similar manner. The stations176

are within 30◦ to 90◦ epicentral distance from the respective hypocenters. In total, we use 155 unique177

stations to image the 2015 Gorkha mainshock and 45 stations for the aftershock test. To compare our178

Mw 7.8 Gorkha earthquake results to other studies, we evaluate the seismograms in two frequency179

bands, 0.05–0.5Hz (low frequency, LF, Figure 2B) and 0.3–2Hz (high frequency, HF, Figure 2C).180

The seismograms are filtered with a zero-phase 4th order Butterworth filter. For each frequency181

band, the filtered records with signal-to-noise ratios (SNR) less than 3 are discarded. The SNR is182

defined as the root-mean-square (RMS) amplitude ratio from time windows 10 s before and 10 s after183

the theoretical 𝑃-wave arrival obtained from IASP91 [Kennett and Engdahl, 1991]. To balance the184

station distribution, we group stations into one-degree azimuthal bins and only select one record per185

bin in each cluster. Finally, the records are visually examined, and we only keep the ones that have186

clear, simple 𝑃-wave onsets.187

To reduce impacts from three-dimensional (3D) Earth velocity structures, we empirically correct188

possible travel time errors by aligning the waveforms before the backprojection analyses. The189

waveforms are aligned using a multichannel cross-correlation method for the two frequency bands190

independently [VanDecar and Crosson, 1990; Shearer, 1997; Hauksson and Shearer, 2005]. In this191

method, we construct linear inverse problems using the differential times obtained from pairwise192

cross-correlations, weighting each pair by their cross-correlation coefficients. The optimal set of193

values (time correction) minimizes the ℓ1 misfit, and are calculated using the CVX package [a package194

for solving convex problems, Grant and Boyd, 2008]. The final optimal time corrections are obtained195

after iteratively repeating this inversion procedure using different window lengths, where subsequent196

iterations of alignment are based upon the previous corrections. Low-frequency records are aligned197

after two iterations using time windows of -8–8 s and 0–6 s relative to the theoretical 𝑃-wave arrival.198

High-frequency records are aligned after three iterations, using time windows of 1.5–8 s, 0–6 s, and199

0.6–1.7 s. In addition, the HF timeshifts of stations NWAO and KOM are manually corrected. These200

windows are visually selected to align the waveforms using the earliest strong pulses.201

We generate composite seismograms as “synthetic” data by summing real seismic records of202

the Mw 6.6 and Mw 6.7 aftershocks. The two earthquakes have similar focal mechanisms to that203

of the mainshock. The first aftershock locates close to the mainshock epicenter while the second204

aftershock situates near the eastern end of the slip distribution (Figure 2). The records are first205
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filtered at 0.3–2 Hz, and normalized by the first 5 s from their arrival times. These waveforms of206

the two events recorded by the same station are then scaled by a set of amplitude ratios and summed207

together from 40 s before to 60 s after their predicted 𝑃 wave arrivals from the two events with a208

20 s delay for the second event. We adopt the same set of empirical time corrections obtained for209

the Mw 6.6 earthquake for later analyses. The time corrections are different for the two earthquakes210

at the same station. This is likely due to the near-source small-scale 3D velocity structures. Hence,211

applying backprojection analyses to the composite “synthetic” data will allow us to examine the212

realistic effects of multiple paths, reflections, and noise.213

3.2 Backprojection Analyses214

We apply CTBP and FDBP methods to both synthetic and observed seismograms to compare215

their performance. The waveforms are processed in the same way for the two analyses. The216

waveforms are self-normalized by the maximum amplitude of the first few seconds of the 𝑃 waves217

to remove effects from site conditions, radiation pattern, and instrument gains. The normalizing218

window is set as 10 s for the synthetic seismograms, 5 s for the composite records, and 20 s for the219

2015 Gorka mainshock. To locate potential sources, we set source grids of 400 by 400 km with a220

5 km spacing covering an area of 26.4◦–30.0◦ and 82.8◦–86.9◦ in latitude and longitude. The grids221

are fixed at the hypocentral depth of 10 km. The same set of potential source grids are used for all222

the analyses in this study, including the uncertainty analyses. Theoretical 𝑃-wave travel times of the223

grids are computed using the IASP91 velocity model [Kennett and Engdahl, 1991].224

For CTBP, we apply the 𝑁th root stacking approach to sharpen the images and reduce the noise225

influence at the cost of absolute amplitude information [McFadden et al., 1986]. The nonlinear226

stacking strategy has been successfully implemented in backprojection analyses, and we use 𝑁 = 4,227

which has yielded well-resolved results [e.g., Xu et al., 2009b]. Evolution of the rupture process can228

be inferred from the snapshots of the backprojection energy bursts. Here we use a snapshot window229

length of 10 s with a 10 s time step starting from -5 s.230

For FDBP, we use the same start time and time steps but longer time windows of 15 s duration231

to increase frequency resolution. The range of difference-frequencies used directly impact the FDBP232

results. We empirically select the difference frequency ranges by trial-and-error tests as 0.05-0.15 Hz233

for the Ricker test and 0.05–1.5 Hz for the aftershock tests. For the mainshock analysis, we used234

0.07–0.33 Hz for LF BWAP, 0.07–0.4 Hz for LF non-BWAP, 0.13–0.47 Hz for HF BWAP and235

0.33–1.27 Hz for the HF non-BWAP. We use a reference point time-windowing strategy for FDBP236
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as detailed in Section 2 to ensure that coherent phases recorded by all stations can be used to image237

rupture propagation for the same time windows. The theoretical travel time 𝜏𝑘 (𝑟 ref) from the peak238

location of the previous time window is used to determine the onsets of the following time windows239

of the stations.240

3.3 Uncertainty Analyses241

We use the Ricker wavelet synthetic seismograms to assess the FDBP robustness against the242

travel time error. We use the Mw 6.6 and Mw 6.7 aftershock locations to compute the synthetic243

seismograms, assuming a 20 s time separation between the two sources, and apply both CTBP and244

FDBP to the synthetic seismograms to resolve the two sources. The stations are randomly placed245

within an epicentral distance range of 30◦ to 90◦ from the location of the first source (Figure 3A). The246

station distances are drawn from a normal distribution with a mean of 60◦ and standard deviation of247

12◦, while the azimuthal distribution is drawn from a uniform distribution from 0◦ to 360◦. Synthetic248

seismograms are computed at these stations as the superpositions of the Ricker wavelet functions249

(Equation 11), and then filtered at 0.3–2 Hz. To simulate the travel time error, we add a random arrival250

time perturbation to the synthetic seismograms for the second source. The random perturbation are251

drawn from a zero mean normal distribution with a standard deviation of 2 s, which is likely greater252

than the observed travel time errors.253

To evaluate the effects of signal-generated noise, we apply the CTBP and FDBP imaging254

procedures to the composite “synthetic” data. The synthetic Ricker wavelet test is useful to isolate255

the impacts of potential travel time errors. However, the simple waveforms do not reassemble the256

real observations, which often contain coda waves and noises. Here, the noise arises from random257

sources or structural scatterers. Such noise contributions are coherent and may cause artifacts that258

are difficult to distinguish from true rupture features. Hence, we create a second synthetic test using259

real waveforms and apply the CTBP and FDBP imaging methods following the procedure described260

in Section 3.2. The imaging results of the second source depend on the amplitude ratio between the261

𝑃-waves of the two earthquakes, and we discuss the effects of this ratio in the following section.262

For the mainshock case study, we statistically examine the results by bootstrapping the stations.263

Specifically, we randomly re-sample the stations following a uniform distribution to obtain an array264

with the same number of stations, and repeat the CTBP and FDBP backprojection analyses for 1000265

times, respectively. We quantify the image uncertainties as the standard errors of the latitude and266

longitude of peak energy locations. Lastly, we calculate the normalized peak power time functions267
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for both FDBP averaging approaches using the same difference-frequency ranges as the results in268

Figure 4, and compare them to the normalized moment rate function of the finite-fault model in269

Galetzka et al. [2015]. The normalized peak power time functions for FDBP are calculated using270

a time window of 15 s duration and an increment time step of 1 s. The normalized moment rate271

function of Galetzka et al. [2015] is calculated with non-overlapping 1 s windows.272

4 RESULTS273

4.1 Resolution and Uncertainty274

As described in Section 1, there are intrinsic ambiguities in backprojection images. To un-275

derstand the resolution and uncertainty of our results, we evaluate the FDBP method using a set276

of synthetic tests before comparing the mainshock results to previous studies. We first apply the277

imaging procedures outlined in Section 3.2 to the Ricker wavelet synthetic seismograms. To make a278

quantitative evaluation of the results, we examine the distances between the peak energy loci and the279

input source locations to assess the accuracy of the results. Figure 3A–D show the setup and results280

of a test run. We find that both the FDBP and CTBP methods can resolve the synthetic sources281

well. In the FDBP framework, the BWAP and non-BWAP procedures produce similar results with a282

standard error of 0.03◦, while CTBP results have a standard error of 0.22◦ (Figure 3B–D). We also283

observe that using lower values of difference-frequencies leads to more accurate results but at lower284

resolutions. These results validate our numerical implementation of FDBP.285

Similarly, we apply both backprojection methods to the composite “synthetic” seismic records286

from the Mw 6.6 and Mw 6.7 aftershocks. We implement the same procedures as applied to the287

synthetic tests and use the same set of parameters as detailed in Section 3.2. The composite records288

include pre-𝑃-wave noises and 𝑃-wave coda waves of the two earthquakes. The coda wave from289

the first source overlaps with the arrival of the second source, and the resolvability of the second290

source strongly depends on the relative 𝑃-wave amplitudes. When the amplitude ratio of the first291

source to the second source is 2, the FDBP method can locate the second source using either of the292

averaging approaches (BWAP or non-BWAP), while CTBP fails to do so in this test (Figure 3E–G).293

Additionally, both BWAP and non-BWAP work well for a large range of difference-frequencies. This294

shows that for transient seismic sources, BWAP is a feasible method as long as we stack over a wide295

range of frequencies for the given time windows. In summary, the synthetic tests show that FDBP296

has a potential advantage over CTBP when the records are noisy and may be better suited to image297

later rupture stages of large earthquakes when seismic radiations are likely obscured by coda waves.298
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4.2 Backprojection images of the 2015 Mw 7.8 Gorkha earthquake299

We image the 2015 MW 7.8 Gorkha earthquake with both the CTBP and FDBP (BWAP and300

non-BWAP) methods in two frequency bands (0.05–0.5 Hz, LF and 0.3–2 Hz, HF, Figure 4). The301

conventional time domain approach yields similar results as reported by previous studies [e.g., Fan302

and Shearer, 2015; Avouac et al., 2015]. Here we focus on the FDBP results and highlight the new303

features. We find that both the BWAP and non-BWAP results can capture the general rupture process304

of the 2015 Mw 7.8 Gorkha earthquake (Figure 5B,C), but with some variation in the details of the305

snapshots.306

First, we examine the FDBP BWAP results. The LF BWAP snapshot results (Figure 4B) show307

three distinct rupture stages: a slow initial stage for the first 10 seconds, a steady propagation stage308

from 20 to 40 s, and a final termination stage for the last 10 seconds. The initial stage features309

a slow rupture development with an apparent rupture speed that is almost stationary (Figure 5E).310

The initial stage is manifested in the first 10 s waveforms that show little moveout (Figure 2C). The311

earthquake rupture then propagated in a curved line towards the southeast direction in the second312

stage and halted before reaching the May 12 Mw 7.3 aftershock. Finally, the backprojection images313

suggest a somewhat chaotic termination stage, showing an apparent rupture episode towards the314

updip direction (shallower depth). The LF BWAP snapshot results share similar features to those315

from the LF CTBP method, but the peak energy loci during 30–35s seem to be located at deeper316

depths (Figure 5D,E). The HF BWAP snapshots (Figure 4E) are slightly different from the LF BWAP317

ones. They appear to cluster around three distinct locations – the hypocenter, the peak slip location318

of the earthquake, and the point where the rupture transitions towards the updip direction in the319

last stage. Additionally, the cluster around the peak slip is located further up-dip compared to the320

corresponding LF BWAP snapshots.321

Both the LF and HF non-BWAP results also suggest that the earthquake rupture is almost322

stationary for the first 10 s, but there are some variations in the later-stage non-BWAP results323

compared to those of BWAP. From 10 to 55 s, the non-BWAP results show that the rupture propagates324

continuously in a linear fashion, different from the BWAP or CTBP results. Further, the HF non-325

BWAP results do not suggest an abrupt up-dip rupture transition in the last stage but a northwest326

rupture before the earthquake termination. Loci of the LF non-BWAP snapshots are also located327

further down-dip compared to their HF snapshots or the CTBP images. In general, we find that the328

BWAP and non-BWAP FDBP peak loci are located within the 1 m slip contours of the Wang and329
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Fialko [2015] and Galetzka et al. [2015] finite-fault slip models (Figure 5B and D), and the LF loci330

tend to trace the downdip edge of the slip.331

The BWAP and non-BWAP results depend on the frequency range of the difference-frequency.332

For example, lower values of difference-frequencies would lead to more coherent BWAP images, as333

theorized in Section 2. The non-BWAP stacking approach appears to be able to utilize a larger range334

of difference-frequencies, but the results may vary when using different difference-frequencies. For335

example, using a bandwidth of 0.13-0.87 Hz would result in similar non-BWAP images as to the HF336

BWAP snapshots.337

The location uncertainties (standard error of the peak locations) from the bootstrapping analysis338

are visualized as error bars in Figure 4, representing the sensitivity of each method to the global339

array station distribution. Lower standard deviations do not necessarily mean that the results are340

more accurate as the bootstrapping procedure only tests the sensitivity of the results to the station341

distribution. In general, the location uncertainty increases as the rupture progresses, which is likely342

due to interference from coda waves or travel time error from near-source heterogeneities. The CTBP343

results have small location standard deviations comparing to the FDBP results. We also observe344

that the LF CTBP results have greater latitude uncertainties than those of the HF CTBP results.345

The LF and HF BWAP features have similar uncertainties, while the LF non-BWAP results have346

lower uncertainties than those of the HF non-BWAP results. The greater standard deviations of the347

HF non-BWAP locations may result from the broader difference-frequency range, which helps to348

enhance the resolution but compromises the robustness.349

Lastly, we find that the normalized peak power time functions and the normalized moment rate350

function from Galetzka et al. [2015] share similar patterns (Figure 5A and C) with an exception of351

the 24–34 s HF BWAP results. Back-projection normalized peak power time functions often have352

different patterns compared to the finite-fault moment rate functions, and our results show that FDBP353

might help to connect high-frequency seismic radiation to lower frequency seismic slip. We find that354

the LF and HF peak power time functions are more similar for non-BWAP than BWAP. The FDBP355

normalized peak power time functions also tend to have relatively higher values at around 40 s than356

the normalized moment rate function of Galetzka et al. [2015].357

5 DISCUSSION358

The mainshock rupture features are imaged consistently using the CTBP and FDBP methods359

in the high frequency band (0.3–2 Hz), including the three main rupture stages as described in360
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Section 4.2. These features are also reported in previous backprojection and finite-fault inversion361

studies [e.g., Fan and Shearer, 2015; Grandin et al., 2015; Wang and Mori, 2016; Yagi and Okuwaki,362

2015; Avouac et al., 2015; Galetzka et al., 2015], confirming the robustness of our results. The363

general good agreement between the CTBP and FDBP images supports the feasibility of the FDBP364

method. Additionally, the location uncertainties in the CTBP and LF non-BWAP results are low,365

with most loci standard errors less than 0.2◦. These results suggest that the FDBP images are robust.366

Furthermore, the HF results are obtained from using globally distributed seismic records filtered up367

to 2 Hz frequency content, which is a significant increase of the commonly used frequency band in368

previous global backprojection studies [e.g., Walker and Shearer, 2009; Fan and Shearer, 2016].369

Details of the CTBP and FDBP snapshots of the 2015 Gorkha earthquake differ from each370

other for a few time windows. For example, the peak CTBP radiation around 35 s is located updip371

near Kathmandu, but this is not observed in the FDBP results. To investigate the possible cause, we372

realigned the LF waveforms at time window 8 (centered at 35 s) based on the peak loci of the CTBP373

and FDBP non-BWAP results (Figure 6). The waveforms appear to be more coherently aligned using374

the FDBP loci compared to CTBP.375

The observed differences can be caused by the different windowing approaches of CTBP and376

FDBP. Each potential grid point is treated independently in CTBP, and the continuous stacked-377

wavetrains at each point can naturally resolve the rupture propagation when compared among the378

set of grids. In contrast, FDBP employs the reference-window strategy (Section 2) to track down379

the rupture process. Therefore, the final CTBP images are obtained from different 𝑃-wave windows380

for the grid points in a given snapshot, whereas FDBP uses the same time window for all grid381

points. It suggests that possibly mismatched 𝑃-wave pulses are more likely to be included in the382

same CTBP stacking window than that of FDBP, causing spatially clustered snapshots. On the other383

hand, the reference-window strategy may have resulted in larger bootstrap uncertainties for the FDBP384

results. This is because the reference points in FDBP are different for each time window, and any385

difference in the initial snapshots can be amplified for subsequent snapshots, resulting in greater386

location uncertainties.387

The differences in the CTBP and FDBP results could have also arisen from the differences388

in measuring coherence. CTBP stacks the waveforms in the time domain, and amplitudes of the389

pulses strongly impact the final results. FDBP stacks the phase-difference of frequency pairs in the390

frequency domain, and the coherence of the pairs determines the images. In comparison, CTBP391

results are more likely influenced by the amplitudes of the waveforms, while FDBP results would be392
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more sensitive to the shape of the pulses. The Gorkha earthquake ruptured unilaterally, showing a393

strong rupture directivity effect, which caused the relative amplitudes of each pulse to vary between394

stations. Consequentially, the CTBP images may have been impacted to generate sporadic radiation395

clusters, while the FDBP snapshots suggest a more continuous rupture propagation.396

Travel-time error, interference from depth phases, noise at individual stations, variations in focal397

mechanism, and the frequency-dependent seismic radiation of large earthquakes could have impacted398

the CTBP and FDBP results as well. For example, FDBP simulates lower, out-of-band frequencies399

by using autoproducts, which makes the method less sensitive to travel-time error. Moreover, FDBP400

is less affected by interferences from noise or reflected waves. FDBP may also mitigate the impact401

of variations in focal mechanism during earthquake ruptures, as the phase-differences of frequency402

pairs are not affected by polarity flips. The details of these effects remain open questions and require403

further analysis using both synthetic and real data. One future direction involves the application of404

FDBP and CTBP to image simulated dynamic rupture scenarios to explore and quantify the possible405

imaging uncertainties.406

We find that the two averaging approaches, BWAP and non-BWAP, appear to have different407

impacts in different implementations. For example, both averaging approaches perform equally well408

for our synthetic tests (Figure 3). However, for the 2015 Gorkha mainshock, the non-BWAP results409

have lower location uncertainties and suggest a continuous, linear rupture propagation, slightly410

different from those of the BWAP results (Figure 4). In contrast, previous acoustic studies find that411

BWAP is superior at locating sources than non-BWAP [Douglass et al., 2017]. The variations in412

performances may be from the complexities in the source characteristics and the wave propagations413

— the acoustic experiments have an idealized laboratory experiment setup; the aftershock synthetic414

tests use simple point sources, and the Gorkha mainshock ruptured over 160 km [Galetzka et al.,415

2015]. In the acoustic experiments, the sources are static and emit Gaussian-windowed chirp416

pressure waves with frequencies over a hundred of kilohertz [Lipa et al., 2018]. The media (water)417

is homogeneous, and the boundary conditions are given. On the other hand, large earthquakes418

can rupture over hundreds to thousands of kilometers and radiate seismic waves in complex ways419

[Ishii et al., 2005; Lay et al., 2005]. The seismic array configuration is also less ideal than acoustic420

experiments, and the 3D Earth structure can cause complex 𝑃-wave field at higher frequencies. In421

general, it is difficult to directly compare laboratory results with field studies, and we caution direct422

comparisons of images of different sources and cases. A careful evaluation of the image uncertainties423

and a through examination of the parameters are necessary before interpreting the FDBP results.424
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However, it is remarkable that FDBP can be successfully used to image earthquake rupture processes425

despite the great differences.426

FDBP is a promising new method and is still in an early stage of development. Here the imaging427

parameters are selected empirically to enhance the results of the 2015 Nepal earthquakes. These428

parameters are likely case-dependent for different earthquakes, and their effects on the FDBP results429

are yet to be explored. For example, the optimal difference-frequency range likely depends on the430

earthquake magnitude and its rupture process, e.g., length and duration, as well as the magnitude of431

the travel time errors and the reflected waves. The implementation of a global array allows the FDBP432

method to be used to image more earthquakes with good azimuthal coverage, although the waveforms433

may be less coherent for complex cases, requiring careful analyses to assure image robustness.434

We find that both CTBP and FDBP can be effective in imaging earthquake rupture processes,435

and they both have unique merits in resolving different potential rupture features. Imaging earthquake436

with both methods and collectively analyzing earthquake rupture processes would potentially improve437

the understanding of rupture propagation details. Our Gorkha earthquake analysis shows that FDBP438

can provide an accurate, first-order estimate of the rupture energy and locations which could be useful439

for informing earthquake or tsunami rapid response efforts. Our synthetic tests show that FDBP has440

the potential to improve the accuracy of backprojection results, which would be particularly useful441

for resolving large earthquake rupture processes in structurally complex regions. It is possible to442

apply FDBP to moderate magnitude earthquakes using regional arrays and high frequency seismic443

records. Such events can be challenging to resolve using conventional approaches, and averaging444

over a large range of frequency pairs may enable the FDBP method to obtain reliable models that445

could advance our understanding of earthquake rupture processes.446

6 CONCLUSION447

We have developed a novel frequency-difference backprojection (FDBP) approach in the fre-448

quency domain that uses difference frequencies and autoproducts to image earthquake rupture pro-449

cesses. We further explore two different stacking strategies, BWAP and non-BWAP, which stack the450

spectra incoherently and coherently. The FDBP method has potential in reducing seismic radiation451

location uncertainty. From systematic uncertainty quantification exercises, we find that FDBP can452

reduce the impacts of inaccurate travel time errors as well as coda wave interference. We successfully453

apply FDBP to image the 2015 Gorkha Mw 7.8 earthquake in two frequency bands, and its main454

rupture features are robustly resolved. The FDBP results resemble those of conventional backprojec-455
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tion methods, and the obtained peak radiation loci have less than 0.2◦ standard deviations in general.456

Furthermore, we find that FDBP results depend on windowing strategies and parameter choices, such457

as difference-frequency ranges. The two stacking approaches reveal different details of the Gorkha458

earthquake rupture process, and the non-BWAP images suggest a continuous, linear rupture process.459

The FDBP method shows promise in resolving complex earthquake rupture processes in tectonically460

complex regions and can potentially be applied to image moderate magnitude earthquake rupture461

using regional arrays and high frequency seismic records.462
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Figure 1. Conceptual sketch of FDBP. (A) Phase difference between two waves (3Hz and 2Hz) mimicking the

phase of a wave at a difference frequency (1Hz). Arrows show the phase of the waves, and the angle indicates

the phase difference. (B) Conceptual graph demonstrating FDBP decreases the bandwidth (extent of blue box)

to a lower apparent bandwidth (extent of red box), increasing the robustness of the results.
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Figure 2. The 2015 M 7.8 Gorkha Nepal earthquake and its waveforms. (A) Map view of the source region

and its three large aftershocks. Contours show finite-fault slip models of Wang and Fialko [2015] and Galetzka

et al. [2015] (1:2:6 meters contours). Insets show the stations used in this study and the mainshock focal

mechanism. (B) Low frequency (0.05–0.5 Hz) waveforms, first 60 s. (C) High frequency (0.3-2Hz) waveforms,

first 25 s. The waveforms are self-normalized by the first 15 s and arranged by the station azimuth (vertical-axis).
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Figure 3. Synthetic tests. (A) Station distribution of the Ricker test, map view with Lambert azimuthal

equal-area projection. The white star shows the location of the two sources. (B-D) Backprojection results of

CTBP, BWAP, and non-BWAP. The difference-frequencies used for BWAP and non-BWAP is 0.05-0.15 Hz.

The time windows are 20 s long each. The backprojection results are plotted with contours of 80:4:100. Black

crosses indicate the location of the backprojection peak loci. (E–H) are similar to (A–D), but for the aftershock

composite “synthetic” waveform test and difference-frequencies of 0.05-1.5 Hz.
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Figure 4. Backprojection results of the 2015 Gorkha, Nepal mainshock. The three columns show results

of CTBP, BWAP, and non-BWAP. The top row shows the low frequency (0.05–0.5 Hz) radiation results. The

bottom row shows the high frequency (0.3–2 Hz) radiation results. The centroid time of each time window is

indicated in the legend. The standard errors of the peak loci is shown as the error bars. The white star, grey

diamond, and grey star indicate the mainshock, Kathmandu, and the M7.3 aftershock, respectively.
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Figure 5. Comparison of the FDBP results with finite-fault slip models. (A) Normalized FDBP BWAP

peak power time functions and moment-rate function in Galetzka et al. [2015]. (B) FDBP BWAP results and

finite-fault slip models [Wang and Fialko, 2015; Galetzka et al., 2015]. The LF and HF FDBP results are

shown as red and blue circles respectively. The centroid time of each time window is indicated in the legend.

The finite-fault slip models [Wang and Fialko, 2015; Galetzka et al., 2015] are shown with contours of 1:2:6

meters. The white star, grey diamond, and grey star are the mainshock, Kathmandu, and the M7.3 aftershock,

respectively. (C–D) similar to (A–B), but for the FDBP non-BWAP results.
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Figure 6. LF waveforms realigned at time window 8 (centered at 35 s). The alignments are based on the 

peak loci of the (A) CTBP and (B) FDBP Non-BWAP results. Time window 8 is delineated by the red patch in 

the background and the waveforms are self-normalized by their first 35 s. Blue boxes highlight similar sets of 

pulses for visual comparisons.
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