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Abstract 21 

Traditionally, the reconstruction of seismic phases from inter-receiver noise correlations is 22 

attributed to the interference between waves from noise sources in the stationary-phase regions. 23 

With seismic noise records from two networks at teleseismic distance, we show that spurious 24 

signals having no correspondence in real seismograms can arise from interference between 25 

waves without common ray path or common slowness. These noise-derived signals cannot be 26 

explained by traditional stationary-phase arguments. These signals still emerge for evenly 27 

distributed noise sources, and thus are not caused by localized sources. With numerical 28 

experiments, we interpret the presence of the spurious signals with a condition of quasi-29 

stationary phase: when time delays between interfering waves from spatially distributed noise 30 

sources are close enough, the stack of correlation functions over the distributed sources can be 31 
constructive, and thereby noise-derived signals emerge from the source averaging. 32 

 33 

Plain Language Summary 34 

Noise-based seismic imaging is an emerging technique in deep-Earth seismology. The key of the 35 

technique is the extraction of signals from ambient wavefields by correlation of continuous 36 

seismic records (a.k.a. ambient noise). A difficulty is that in addition to the expected physical 37 

arrivals, some spurious phases without correspondence in earthquake seismograms are observed. 38 

It is important to understand precisely their origins, and to evaluate their potential for imaging. 39 

Here we study correlations between noise records from two distant networks, one in Finland and 40 

the other in Japan. We observe a strong spurious phase from the noise correlations. To 41 

understand its origin, we measure travel times and slownesses of the correlated waves and 42 

compare with predictions from a reference model. This allows unambiguous identification of the 43 

waves that interfere to produce the spurious phase. The identification is further confirmed by the 44 

global excitation of seismic noise deduced from oceanographic data. Unexpectedly, the 45 

appearance of the spurious phase does not correspond with the condition of stationary phase, as 46 
is the case for the actual physical phases. We introduce a less restrictive condition of quasi-47 

stationary phase that is well adapted to finite-frequency seismic wavefields, to interpret the 48 

presence of the spurious phase. 49 

 50 

1 Introduction 51 

The technique of noise correlation is implemented simply via computation of the 52 

correlation functions between ambient noise records at receivers. Theoretical and experimental 53 

studies (e.g., Lobkis & Weaver, 2001; Wapenaar, 2004) have shown that under restrictive 54 

conditions, the inter-receiver correlation function converges toward the response that would be 55 

recorded at one receiver if a source was located at the other. This is, by definition, the Green’s 56 
function of the medium between the two receivers. Great achievements have been realized with 57 

the introduction of the noise correlation technique into solid-Earth seismology (Campillo & Paul, 58 

2003; Shapiro & Campillo, 2004). The most common applications are passive imaging (e.g., 59 

Sabra et al., 2005; Shapiro et al., 2005) and monitoring (e.g., Brenguier et al., 2008; Wegler et 60 

al., 2009) of the subsurface using signals derived from seismic noise. We refer to (Campillo & 61 

Roux, 2015) for a systematic review on the recent progress in the theoretical and methodological 62 

aspects, and the various noise-based applications. 63 
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Both the surface-wave and body-wave parts of the Green’s function can be reconstructed 64 
from noise correlations. Surface waves are easier to extract due to their dominance in the noise 65 

power spectra. There are relatively few, yet promising, examples of noise-derived body waves. 66 

Recently, it has been demonstrated that deep body-wave signals that propagate through the 67 

mantle and core can be extracted from ambient noise correlations (e.g., Boué et al., 2013, 2014; 68 

Nishida, 2013). In contrast to previous studies that have primarily discussed the reconstruction of 69 

normal seismic phases from noise correlations, we focus our analysis here on interpretation of a 70 

spurious phase that can be observed from noise correlations between receivers separated at 71 

teleseismic distances. A seismic phase is termed normal if it is present in the Green’s function of 72 

the medium, and spurious if it is not observed in real seismograms and does not obey the theory 73 

of seismic wave propagation. First, we correlate seismic noise records from the Full Range 74 

Seismograph Network of Japan (the FNET array) and the northern Fennoscandia 75 

POLENET/LAPNET seismic network (the LAPNET array). Then, we develop a new technique 76 

to analyze the origin of the spurious phase, and propose a mechanism to explain its presence. 77 

 78 

2 Processing of Noise Data 79 

Continuous seismograms recorded by the broadband stations of the FNET and LAPNET 80 

arrays in 2008 are used to compute the double-array noise correlations (Figure 1). The aperture 81 

of LAPNET is ~700 km, and that of FNET is nearly 1,400 km. There are 1,558 FNET–LAPNET 82 

station pairs in all. The distance between the FNET and LAPNET stations ranges from ~56° to 83 

70°, with a center-to-center distance of 63°.  84 

Segment-based processing of noise data is demonstrated in Figure S1. First, we apply 85 

routine signal-processing operations to the raw seismograms (i.e., mean and linear trend removal, 86 

filtering, 5 Hz down-sampling, instrumental response deconvolution). Then, we divide the 87 

continuous seismograms into 4-hour segments. The frequency spectra of the segments are 88 

whitened between periods of 1 s and 100 s. This spectral whitening removes amplitude 89 

information and retains only the phase spectrum. The whitened waveform is clipped at 3.8 times 90 

the standard deviation. A selection filter is applied to the segments to detect and reject those 91 

containing transient impulses, like earthquakes and electronic glitches.  92 

The processing is similar to that adopted by Poli et al. (2012) and Boué et al. (2013). The 93 

main difference is that we use a new kurtosis-based selection filter to detect and reject segments 94 

dominated by impulsive transients. The kurtosis is defined as 𝜅 = 𝐄[𝑠 ] (𝐄[𝑠 ])𝟐⁄ − 3, with 𝐄[∙] 95 

the expectation operator and 𝑠 the demeaned waveform. It is highly sensitive to impulsiveness 96 

(Westfall, 2014), close to zero for stationary noise and increases abruptly in the presence of 97 

transient impulses (see Figure S2 for practical examples). Segments of kurtosis beyond 1.5 are 98 

discarded. In the previous studies, the detection was based on the energy ratio between segment 99 

and daily trace, a coarse version of the classic STA/LTA method for earthquake detection (Allen, 100 

1982). Compared to the energy-based detection, the kurtosis-based detection depends on the 101 

statistics of the amplitudes of the segment itself and is more reliable when the strength of seismic 102 

noise changes rapidly. The kurtosis-based detection has also been used in earthquake detection 103 

(e.g., Baillard et al., 2014; Saragiotis et al., 2002). 104 

 105 
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3 Observation of Noise-Derived Spurious Phase 106 

The calculation of correlation function is explained in Figure S3. To produce the 107 

correlation function of the year-long data for each FNET–LAPNET station pair, we correlate all 108 

of the available pairs of processed noise segments and stack them. The correlation function has a 109 

causal part and an acausal part. In this paper, the acausal correlations correspond to seismic 110 

waves that travel from FNET to LAPNET (causal: from LAPNET to FNET). 111 

The noise correlations of all of the FNET–LAPNET station pairs are binned in an inter-112 

station distance interval of 0.1°, to produce the waveform sections for the acausal and causal 113 

parts of the noise correlations. The broadband sections of vertical–vertical noise correlations are 114 

shown in Figure S4 and the filtered sections (periods of 5 s to 10 s) in Figure 1b. A coherent 115 

arrival between 410 s and 450 s is clearly visible in the acausal section, about 200 s earlier than 116 

the direct P wave that should be the primary arrival. The arrival has no correspondence in the 117 

true Green’s function of the Earth medium, and thereby is undoubtedly a spurious phase. From 118 

the acausal vespagram in Figure 1c, the apparent slowness and emerging time of the spurious 119 

phase at 63° distance can be estimated: ~4.6 s/deg and 430 s, respectively. Spectral analysis 120 

indicates that the spurious phase has a peak period of 6.2 s (Figure S5), a typical value for the 121 

secondary microseism that is the largest peak in the seismic noise spectra (Peterson, 1993). 122 

Secondary microseisms are dominantly excited by ocean wave–wave interactions (Hasselmann, 123 

1963; Longuet-Higgins, 1950), implying that the noise sources are mainly distributed on the 124 

global ocean surface. In the causal correlations, a corresponding spurious phase is hardly 125 

discriminable. 126 

 127 

 128 

Figure 1. (a) Geographic distributions of the 38 stations of the LAPNET array in Finland, and 41 129 

stations of the FNET array in Japan. Dark line (global map inset), the great circle across the two 130 

networks. (b) Waveform sections and (c) vespagrams of the acausal and causal parts of the 131 

vertical–vertical noise correlations filtered in the secondary microseism period band from 5 s to 132 
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10 s. Dashed lines (b), predicted time–distance curves. Solid white dots (c), theoretical P and PcP 133 
arrivals, as predicted by the Taup program (Crotwell et al., 1999) and the IASP91 Earth model 134 

(Kennett & Engdahl, 1991). It can be estimated from the acausal vespagram that at 63° distance 135 

between the FNET and LAPNET array centers, the spurious phase has an arrival time of 430 s 136 

and an apparent slowness of 4.6 s/deg. The waveform beamed by 4.6 s/deg slowness is plotted 137 

overlying the acausal vespagram. 138 

 139 

4 Origin of Spurious Phase from P–PKPab Correlations 140 

In the previous section, a prominent spurious phase was observed in the FNET–LAPNET 141 

noise correlations, and its apparent slowness and emerging time were estimated. The double-142 

array configuration provides the possibility to estimate both the azimuths and magnitudes of the 143 
slownesses of the correlated wavefields responsible for the spurious phase. Given a wave with 144 

slowness 𝒑  at FNET and a wave with slowness 𝒑  at LAPNET, the time delay between the ith 145 

FNET station and the jth LAPNET station can be determined from Equation (1):  146 

 Δ𝑡 = 𝒙 ∙ 𝒑 + 𝒙 ∙ 𝒑  (1),  147 

where 𝒙 are the local coordinates of the station with respect to the array center, and superscripts 148 

A and B distinguish between FNET and LAPNET, respectively. For a given pair of (𝒑 , 𝒑 ), the 149 

noise correlations of all station pairs are beamed by Equation (2):  150 

 𝐵(𝑡, 𝒑 , 𝒑 ) = 〈 𝐶 𝑡 − Δ𝑡 〉 (2),  151 

where 𝐶  is the correlation function between the ith FNET station and the jth LAPNET station, 152 

and 〈∙〉 indicates the ensemble average. This delay-and-sum process for the double-array data is 153 

known as the double-beam method, which has been applied to earthquake data (e.g., Krüger et 154 
al., 1993; Rost & Thomas, 2002) and noise correlations (e.g., Boué et al., 2013; Roux et al., 155 

2008). Repeating the double-beamforming for a range of 𝒑  and 𝒑 , the power map of the 156 

double-beamed waveforms indicates the optimal slowness estimates for the correlated waves. 157 

Here we call this method the double-array slowness analysis.  158 

The results for the spurious phase are shown in Figure 2a. The azimuths of the correlated 159 

waves responsible for the spurious phase are confined to the great-circle direction across FNET 160 

and LAPNET, implying that the microseism noise source should be located on the great circle. 161 

The slowness at FNET (4.7 s/deg) is distinct from that at LAPNET (4.2 s/deg). We also apply the 162 

double-array slowness analysis to the acausal P waves (Figure S6a). The slownesses of the 163 
interfering waves coincide with each other and are close to the predicted value (6.7 s/deg in 164 

IASP91 model), as expected for the P–PP correlation in a radially layered Earth structure (Figure 165 

S6b). The P-wave results justify the reliability of these slowness estimates, and show that lateral 166 

heterogeneity does not cause the slowness discrepancy observed from Figure 2a. 167 

The 4.7 s/deg slowness at FNET is valid for deep mantle phases, and the 4.2 s/deg 168 
slowness at LAPNET is characteristic of core phases. We propose a slowness-track method to 169 

seek the ray paths of the interfering waves that produce the spurious phase (Figure 2b). All the 170 

body phases that are discernible in the vertical-component earthquake seismograms are 171 

considered as candidates (see labels in Figure S7). For a specific seismic phase, the distance 172 

from source to receiver can be derived from the slowness. The pairs of seismic phases are 173 
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rejected if the difference between the distances from the source to the receivers differs from 63° 174 
or if their time delay deviates from 430 s. For clarity, only several typical P-type phases (P, PcP, 175 

PP, and PKP branches) are shown in Figure 2b.  176 

Finally, we find that the correlation between the P wave at ~89° distance and the PKPab 177 

wave at ~152° distance is the only combination that satisfies all the constraints. Thus, we can 178 

locate the source responsible for the acausal and causal spurious phase, at around [45°S, 174°E] 179 

and [12°S, 28°W], respectively. Recall that the spurious phase is not observable in the causal 180 

correlations. Comparisons with hindcast ocean wave heights and microseism excitation (Figure 181 

2c, d) indicate that the time asymmetry can be explained by the difference in the strength of the 182 

noise sources: the acausal source in the ocean south of New Zealand is energetic, whereas the 183 

causal source in the low-latitude Atlantic east of Brazil is weak. 184 

The slownesses estimated from the double-array slowness analysis are crucial for the 185 

exclusive determination of the interfering waves. Several pairs of seismic phases will meet the 186 

apparent slowness and emerging time of the spurious phase. As can be seen from Figure 2b, at 187 

89° distance, the PcP wave arrives almost simultaneously with the P wave, which means that 188 

PcP–PKPab also has a time delay of ~430 s at 63° inter-receiver distance. Figure S8 shows 189 

another example of PcS–PcPPcP that also satisfies the given time delay and inter-station distance 190 

as proposed by Pham et al. (2018) for a spurious phase emerging at similar time delay, but in the 191 

context of earthquake coda correlations. However, these waves do not match the slownesses 192 

estimated from Figure 2a. We interpret this such that compared to the prominent direct P and 193 

PKPab waves, the core reflections and their surface multiples are faint phases and have minor 194 
contributions to the construction of the spurious phase from the noise correlations. 195 

 196 
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 197 

Figure 2. (a) Results of the double-array slowness analysis for the acausal spurious phase. White 198 
dots indicate optimal estimates for the azimuths and magnitudes of the slownesses of the 199 
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interfering waves at FNET and LAPNET that lead to the generation of the spurious phase. The 200 
azimuthal deviation refers to the clockwise azimuthal deviation of slowness from the sagittal 201 

plane crossing FNET and LAPNET. The azimuthal deviations are almost zero. The slowness 202 

values of the interfering waves are 4.7 s/deg at FNET and 4.2 s/deg at LAPNET. (b) 203 

Determination of the interfering waves responsible for the spurious phase. The theoretical curves 204 

of the ray parameters and the travel-times are calculated using the Taup program and the IASP91 205 

Earth model. The global maps show the spatial distributions of (c) the significant wave height, 206 

and (d) the 6.2 s period secondary microseism excitation in 2008 (Rascle & Ardhuin, 2013). 207 

Triangles, locations of FNET and LAPNET; circles, locations of the microseism noise sources 208 

responsible for the spurious phase. The source responsible for the acausal spurious phase is 209 

located in the ocean south of New Zealand. 210 

 211 

5 Quasi-Stationary Phase 212 

The observed spurious phase originates from the correlation between teleseismic P waves 213 

and PKPab waves that emanate from the oceanic microseism noise source south of New Zealand. 214 

In this section, we explain how such spurious signals arise from the interference between waves 215 

of distinct slownesses. Considering the ambient noise wavefield as a superposition of waves 216 

from uncorrelated sources distributed on Earth’s surface (Figure 3a), the correlation function 217 

between the noise records at two receivers is equivalent to a stack of the correlation functions for 218 

individual sources (source averaging). 219 

We first simulate the source-wise correlation functions by convolving a wavelet of 6.2 s 220 
period with the time delays between the two correlated phases. The final inter-receiver 221 

correlation is obtained by stacking over all sources. In this ray-based simulation, amplitude 222 

information is neglected. The result for the P–PKPab correlations is shown in Figure 3b. The 223 

construction of signals from noise correlations has been proposed in relation to the stationary-224 

phase condition (e.g., Wapenaar et al., 2010). As an illustration, Figure S6 shows an example of 225 

the reconstruction of the teleseismic P wave that results from the correlation of the P and PP 226 

waves. The reconstruction is linked to the extreme (stationary) point on the curve of the P–PP 227 

time delay. The P and PP waves from the source at the stationary-phase location (Figure S6, 228 

source A) have a common path and a common slowness. However, as for the spurious phase 229 

observed between FNET and LAPNET, the correlated P and PKPab waves have no slowness or 230 

ray path in common, and there is no stationary point on the curve of the P–PKPab time delay 231 

(Figure 3b). The stationary-phase condition is not satisfied, and thus the emergence of the 232 

spurious phase cannot be explained by this argument. 233 

Figure 3b shows that for finite-frequency waves, the interference between the P and 234 

PKPab waves is constructive over the shaded area; this leads to the pulsive signal in the final 235 

inter-receiver correlation function. In contrast to the condition of stationary phase, we propose to 236 

call this mechanism the condition of quasi-stationary phase, and refer to this range of sources as 237 

the quasi-stationary-phase region or effective source region. At short periods (1 s or shorter), 238 

numerical tests for the P–PKPab correlations indicate that source averaging can still lead to 239 

signals, with narrower effective source region shrinking toward larger source–receiver distances. 240 

Repeating the ray-based modeling in Figure 3b for various inter-station distances, a full section 241 

can be obtained for the synthetic P–PKPab correlations (see next section for broadband 242 

simulation result), from which the theoretical time–distance curve of the spurious phase can be 243 
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picked. The picked curve is the same for the discoid model shown in Figure 3a (sources along a 244 
circle) and spherical model (sources on global surface). As shown in Figure 1b, the theoretical 245 

time–distance curve fits well to the observed spurious signals.  246 

Experiences from earthquake observations indicate that PKPbc waves are generally the 247 

dominant PKP branch at distances from ~144° (the PKP-wave caustic) to ~153° (Kulhánek, 248 

2002). Microseism studies have also reported that PKPbc waves can be more prominent (e.g., 249 

Gerstoft et al., 2008; Landés et al., 2010). However, our analysis reveals that the spurious phase 250 

originates from the interference of P waves with PKPab waves, rather than with PKPbc waves. 251 

From the source-averaging experiment for the P–PKPbc correlations (Figure 3c), it can be seen 252 

that the P–PKPbc time delay varies almost linearly against the source–receiver distance, and that 253 

the dynamic range of the time delay is broad. Consequently, the signals in the source-wise 254 
correlations are out of phase, which leads to a destructive stack.  255 

 256 

 257 

Figure 3. (a) Geometry of the model to synthesize the inter–receiver correlation function of 258 

teleseismic P and PKP waves via source averaging. (b) P–PKPab correlations for an inter-259 

receiver distance of 63°. Dashed line, time delays between P and PKPab waves emitted from 260 

distributed sources. Background image shows the source-wise P–PKPab correlation functions 261 

synthesized by convolving the time delays with a 6.2 s period wavelet. The final P–PKPab 262 

correlation function by source averaging is plotted in the right panel. The shaded area indicates 263 

the range of effective sources that contribute to the signal construction. (c) Source-averaging 264 

experiment for the P–PKPbc correlations. 265 

 266 

6 Effect of Source Distribution 267 

Figure 2d shows that the spatial distribution of the global microseism sources is heavily 268 

uneven. The spurious phase is observable in the acausal correlations because the corresponding 269 

source is strong, and is not observable in the causal correlations because the responsible source is 270 

too weak. In the ray-based synthetic experiments in Figure 3, we have neglected the variations 271 

of amplitude with wave propagations (geometric spread, inelastic attenuation, reflection and 272 

transmission). All of the source-wise correlations are assumed to have the same strength. This 273 

simplification ensures that the spurious phase is not likely to be caused by a strong localized 274 

source. It is worth determining whether the spurious phase can be eliminated with an ideally 275 
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uniform source distribution. A formal numerical simulation is made with the waveforms of the P 276 
and PKPab waves modeled by the spectral-element method. We obtain the vertical components 277 

of the global broadband seismogram for the iasp91_2s model (Figure 4a), from the IRIS 278 

Syngine Data Service (Krischer et al., 2017). A mask is applied to the full waveforms to extract 279 

the P waves and the PKPab waves (Figure 4b). Assuming that the uncorrelated noise sources are 280 

distributed evenly on the global surface, we compute the source-wise correlations and stack them 281 

for each inter-station distance, using the data in Figure 4b. A global section of correlation 282 

functions is obtained accordingly (Figure 4c). The spurious phase is clearly reproduced, which 283 

suggests that it is not caused by unevenly distributed noise sources. 284 

The ray-based simulation shown in Figure 4d mimics well the emerging times of the 285 

spurious signals. However, because of the neglect of amplitude information, this approach over-286 
estimates the range of inter-receiver distances where this spurious phase is observable. The 287 

simulation based on the waveform here is undoubtedly more realistic.  288 

 289 
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 290 

Figure 4. (a) Synthetic broadband (2-100 s) seismograms obtained from the IRIS Syngine Data 291 

Service. (b) Synthetic seismograms containing P and PKPab only, by muting the other seismic 292 

phases in (a). (c) Synthetic P–PKPab correlations for the various inter-receiver distances using 293 

the waveform data in (b). (d) Synthetic P–PKPab correlations using the ray-based method in 294 

Figure 3. Red dot, the observed spurious phase. 295 

 296 

7 Discussions and Perspectives 297 

We observe an early spurious arrival in the teleseismic noise correlations between the 298 

Japan and Finland stations. It arises from interference between the ballistic P waves and PKPab 299 

waves that emanate from the oceanic microseism sources south of New Zealand. The interfering 300 

waves have deterministic ray paths that sample the Earth deep structure. It is natural to expect 301 
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that the spurious phase can also be used to investigate the inner structure of the Earth. The 302 
spurious phase is observable in the vertical–vertical noise correlations only, which is logical, as 303 

the correlated waves are both P-type and their amplitudes are dominantly projected onto the 304 

vertical components. 305 

The spurious phase is observable for one side of the correlation functions only. By 306 

comparison with oceanic hindcast data, we ascribe this extreme time asymmetry to the large 307 

difference in the strength of the microseism sources. The strength of the spurious phase is 308 

definitely linked to the microseism excitation in a limited source region. Therefore, another 309 

potential application is to monitor the ocean wave activities and microseism excitation.  310 

The P–PKPab correlation is not the unique spurious phase in global noise correlations. 311 

Multiple spurious arrivals can be observed from the global sections of the noise correlations 312 

constructed with both real and synthetic seismograms (Boué et al., 2013, 2014; Ruigrok et al., 313 

2008). The spurious phase observed in this paper is prominent and isolated from other seismic 314 

phases, making it a good example to unveil the generation mechanism of such phases. Based on 315 

a double-array slowness analysis, we estimated the respective slownesses of the interfering 316 

waves, and tracked the responsible noise source back to New Zealand. This method is also 317 

applicable to other spurious phases.  318 

It is important to emphasize the differences between ambient noise and earthquake coda 319 

properties. The late coda waves excited by large earthquakes are composed of high-order modes 320 

with small slownesses that correspond to core-related reverberations (Maeda et al., 2006; Boué et 321 

al., 2014; Poli et al., 2017). The coda wavefields are quite different from the ambient noise 322 

wavefields that are dominated by ballistic waves emanating from the distributed noise sources on 323 

the Earth’s surface. Several spurious phases have been observed in late coda correlations and 324 

been interpreted with the traditional stationary-phase arguments (e.g., Pham et al., 2018). 325 

Dealing with ambient noise correlations at teleseismic distances, we have shown that the 326 

spurious phase observed in this study does not correspond to a stationary point. We propose a 327 

less restrictive condition of quasi-stationary phase, which explains our finite-frequency 328 

observations.   329 
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Figure S1. Segment-based noise data processing. A segment with stationary noise and a 
segment containing a M7.2 teleseism from a daily trace recorded by FNET station 
BO.YMZ are used for demonstration. The continuous seismogram is demeaned, 
detrended, bandpass filtered, 5 Hz resampled and instrumental-response removed. Then it 
is divided into 4-hr segments and their frequency spectra are whitened between 1 and 100 
s. One may further clip the spectral-whitened waveform at several times of the standard 
deviation. The clipping is useful in suppressing large amplitudes in segments with large 
transients, but has little effect on stationary noise. Thus, the clipping is optional, 
depending on whether to retain segments with few local spikes. A kurtosis-based 
selection filter is used to detect and reject segments containing transient impulses like 
earthquakes and electronic glitches. 
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Figure S2. Kurtosis-based selection filter to determine if a segment contains large-
amplitude transients. The two segments used here are the same as in Figure S1. The 
amplitude histograms of the original, spectral-whitened and clipped waveforms are 
shown in the left, middle and right panels, respectively. For display, waveforms are 
plotted in different scales. Amplitude histograms are normalized by their own 
maximums. Histogram tails outside the horizontal axis limits are cropped. The values of 
kurtosis are labeled. The kurtosis-based selection filter is implemented by rejecting 
segments with kurtosis beyond a threshold. The selection filter can be applied to any one 
or more of the three stages shown here. In this paper, we choose a threshold of 1.5 for the 
clipped segments. 

 
 

 
Figure S3. Schematic diagram explaining the computation of correlation function 
between two mean-removed series. The computation can either be done in the time 
domain or in the frequency domain. In seismic interferometry, it is common to utilize the 
Fast Fourier Transform (FFT) for a faster computation of noise correlations. The 
correlation function contains coherence values for both positive and negative lags 
between two correlated time series. The part of correlation function at positive (negative) 
lags is termed causal (acausal). 
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Figure S4. Broadband sections of the acausal and causal parts of the vertical-vertical 
noise correlations stacked in 0.1° distance bins. The acausal section for negative time lags 
is flipped to share a common time axis with the causal section. The acausal (causal) 
correlations correspond to seismic waves travelling from FNET to LAPNET (from 
LAPNET to FNET). 

 
 

 
Figure S5. (a) Double-beamed waveform and (b) amplitude spectrum of the spurious 
phase in the broadband (1-100 s). 
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Figure S6. (a) Results of double-array slowness analysis for the acausal P wave. The 
optimal estimates are marked by white dots. (b) Ray paths of the correlated P and PP 
waves from distributed sources. Triangles are two receivers 63° apart. Stars represent 
noise sources. Source A is placed at the stationary location. The P wave to the first 
receiver and the PP wave to the second receiver have a common slowness and a common 
P path. The correlation operator cancels the common path and extracts the phase delay 
between two receivers. Label B denotes any noise source on the global surface outside 
the stationary-phase region. Correlations between higher-order multiples like PP-PPP can 
also give rise to P wave but are neglected for simplicity. (c) Reconstruction of the inter-
receiver P wave from the correlations between P and PP waves by source averaging, 
explained by the tranditional stationary-phase theory. Dashed white line indicates the 
theoretical P-PP time delays for distributed noise sources, calculated using Taup and 
IASP91. The stationary location corresponds to the extreme point on the time-delay 
curve. Columns of the background image are synthetic P-PP correlations for distributed 
sources. Red and blue colors signify positive and negative amplitudes, respectively. The 
source-wise correlation functions are synthesized by convolving the time delays with a 
6.2 s period Gaussian-modulated sinusoidal pulse. Amplitude variations with distance are 
neglected. Shaded area delineates the stationary-phase region that contribute to the 
reconstruction of the inter-receiver P wave. Amplitudes in P-PP correlations for sources 
outside the stationary-phase region cancel out by the averaging. The inter-receiver P-
wave signal (red) and its envelope (black) are plotted in the right panel. The time at the 
maximum of the envelope matches exactly with the theoretical travel time of the P wave. 
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Figure S7. Global stacks of vertical components of seismograms selected from records of 
more than 2,500 shallow earthquakes (event depth shallower than 50 km and magnitude 
no less than 5.4) occurring between 1995 and 2013. The seismograms are filtered around 
6 s period and converted into traces of STA/LTA ratios. The STA/LTA traces are binned 
by epicentral distances in an interval of 0.5° and normalized for plotting. More details 
concerning the data processing and data retrieval can be found on the IRIS Data Services 
Products website. Discernible seismic body phases are labeled on the image. 
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Figure S8. (a) Theoretical curves of ray parameters and travel times of PcS and PcPPcP. 
(b) Ray paths of PcS and PcPPcP from source at stationary location. (c) PcS-PcPPcP time 
delays for distributed sources. The PcS-PcPPcP correlation can produce a signal at 430 s 
time delay and 63° inter-station distance, but the slownesses are quite different from out 
slowness estimates in Figure 2a. In the global section of coda correlations [see Figure 2 
of Phạm et al. (2018)], there is a spurious arrival at ~430 s time delay and 63° distance. 
Phạm et al. (2018) ascribed the arrival to cS-cPPcP (or s-pPcP in IASPEI convention) 
correlations for sources distributed on the core-mantle boundary. The PcS-PcPPcP 
correlation here is an equivalence to their cS-cPPcP correlation, but for sources on the 
surface. PcS and PcPPcP waves could be prominent in the period band of 30-50 s in the 
coda waves of large earthquakes, but are faint phases in the ambient wavefield. 
Therefore, it is logical that we do not observe the PcS-PcPPcP correlations from the 
ambient noise correlations. 
 


