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Key Points  34 

1. We employ a suite of prominent features in a global coda correlogram as new 35 

observations to constrain the Earth's radial structure 36 

2. This is the first reference Earth model constructed from data other than direct travel 37 

times or normal modes for a 15-50 s period range  38 

3. The new reference model differs in seismic velocity structures near the first-order 39 

discontinuities from previous reference models 40 

 41 

Abstract:  42 

The existing Earth reference models have provided an excellent one-dimensional 43 

representation of Earth’s properties as a function of its radius and explained many 44 

seismic observations in a broad frequency band. However, some discrepancies still 45 

exist among these models near the first-order discontinuities (e.g., the core-mantle and 46 

the inner-core boundaries) due to different datasets and approaches. As a new 47 

paradigm in global seismology, the analysis of coda-correlation wavefield is 48 

fundamentally different from interpreting direct observations of seismic phases or free 49 

oscillations of the Earth. The correlation features exist in global correlograms due to 50 

the similarity of body waves reverberating through the Earth’s interior. As such, there 51 

is a great potential to utilize the information stored in the coda-correlation wavefield 52 

in constraining the Earth’s internal structure. Here, we deploy the global 53 

earthquake-coda correlation wavefield as an independent data source in the 15-50 s 54 



period interval to increase the Earth's radial structure constraints. We assemble a 55 

dataset of multiple pronounced correlation features and fit both their travel times and 56 

waveforms by computing synthetic correlograms through a series of candidate models. 57 

Misfit measurements for correlation features are then computed to search for the 58 

best-fitting model. The model that provides an optimal representation of the 59 

correlation features in the coda-correlation wavefield is CCREM. It displays 60 

differences in radial seismic velocities, especially near the first-order discontinuities, 61 

relative to previously proposed Earth-reference models. This is the first application of 62 

the earthquake-coda correlation wavefield in constraining the whole Earth's radial 63 

velocity structure. 64 

 65 

Plain Language Summary: 66 

Seismic coda waves are usually defined as the long-lasting, randomly fluctuating 67 

wave trains following the main seismic phases on the seismogram. Containing rich 68 

information about Earth's internal structures, the coda waves can be fully explored to 69 

constrain the physical properties of the Earth's interior. In this study, we use a 70 

relatively new type of observations from the late earthquake-coda waves (3-9 hours 71 

after the origin times) using a cross-correlation technique, termed coda-correlation 72 

wavefield. It represents an abstract wavefield resulting from cross-correlations of 73 

long-duration coda waves reverberating through the Earth's interior after large 74 

earthquakes. In this study, as an independent data source that is different from direct 75 

observations of seismic phases, we extract a comprehensible dataset of features from 76 

coda-correlation wavefield and increase constraints on the Earth's radial structures. 77 

We construct a new reference Earth model by comparing predictions from a series of 78 

models with observations. The new model displays different seismic velocity profiles 79 

near the first-order structural boundaries from the previous reference Earth models. 80 

Since these velocity structures could shed new light on the dynamic processes and 81 

mineral compositions of Earth's interior, our reference model is crucial in a broad 82 

range of applications and understanding of Earth's physical and chemical properties. 83 



1. Introduction and motivation 84 

Unraveling Earth's radial velocity structure is crucial in a broad range of 85 

seismological applications and further understanding Earth's physical and chemical 86 

properties. This has resulted in several 1D reference models developed during the 20th 87 

century (for a review, see Kennett, 2020). The reference models have been used 88 

extensively as starting models in routine earthquake location studies, source 89 

mechanism retrieval, and seismic tomography research. Moreover, reference models 90 

have played a significant role in constraining the mineral compositions and 91 

pressure-dependent thermal state, especially in the complex regions near internal 92 

first-order discontinuities, e.g., the core-mantle boundary (CMB) and the inner core 93 

boundary (ICB). The structures near these boundary layers can provide critical 94 

constraints on understanding the Earth's interior dynamics and heat and material 95 

transport throughout geological time. 96 

Traditionally, reference Earth models were constructed based on either 97 

short-period body-wave observations or long-period normal-mode data. These two 98 

types of data could provide different constraints on Earth's physical properties. 99 

Therefore, reference models are usually constructed for specific practical use but 100 

show limitations for other purposes. By analyzing travel times of major body-wave 101 

phases, several travel-time reference models have been established, such as iasp91 102 

(Kennett & Engdahl, 1991), sp6 (Morelli & Dziewoński, 1993), ak135 (Kennett et al., 103 

1995), and ek137 (Kennett, 2020). The iasp91 model is proposed to yield more 104 

accurate earthquake locations, whereas sp6 is designed to be a closer representation of 105 

the globally-averaged structure. The significant motivation behind developing both 106 

ak135 and ek137 models was to represent the core phases' travel times better. The 107 

models derived from body-wave travel times can effectively locate global earthquakes 108 

and are appropriate references for body-wave tomographic studies. However, apart 109 

from seismic velocity information, the density distribution in these models cannot be 110 

tightly constrained (Kennett, 2020).  111 

In contrast, to resolve the density distribution for the whole Earth, an alternative 112 



approach is to use eigenfrequencies of normal modes with/without body-wave data 113 

(e.g., Jordan & Anderson, 1974; Gilbert & Dziewoński, 1975; Dziewoński & 114 

Anderson, 1981). Among these models, PREM (Dziewoński & Anderson, 1981) has 115 

been an efficient reference model for the last 40 years. Nevertheless, because of the 116 

low frequencies of the available modes (< 0.0125 Hz), the resolution of structures in 117 

depth is limited (Kennett et al., 1995). Therefore, models derived from normal-mode 118 

data are commonly used for long-period studies.  119 

All these proposed models are similar and represent many aspects of the seismic 120 

wavefield (Kennett, 2020). However, some discrepancies in P-wave velocity 121 

structures still exist among these models, especially near the internal boundaries (Fig. 122 

1). A plausible reason is that these reference models are constructed based on different 123 

categories of datasets and methods, which have different sampling sensitivities and 124 

resolutions to the structures. The inconsistencies in velocity profiles have thus 125 

motivated many studies on refining the Earth's velocity profiles, especially in the 126 

lower mantle and core (e.g., Ruff & Helmberger, 1982; Souriau & Poupinet, 1991; 127 

Song & Helmberger, 1995; Tanaka, 2007; Ohtaki et al., 2012; Kaneshima, 2018; 128 

Robson & Romanowicz, 2019). However, no consensus on the velocity profile in 129 

these regions has been satisfactorily reached. Here we analyze a data source from 130 

earthquake-coda correlation wavefield instead of using regular body-wave travel time 131 

or normal-mode data to resolve Earth's radial velocity structure discrepancies. 132 

The earthquake-coda correlation wavefield is a mathematical expression of the 133 

seismic wavefield presented as a 2-D global coda cross-correlation stacks known as a 134 

global correlogram (for a review, see Tkalčić et al., 2020). The global correlogram 135 

contains a wealth of prominent and stable correlation features, which exhibit 136 

noticeable similarities with regular seismic wavefield in time-distance stacks (e.g., 137 

Ruigrok et al., 2008; Boué et al., 2014; Poli et al., 2017; Phạm et al., 2018). However, 138 

some puzzling features not present in regular seismic wavefield were also observed in 139 

the correlograms (e.g., Boué et al., 2013; Pham et al., 2018) and were dubbed 140 

''spurious''. Poli et al. (2017) attributed the seismic-phase-like features to the 141 

interference of high-order normal modes. Pham et al. (2018) used the ray theory to 142 



explain both the features that resembled seismic phases and ''spurious'' features that 143 

had no adequate explanation, as the interaction of many pairs of phases with the same 144 

slowness at a receiver pair. Kennett and Phạm (2018) extended the formalism in the 145 

context of the generalized ray theory. The coda wavefield has been shown to be made 146 

of energy reverberating in the great-circle plane (Sens-Schönfelder et al., 2015; Poli et 147 

al., 2017). These features can be further dissected into different constituents attributed 148 

to variable cross-terms of reverberating body waves through the whole Earth (Poli et 149 

al., 2017; Wang & Tkalčić, 2020a). Therefore, the correlation features in the global 150 

correlogram can be regarded as fingerprints of Earth's interior. Analysis of these 151 

features could place tight constraints on the whole Earth's radial structure. 152 

The correlation wavefield has emerged as a powerful technique in global 153 

observational seismology in the last several years. Based on early understanding, a 154 

series of deep body-wave phases were identified and used to interpret Earth structures 155 

(e.g., Lin & Tsai, 2013; Huang et al., 2015; Wang et al., 2015; Xia et al., 2016; Poli et 156 

al., 2017; Wang & Song, 2018). Resting on a new understanding of how correlation 157 

features form, Tkalčić and Phạm (2018) detected shear waves in the Earth’s inner core. 158 

In parallel, deeply-sampling body waves have also been identified from microseisms 159 

(e.g., Poli et al., 2012; Lin et al., 2013; Li et al., 2020) and used to image deep Earth 160 

(Poli et al., 2015; Retailleau et al., 2020). Furthermore, a formation theory for 161 

earthquake coda-correlation has been confirmed by observing correlation-feature 162 

constituents, and feasibility for correlation tomography has been demonstrated (Wang 163 

& Tkalčić, 2020a, b). Tkalčić and Phạm (2020) have recently shown that individual 164 

large earthquakes are sufficient in creating a high-quality global correlogram. Thus, 165 

numerical simulations of the correlation wavefield based on several high-quality 166 

individual events are computationally affordable. These advancements have shown 167 

promising potential and laid the foundations for using correlated body-wave signals to 168 

study the Earth's structures through the correlation wavefield (Tkalčić et al., 2020). 169 

Motivated by recent developments described above, we take a step forward in 170 

utilizing the coda-correlation wavefield in this study. As an independent dataset, we 171 

intend to place constraints on the Earth's radial velocity structures based on coda 172 



correlation wavefield observations in the 15-50 s period range, which is between the 173 

periods used in constructing PREM and ak135/ek137 models. Firstly, the global 174 

correlogram is built from stacking cross-correlations of late-coda recordings from ten 175 

selected large earthquakes. Using correlation features in the correlogram as our 176 

observations, we search for the best-fitting models by comparing the synthetic and 177 

observed data. Then we compare our optimal model with a set of well-known models 178 

and demonstrate the implications of the optimal model for Earth's dynamics. This is 179 

the first attempt to constrain spherically-symmetric Earth's velocity structure from an 180 

approach not based on direct observations of seismic phases or Earth’s free 181 

oscillations.  182 

2. Observations 183 

Unlike the traveltime data used in previous studies, we choose a set of prominent 184 

correlation features in the global correlogram as our observations. Not only the travel 185 

time but also waveform information of these correlation features are utilized to 186 

constrain the Earth's radial structure.  187 

2.1 Construction of global correlogram 188 

Firstly, the global correlogram is constructed using only ten selective large 189 

earthquakes (Mw ≥ 7.0) (Table S1) instead of a large number of earthquakes, as was 190 

the case in early studies. The ten earthquakes, showing either normal or reverse focal 191 

mechanisms with short-duration source time functions (Fig. S1), are chosen from the 192 

catalog of high-quality events presented in (Tkalčić & Pham, 2020). With the efficient 193 

release of body waves along the Earth’s radius, these individual events have been 194 

demonstrated to be sufficient in creating a high-quality global correlogram. Their 195 

summation results in a global correlogram with equal or better quality compared to 196 

the correlogram stacked over many events (e.g., as in Pham et al., 2018). Besides, 197 

with these ten carefully selected events, it becomes computationally feasible to 198 

generate a synthetic correlogram. 199 

We select the vertical component recordings because (1) steeply reverberating 200 

waves with near-zero slowness are dominant in the late coda recordings while regular 201 



seismic phases with larger slowness quickly fade away with time after the origin time; 202 

(2) prominent features in global vertical-component correlograms are formed due to 203 

many cross-terms of near-vertically reverberating body waves. In particular, large 204 

events with reverse or normal mechanisms and simple source-time functions radiate 205 

energy steeply downwards, contributing to the most prominent cross-correlations of 206 

reverberating waves (Tkalčić & Pham, 2020); (3) many correlation features derived 207 

from the cross-correlation of vertical components contain both P- and S-wave 208 

propagation legs due to the energy partitioning between P and S waves at the internal 209 

boundaries. 210 

 After removing instrument responses, the seismograms are decimated at a 1 Hz 211 

sampling rate. We then cut out the continuous late-coda recordings (3-9 hours after 212 

the event origin time) and process the data following the procedures described in 213 

(Bensen et al., 2007; Phạm et al., 2018), which include temporal normalization and 214 

spectral whitening methods. Subsequently, cross-correlations between receiver pairs 215 

are computed for all globally available stations (Fig. 2a). For some events, the number 216 

of stations is over 2000. To save computational times in the later simulation, we 217 

reduce the number of stations by choosing a single station in a 0.5*0.5° meshing 218 

element on the Earth's surface. In this way, the number of recordings for each event 219 

can be reduced by about 20%. The total number of receiver pairs relative to 220 

inter-receiver distance on a global scale is shown in Fig. 2b. After applying a 221 

band-pass filter of 15-50 s, we then construct the global correlogram by linearly 222 

stacking all the filtered cross-correlations with a bin size of 1°.  In Fig. 2c, we 223 

present the global correlogram as a function of angular inter-receiver distances for the 224 

first two hours after the correlation-origin time. A wealth of prominent correlation 225 

features (e.g., Boué et al., 2013; Poli et al., 2017; Phạm et al., 2018) can be visually 226 

observed. The naming convention and abbreviations are detailed in (Tkalčić & Phạm, 227 

2020). It is worth noting again that these features are not ''reconstructed'' body-wave 228 

Green's functions but have been demonstrated to correspond to many cross-terms of 229 

multiple reverberating body waves through the whole Earth with a common ray 230 

parameter (Poli et al., 2017; Phạm et al., 2018, Kennett & Phạm, 2018). These 231 



body-wave cross-terms can enhance illumination of the Earth's interior that is not well 232 

sampled via direct body-wave observations (Tkalčić et al., 2020). 233 

For each single-event correlogram of the ten selected events, we observe slight 234 

variations in the travel times and amplitudes of the correlation features due to 3D 235 

heterogeneities of the Earth. However, the process of summing correlograms 236 

effectively smooth out 3D heterogeneity effects within the Earth. On a more 237 

fundamental level, any given coda-correlation feature is generated by multiple 238 

body-wave cross-terms (constituents), which sample the Earth along fundamentally 239 

different paths (Wang & Tkalčić, 2020a). 3D heterogeneity effects are thus smoothed 240 

out due to stacking of all constituents sampling different Earth's volumes. Moreover, 241 

such effects are minimized by stacking many thousands of receiver pairs in different 242 

locations and binning them in inter-receiver distance bins, reducing Earth's ellipticity 243 

effects on the correlation features. 244 

2.2 Correlogram features selection 245 

We select most of the labeled features in the catalog assembled by Tkalčić and 246 

Phạm (2020). We complement them with some unlabeled, late-emerging features in 247 

the correlogram. We develop an approach to determine the time windows and distance 248 

ranges for each correlation feature (Fig. 3). Firstly, we visually choose relatively 249 

broad time windows and distance ranges for individual correlation features (Fig. 3a). 250 

For each feature, the middle trace is selected as our initial reference trace. We then 251 

calculate the correlation coefficient (CC) between the reference trace and the 252 

neighboring traces for a 100-sec window, including the feature signal. The time 253 

window length is set as twice the longest period (50 s) in the study. If the CC value is 254 

larger than 0.8, we stack the two compared traces as our new reference trace and 255 

repeat the above process until the CC value does not meet the criterion. In this way, 256 

the initial distance range could be narrowed down to the range where all the feature 257 

signals are generally coherent and clearly expressed (Fig. 3b). The selected prominent 258 

features can be confirmed by the prominent energy displayed in the slowness-time 259 

domain using the phase-weighted stacking method (Schimmel & Paulssen, 1997) (Fig. 260 

S2). Additionally, we only keep the features that emerge in more than five traces after 261 
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the above selection process. We then bound the prominent feature on each trace in the 262 

100-s time window based on the slant stacking method (Davies et al., 1971; Rost & 263 

Thomas, 2002). In total, we select 71 prominent correlation features (blue lines in Fig. 264 

4) in the correlogram as the observed data. 265 

3. Constructing CCREM 266 

3.1 Measurements of waveform fit 267 

The most direct way to derive a spherically symmetric Earth model is to linearize 268 

the problem and invert all available data in a least-squares sense. However, we cannot 269 

carry out an inversion because the exact derivation of sensitivity kernels of correlation 270 

features for Earth's physical parameters is complex (e.g., Sager et al., 2018). 271 

Moreover, it is computationally expensive to simulate and post-process so 272 

long-lasting coda waveforms in the inversion. Therefore, we use a grid-search method 273 

to find the best-fitting model by comparing the synthetics with observed features 274 

through a series of candidate models. 275 

To quantitatively express the fitness of each candidate model, we construct three 276 

measurements of fit. The correlation coefficient (CC), phase correlation coefficient 277 

(PCC), and L2-norm misfit values are computed between the observed and synthetic 278 

correlation feature signal for a particular model for each trace. PCC is used here as a 279 

complementary criterion for the goodness of fit because it is not an amplitude-biased 280 

measurement, and it keeps waveform coherence (Schimmel, 1999). Besides, these 281 

measurements can inherently account for the measures of time variations between 282 

observations and predictions. The averaged CC, PCC, and L2-norm misfit values are 283 

computed for each feature, and a measure of overall performance is provided by 284 

summing up these three values for all selected features, respectively. Large CC and 285 

PCC values and low L2-norm misfits indicate small time-variations and high 286 

waveform similarity between observed and synthetic correlation features. Then we 287 

use the total summed-up values as a fit criterion to search for the best-fitting models. 288 

3.2 Model Construction 289 

We construct the candidate models in two steps. The first step is building up all 290 



the candidate models using a weighted combination of four base models. These base 291 

models are PREM (Dziewoński & Anderson, 1981), ak135 (Kennett et al., 1995), 292 

PREM with wave speeds reduced by 5%, and ak135 with wave speeds increased by 293 

5% (Fig. 5a). The ak135 model and PREM are chosen as base models due to their 294 

wide use as reference models in the seismological community in the past few decades. 295 

Here we only perturb the P-, S-wave velocities and fix the density perturbations as 296 

zero since, empirically, the seismic velocity plays a dominant role over density in 297 

affecting the correlation features. For simplicity, we initially fix the CMB and ICB to 298 

PREM values in candidate models and rule out the discontinuities in the upper mantle 299 

considering the discontinuities in the upper mantle for PREM and ak135 vary by ~10 300 

km. We also fix the attenuation to PREM values. 301 

For mathematical simplicity, we parameterize the velocity and density structure in 302 

the base models as piecewise cubic polynomials in radius. Then velocities or densities 303 

at given depths in each model are calculated as the weighted sum of all corresponding 304 

values in the base models. The weight for each base model ranges from 0.0 to 1.0 305 

with a step interval of 0.2. One inherent condition is that the sum of the four 306 

weighting factors should be fixed as 1.0. Based on this grid-search approach, we can 307 

cover a wide range of different Earth's radial structures as our candidate models (grey 308 

lines in Fig. 5b, 5c). In addition to these models, we also take into account some 309 

previous models in the simulation, such as PREM2 (Song & Helmberger, 1995), 310 

EPOC (Irving et al., 2018), and ek137 (Kennett, 2020). A complete calculation of 311 

summed-up CC, PCC, and L2-norm misfit values for all correlation features is 312 

performed for each model. Models with the largest CC, PCC, and smallest L2-norm 313 

values are chosen as the optimal models that best fit the coda correlation data.  314 

In the second step, we further refine and modify the obtained optimal models to 315 

better fit the correlation features. These modifications include adding other 316 

discontinuities (i.e., the Moho and the upper mantle discontinuities), varying the ICB 317 

depths, and using a smaller interval step in the grid-search approach. Because we 318 

derive a reference model from the coda-correlation wavefield, we name the final 319 

optimal model CCREM (Coda Correlation Earth Reference Model).  320 



3.3 The optimal model (CCREM) 321 

To generate the synthetic correlogram, we first compute 9-hour synthetic 322 

seismograms for the ten selected events with the source-receiver configurations 323 

corresponding to the recorded data using Yspec (Al-Attar & Woodhouse, 2008). The 324 

moment-tensor solutions and source-time functions are obtained from the Global 325 

Centroid Moment Tensor catalog (Ekström et al., 2012) and SCARDEC catalog 326 

(Vallée & Douet, 2016). The synthetic late-coda waveforms are processed in the same 327 

way as the observations. We further normalize the time-windowed waveforms to 328 

exclude the attenuation effects, considering the significant uncertainties in Earth's 329 

attenuation structure. 330 

Among all considered previous models (e.g., PREM, PREM2, ak135, EPOC, 331 

ek137), our synthetic results show that the ek137 model provides the best fit for the 332 

selected correlation features. This is because ek137 is developed to improve fits for 333 

the travel times of outer-core sensitive phases (Kennett, 2020). Therefore, we choose 334 

the ek137 model as our reference model in the following sections to demonstrate that 335 

the CCREM provides an overall best fit for selected correlation features. Besides, our 336 

simulation results show that the PREM2 model outperforms PREM in fitting these 337 

correlation features since PREM2 offers a better match to different types of core 338 

phases in terms of PKP differential travel times, amplitude ratios, and waveforms 339 

(Song & Helmberger, 1995). Considering the latter improvement, some models 340 

constructed in Section 3.2 are further modified and tested by replacing the P-wave 341 

profile of PREM with PREM2.    342 

Based on the fit quantification described in Section 3.1, we display the 343 

best-fitting model in Fig. 5b and 5c. Our optimal model, CCREM, has the largest 344 

summed-up CC, PCC values, and the smallest L2-norm misfits. In addition, to 345 

statistically estimate the significance of the CCREM, we evaluate the fit improvement 346 

to the data using the Wilcoxon signed-rank test (Wilcoxon, 1945). Table 1 compares 347 

CCREM with three previously proposed reference models (PREM, ak135, ek137) via 348 

CC and PCC values. The test using CCREM as a reference model indicates that at a 349 

significance level of 5%, all the mean values of CC and PCC in PREM, ak135, and 350 



ek137 are smaller than those of CCREM. This implies that CCREM provides a 351 

significantly better fit to the correlation features than the other three models. The 352 

details on the test used to determine whether a model is significantly better than 353 

another model are in Text S2 in Supplementary Information. Similar results can also 354 

be obtained by using the paired student's t-test (Table S2). Furthermore, we present 355 

frequency histograms of fits for the CCREM and ek137 models in Fig. 6. The 356 

correlation features are distributed with respect to CC, PCC, and L2-norm misfit 357 

values. A better-fitting model shows a more skewed distribution for CC/PCC values 358 

towards the right end, and the opposite is true for the L2-norm misfits.  359 

We perform bootstrapping by randomly sampling 80% of all selected correlation 360 

features 200 times to rule out possible biases from feature selections on determining 361 

the best-fitting model. Each time, we calculate the CC, PCC, and L2-norm misfit 362 

values for the resampled features and obtain the optimal model with the largest CC, 363 

PCC, and smallest L2-norm misfit values. Our bootstrap results show that out of 200 364 

times, the CCREM stands as the best-fitting model in terms of CC and L2-norm 365 

values for more than 150 times. This means that the obtained best-fitting model 366 

(CCREM) is almost independent of the correlation feature selections. However, we 367 

note that another candidate model shows a slightly better performance than CCREM 368 

in PCC values. We do not choose this model as the best-fitting one because PCC is 369 

only used as a complementary criterion to CC and L2-norm misfit measurements. 370 

On average, the CCREM CC value for each correlation feature is 0.711, and the 371 

PCC value is 0.532. A comparison between predictions from the CCREM and 372 

observations for two selected correlation features (PcP* and K4*) is shown in Fig. 7. 373 

These features can be generally matched quite well in terms of both travel times and 374 

waveforms. To facilitate visualizing the waveform fit improvement of the correlation 375 

features, we further compare waveforms of these two features for CCREM and three 376 

reference models (PREM, ak135, and ek137) in Fig. S3. We present the enlarged 377 

sections of the waveform comparisons for the four models in Fig. 8. In addition, more 378 

waveform comparisons for other correlation features are displayed in Fig. S4. We 379 

should keep in mind that the waveform fit is not improved for all the correlation 380 



features, and about 20% of the selected features are fit slightly worse for the CCREM 381 

(Fig. 9). This is possibly due to different sampling sensitivities of various features to 382 

the radial structures. Despite reduced fitness for some features, overall, the CCREM 383 

indeed provides a better representation of the correlation features than all previously 384 

proposed models. 385 

The CCREM is constructed as a mixed model of approximately 71.5% from the 386 

ak135 model and 28.5% from the PREM2 for P-wave velocities. Similarly, it has 387 

71.5% from the ak135 model and 28.5% from PREM in terms of S-wave velocities. 388 

Note that we approximate the velocity and density structure of ak135 and PREM 389 

using piecewise cubic polynomials in radius in this study. This results in mixed 390 

proportions in depth that are not strictly constant. Nevertheless, the CCREM is 391 

generally closer to ak135 model than to PREM. The elastic-parameter profile for 392 

CCREM is shown in Table S3. The P-wave profile of CCREM is displayed in Fig. 10 393 

as well as the S-wave profile in Fig. S5 along with PREM, ak135, and ek137 models. 394 

The difference in the S-wave velocity profile in the mantle among these models is 395 

relatively small compared to the P-wave velocity profile. It is currently impossible to 396 

make more quantitative conclusions on the resolution difference between the P- and 397 

S-wave velocity profiles since the exact derivation of sensitivity kernels of correlation 398 

features for Earth's velocity is not trivial. 399 

In CCREM, we fix the crust-mantle and upper-mantle discontinuity depths (35 400 

km, 410 km, and 660 km; corresponding to the Moho, the upper and lower 401 

discontinuities of the mantle transition zone) as in the ak135 model. Note that the 402 

differences in wave speeds among these four models are quite small except for the 403 

regions in the upper mantle and near the internal boundaries.  404 

4. Travel time comparison 405 

We further compare the travel times for a dataset of phases through CCREM and 406 

other reference models (PREM, ak135, and ek137) in Table 2. We calculate the 407 

average travel time residual (ATTR) for each seismic phase between CCREM and 408 

another model as ATTR = 
1

N
∑ abs(𝑇𝐶𝐶𝑅𝐸𝑀

𝑝ℎ
-𝑇𝑀𝑂𝐷

𝑝ℎ
)N

1 , where N represents the number of 409 



distance data points for the specified distance range of a seismic phase with a step of 410 

1°, and abs denotes the absolute value of travel time difference for one phase between 411 

two models. Comparisons of travel times for some seismic phases through the 412 

CCREM, PREM, ak135, and ek137 models are shown in Fig. S6. 413 

Our results show that the overall travel times through CCREM are in a much 414 

better agreement with those through short-period travel-time models (ek137 and 415 

ak135). The average value of ATTR for all phases is about 0.9 s and 1.1 s for ek137 416 

and ak135 models, respectively. However, we note that the predictions for multi-ScS 417 

phases in CCREM are closer to those in PREM. This is possibly due to the similar 418 

sensitivities of both datasets to the shear-wave structure of the mantle. Overall, travel 419 

times for the mantle phases through CCREM are closer to those through the ak135 420 

model, while travel times for the core phases are in a better agreement with those 421 

through the ek137 model. In particular, phases with multiple P legs in the top outer 422 

core display similar ATTR values to those in the ek137 model proposed to provide a 423 

better fit to the core phases. However, most PKP-related phases show smaller ATTR 424 

values in the ak135 model than in the ek137 model. 425 

The difference in travel times between CCREM and other models could probably 426 

arise from (1) different sensitivities for different types of datasets used (normal modes, 427 

travel times of body waves, and waveform modeling of the cross-correlation data), (2) 428 

different approaches in constructing the models and (3) different sampling coverages 429 

from data. The comparison of travel times among these models demonstrates that in 430 

general the CCREM can also provide a good representation of the travel times of 431 

regular seismic phases. 432 

5. Discussion  433 

This study proposes a new Earth reference model that provides an optimal 434 

representation of a substantial set of correlation features in global correlograms. The 435 

period band for the correlation feature dataset is 15-50 s, centered between periods 436 

used in body-wave travel time and normal-mode data. Consequently, our 437 

parameterization is ineffective in resolving the thin-layered structures or relatively 438 



weak discontinuous layers inside the Earth, such as the crust, mantle transition zones, 439 

or thickness of D'' in the lowermost mantle. The sensitivity of the correlation features 440 

to these structures must be further tested within a framework of, for example, the 441 

coda-correlation wavefield formation (Wang & Tkalčić, 2020a) or full-waveform 442 

inversion (Sager et al., 2020). 443 

Although the mantle transition-zone discontinuities in CCREM do not play a 444 

dominant role in fitting the observations, adding these discontinuities in the model 445 

slightly improves the waveform fit. Therefore, we keep the discontinuity depths as 446 

those in ak135. Initially, both the CMB and ICB in our model are fixed as those in 447 

PREM. However, the ICB depth (4 km) difference between the ak135 model and 448 

PREM is relatively significant. Compared with the CMB depth difference of only 0.5 449 

km, this suggests that the ICB depth is much less constrained in previous reference 450 

models. We then perform synthetic tests to investigate the effects of four ICB depths 451 

(5149.5 km (4 km shallower than ak135), 5151.5 km (2 km shallower than ak135), 452 

5153.5 km (same as ak135), and 5155.5 km (2 km deeper than ak135)) in the model 453 

on the fitness of correlation features. Our results show that models with the ICB depth 454 

of 5155.5 km display slightly larger CC and PCC values than models with other ICB 455 

depths. However, the Wilcoxon signed-rank test shows that the mean of the CC/PCC 456 

value differences among these models is almost zero. Because the ICB depth would 457 

directly affect the travel times of the PKiKP phase, more high-quality PKiKP data are 458 

needed to strictly refine the ICB depth in the future. Here we select the ICB depth of 459 

5153.5 km, as in the ak135 model.   460 

The CCREM differs only slightly from the ak135, ek137 models and PREM in 461 

the middle and lower mantle (approximately between 800 and 2100 km) as well as the 462 

central outer core (approximately between 3500 and 4900 km) (Fig. 10b, 10e). The 463 

significant differences among these models arise in the crust, upper mantle, and 464 

regions near the internal discontinuities, which are also the depth zones where the 465 

ak135 model differs most from PREM. The crustal model in CCREM shows a 466 

relatively larger velocity gradient compared to previous crustal models derived from 467 

travel-time data. However, the synthetic tests show that the overall fit for the 468 



whole-Earth correlation features is degraded by replacing the crustal model of 469 

CCREM with the ak135 or ek137 crust. That is probably because the two datasets 470 

(travel times of body waves versus cross-correlation functions waveforms) have 471 

different sensitivities to different structures. In the upper mantle, unlike the reduced 472 

velocity gradient between the Moho and 210 km in PREM, the CCREM shows an 473 

increased gradient in velocity and density because of the closer profile in CCREM to 474 

that in the ak135 model. However, for a spherical average, a low-velocity zone or a 475 

low-density zone is needed to match the free oscillation frequencies in PREM 476 

(Montagner & Kennett, 1996). Nonetheless, we cannot tightly constrain the crust and 477 

upper mantle structures in the current study since no specific correlation features are 478 

exclusively sensitive to these regions.  479 

 In the D'' region, the CCREM is characterized by a reduced P-wave velocity 480 

relative to PREM, ak135, and ek137 models (Fig. 10c). This is because we include a 481 

portion of P-wave velocities from PREM2 D'' model in the CCREM. In PREM2, the 482 

reduced P-wave velocity in the lowermost mantle is derived as an adjustment for the 483 

separations of PKIKP and PKPab at large distances (Song & Helmberger, 1995). Other 484 

studies using diffracted waves support a lower P-wave velocity in the D'' region 485 

relative to PREM (Wyssession et al., 1992; Garnero et al., 1993; Sylvander et al., 486 

1997). In addition, by analyzing antipodal diffracted data, Butler and Tsuboi (2020) 487 

derived a relatively lower global-mean apparent velocity within the D'' layer above 488 

the CMB. As our mid-period data suggests, if this is indeed the case, a 489 

globally-averaged reduction in D'' velocities sheds important light on the chemical 490 

compositions and thermal conditions near the CMB. This aspect deserves rigorous 491 

investigation in the future.  492 

The CCREM further shows that the P-wave velocity in the top ~500 km of the 493 

outer core is slower, and the velocity gradient is steeper than PREM (Fig. 10d). This 494 

velocity profile is more consistent with that in the outermost core of the ek137 model. 495 

Although differing in specific values of wave speed in the outer core’s top, this 496 

velocity profile agrees with results from previous studies using SmKS body waves 497 

(e.g., Tanaka, 2007; Kaneshima & Helffrich, 2013; Tang et al., 2015; Wu & Irving, 498 



2020) along with the normal mode data (van Tent et al., 2020) in a broad sense. Lower 499 

velocities than those in PREM in the outermost core (~500 km below the CMB) could 500 

possibly imply the accumulation of light elements due to chemical reactions between 501 

the core and mantle (e.g., Buffett & Seagle, 2010) or releasing from the inner core 502 

crystallization (e.g., Franck, 1982) or primordial layering in the core (e.g., Bouffard et 503 

al., 2020). To test the validity of CCREM’s outer core, comparing the predicted 504 

differential SmKS travel times with the increasing number of seismic observations is 505 

needed. However, this is beyond the scope of the current study.  506 

In terms of the lowermost outer core, using different types of PKP data, previous 507 

studies have shown a slower P-wave profile relative to PREM (e.g., Souriau & 508 

Poupinet, 1991; Song & Helmberger, 1992; Kaneshima et al., 1994; Yu et al., 2005) 509 

and a velocity gradient generally between ak135 and PREM in the bottom ~150 km of 510 

the outer core (e.g., Zou et al., 2008; Ohtaki & Kaneshima, 2015). It is worthwhile to 511 

note that the velocity profile in the CCREM roughly displays the same pattern. Such a 512 

P-wave velocity profile in the lowermost outer core possibly indicates a density 513 

stratification resulting from the freezing and re-melting process at the ICB (e.g., 514 

Monnereau et al., 2010; Alboussière et al., 2010; Souriau, 2015). 515 

The Bullen parameter ŋ in the PREM approximately equals unity through the 516 

entire outer core, suggesting a homogeneous, adiabatic medium (Bullen, 1963). In 517 

comparison, the deviation of P-wave velocity in the outer core of CCREM from 518 

PREM is possibly indicative of compositional heterogeneity in the Earth's outer core 519 

(e.g., Fearn & Loper, 1981; Kaneshima & Helffrich, 2013). More detailed structures 520 

in the top and bottom parts of the outer core can be investigated by focusing on 521 

core-sensitive correlation features in future studies. 522 

Due to strong influences from heterogeneity and anisotropy, there is a high level 523 

of uncertainty on inner core properties (Tkalčić, 2015). Moreover, most of the 524 

selected correlation features in our study are affected mainly by the mantle and outer 525 

core structures. Although some features are sensitive to the inner core structure (e.g., 526 

I2*, I4*), they are significantly affected by the mantle and outer core structures 527 

because of the small radius of the inner core. The P-wave velocity profile in the inner 528 

https://www.sciencedirect.com/science/article/pii/S0012821X1500045X#br0020


core of CCREM is thus loosely constrained and does not deviate much from either 529 

PREM or ak135 model (Fig. 10f). In terms of the shear-wave velocities in the inner 530 

core, variable estimates have been proposed in previous studies (e.g., Deuss et al., 531 

2000; Cao et al., 2005; Tkalčić & Phạm, 2018; Robson & Romanowicz, 2019). Based 532 

on the coda-correlation wavefield, Tkalčić and Phạm (2018) inferred an inner core 533 

model with shear-wave velocity reduction of 2.5 ± 0.5% relative to PREM by using a 534 

single correlation feature, I2-PKJKP. This feature is more sensitive to the inner core 535 

shear-wave structure than the features selected in our study. However, we cannot 536 

casually compare the shear-wave velocities in the CCREM’s inner core with results in 537 

these studies since we only focus on constraining the whole Earth's radial structure 538 

using the entire dataset of correlation features. The shear-wave velocity structure in 539 

the inner core should be resolved using more specific features (e.g., I2-PKJKP, 540 

PKIKP-PKJKP) in the future. 541 

Although seismic wave speeds play a major role in affecting the correlation 542 

features in the correlogram, we cannot avoid trade-offs between velocity and density 543 

in generating those synthesized features. Therefore, in this study, the Earth's density 544 

profile cannot be tightly constrained via fitting the correlation features. It remains 545 

ambiguous to some extent. To resolve such ambiguities in the density distribution, 546 

more normal mode eigenfrequency data can be integrated. Apart from the density 547 

distribution, Earth's radial attenuation structure will be taken into account in future 548 

coda-correlation studies, along with selected normal-mode data. 549 

On the one hand, the inclusion of dense networks such as the USArray in this 550 

study improves the quality of global correlograms at small inter-receiver distances 551 

(the far-left side of the correlogram) because more receiver pairs exist. On the other 552 

hand, dense regional networks can introduce localized effects of the Earth’s 553 

heterogeneity beneath the receivers. However, such effects will be globally averaged 554 

at larger distances since there is a benefit of the azimuthally diverse receiver-pair 555 

geometries (Tkalčić and Phạm, 2020). Also, only eight features (from the 71 used 556 

features in total) span near-zero inter-receiver distances. Therefore, the possible bias 557 

from the uneven distribution of stations on the results is minimal. 558 



The CCREM presented here should not be considered a replacement of the ak135 559 

or PREM models but rather a new concept based on a different data source. The 560 

ak135 model has been demonstrated to be very effective in applications for event 561 

location and predicting arrival times of various seismic phases (Kennett, 1995) for 562 

several decades. Meanwhile, elastic parameters in PREM have been widely used as 563 

observations compared with experimental or theoretical results in the mineral physics 564 

community. Additional observations must be considered to validate the CCREM in 565 

future studies. Hopefully, the newly proposed model could serve as a better reference 566 

model for studies using medium-period data, such as full-waveform inversion or 567 

source mechanism retrieval. Last but not least, we expect more uses of CCREM in 568 

mineral physics studies in the near future. 569 

6. Conclusions 570 

We construct the global coda-correlogram by stacking cross-correlations of 571 

late-coda recordings from ten selected large earthquakes. We identify and choose a set 572 

of 71 prominent correlation features in the observed correlogram as our observations. 573 

We then derive a new spherically symmetric Earth model called CCREM, which is 574 

sensitive to the medium wave-period range. To our knowledge, this is the first Earth 575 

reference model derived from data that is not direct observations of body-wave travel 576 

times or eigenfrequencies of Earth's normal modes. Travel times and waveforms are 577 

implicit in our observables as the correlation features arise due to the similarity of 578 

seismic phases illuminating the Earth’s interior after large earthquakes. The number of 579 

correlation features exceeds the seismic phases used in constructing previous Earth 580 

models because the similarity between weak seismic phases is more prominent than 581 

the weak phases themselves. CCREM is built with a combination of constraints from 582 

PREM/PREM2 and ak135 models and is designed to provide an optimal 583 

representation of the most prominent coda-correlation features in the global 584 

correlogram. Compared with previous reference models, the CCREM displays 585 

different velocity profiles, especially in the D'' region above the CMB, the top and 586 

lowermost outer core.  587 
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Table 1 Comparisons of selected paired models (PREM, ak135, ek137, and CCREM) using 618 

the Wilcoxon signed-rank test. If the p-value is smaller than 0.05, we reject the hypothesis at a 619 

5% significance level in support of the alternative hypothesis. Here, the parameter u 620 

represents the difference in CC/PCC values for all correlation features between the two 621 

models. The two hypotheses are: (1) u equals zero; (2) u is larger than zero, respectively. 622 

More details are described in Text S2 in the Supplementary Information. 623 

 624 

       p-value 

Models 

Two-sided test (H0: u=0) One-sided test (H0: u>0) 

CC PCC CC PCC 

PREM-ek137 ~0.0000 ~0.0000 ~0.0000 ~0.0000 

ak135-ek137 0.0008 0.0035 0.0004 0.0017 

PREM-CCREM ~0.0000 ~0.0000 ~0.0000 ~0.0000 

ak135-CCREM ~0.0000 ~0.0000 ~0.0000 ~0.0000 

ek137-CCREM ~0.0000 0.0003 ~0.0000 0.0002 

 625 
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 633 
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 636 
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 638 

 639 



Table 2 The average travel time residuals (ATTR) calculated for a dataset of seismic phases 640 

between CCREM and other reference models using a 200-km-deep event.  641 

Phase 

branch 

Distance 

Range (°) 

ATTR 

PREM 

ATTR 

ak135 

ATTR 

ek137 

Phase 

branch 

Distance 

Range (°) 

ATTR 

PREM 

ATTR 

ak135 

ATTR 

ek137 

P 10-85 0.408 0.384 0.356 PKKP 80-120 1.586 0.468 0.185 

S 15-85 0.634 0.480 0.555 PKKKP 0-35 1.762 0.612 0.242 

PP 35-180 0.807 1.078 1.035 P4KP 50-180 2.450 0.620 0.234 

SS 35-180 1.390 0.973 1.068 P7KP 80-180 3.834 0.831 0.414 

PcP 0-90 0.898 0.240 0.320 SKSPP 60-160 2.728 2.228 1.822 

PcPPcP 0-180 1.851 0.783 0.949 SKPPKP 160-180 1.151 0.981 1.230 

ScS 0-90 0.104 0.380 0.580 PKPPKS 60-80 3.353 1.051 0.867 

ScSScS 0-180 0.351 1.022 1.531 SKKS 80-180 2.499 1.356 0.215 

(ScS)3 0-180 0.934 1.626 2.261 SKKKS 80-170 3.754 1.966 0.335 

SP 35-130 0.911 1.045 0.988 S4KS 80-180 4.401 2.013 0.569 

ScP 0-60 0.622 0.325 0.369 S5KS 90-180 4.998 1.870 0.756 

PKPPcP 90-180 3.097 0.843 1.022 PKIKP 120-180 1.352 0.409 0.259 

PKPab 156-177 2.053 0.102 0.230 (PKIKP)2 0-120 2.761 1.123 0.823 

PKPPKP 10-45 4.137 0.514 0.780 (PKIKP)3 20-180 4.082 1.846 1.393 

(PKP)3 110-170 6.262 0.914 1.319 (PKIKP)4 0-100 5.103 2.618 2.002 

(PKP)4 10-90 8.472 1.285 1.835 (PKIKP)5 0-140 10.758 3.143 2.409 

 642 

 643 



 644 

 645 

Fig. 1 (a) P-wave velocity profiles as a function of depth for ak135 (coral), ek137 646 

(slate blue), PREM (sky blue), and sp6 (rosy brown) models. A zoomed-in view of the 647 

velocity profile is shown in (b)(c)(d) for regions near the core-mantle boundary and 648 

inner-core boundary. 649 

 650 



 651 

 652 

Fig. 2 (a) Global distribution of events and stations used in the study. Red stars denote 653 

the events, and grey triangles indicate seismic stations. (b) Histogram of all station 654 

pairs on the global scale for the ten events with inter-receiver distance binned in 1°. (c) 655 

The stacked global correlogram for the 1° binned inter-receiver distance, calculated 656 

from the late-coda waveforms of 10 earthquakes. The range of the correlation 657 

wavefield is between 0 and 7200 s after the correlation-origin time. 658 

 659 



 660 

 661 

Fig. 3 Correlation feature selection. An initial distance range of features (PcP*, K4*) 662 

can be narrowed down by choosing the correlation coefficient threshold among the 663 

time-windowed traces being larger than 0.8. The blue vertical lines denote the 100-sec 664 

time window, including the correlation feature. 665 



 666 

Fig. 4 The selected correlation features are represented by dashed blue lines in the 667 

global correlogram. The names for the selected features are shown above the dashed 668 

blue lines. Note that all the unknown features are denoted by a character ''xx'' plus a 669 

number. Moreover, if the feature expands over a long-distance range (>50°) or has a 670 

cusp, we split the distance range into several parts. The feature is then named xx-1, 671 

xx-2, or xx-3 (xx represents the feature name). 672 



 673 

 674 

Fig. 5 (a) P-wave velocity profiles for four base models used in the study. Note that 675 

both ak135 and PREM are represented by piecewise cubic polynomials in radius, and 676 

the upper mantle discontinuities are omitted. The radial profile of (b) P- and (c) 677 

S-wave velocities for the preferred CCREM (red line) within a wide range of 678 

candidate models (grey lines) constructed as in Section 3.  679 

 680 



 681 

 682 

Fig. 6 Histograms of the correlation coefficient, the phase correlation coefficient, 683 

and the L2-norm misfit values for all selected correlation features for the CCREM 684 

(slate blue) compared to the ek137 model (khaki). 685 

 686 



 687 

 688 

Fig. 7 Comparisons of synthetic (red) and observed (black) waveforms for PcP* and 689 

K4* correlation features. The blue vertical lines denote the 100-sec time window, 690 

including the correlation feature. The synthetic waveforms are calculated using 691 

CCREM.  692 
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 695 

Fig. 8 Enlarged sections of waveform comparisons for (a) PcP* and (b) K4* 696 

correlation features between predictions (red) from four different models (PREM, 697 

ak135, ek137, and CCREM) and observations (black). The whole waveform 698 

comparisons of these two features for four models are displayed in Fig. S4. 699 

 700 



 701 

 702 

Fig. 9 Relative CC and PCC values of correlation features in the CCREM with ek137 703 

model as a reference. The features are listed in an order roughly based on their 704 

emerging time in the global correlogram. 705 

 706 



 707 

 708 

Fig. 10 Radial P-wave velocity structures for the CCREM (red) in different segments 709 

of the Earth in comparison with ek137 (blue), ak135 (tan) models, and PREM (grey). 710 

Dashed grey lines denote the internal discontinuities (410 km, 660 km, CMB, and 711 

ICB). 712 
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