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SUMMARY

Seismic tomography is a principal method for studying mantle structure, but imaging of Earth’s
wavespeed anomalies is conditioned by seismic wave sampling. Global models use misfit crite-
ria that may strive for balance between portions of the data set but can leave important regional
domains underserved. We evaluate two full-waveform global tomography wavespeed models,
GLAD-M25 and SEMUCB-WMI, in the mantle below the Pacific Ocean. The region of the
South Pacific Superswell contains multiple hotspots which may be fed by plumes anchored in
the Large Low Shear-Velocity Province at the base of the mantle. The uneven distribution of
seismic receivers worldwide leaves several candidate plumes beneath various hotspots poorly
resolved. We assess the regional quality of GLAD-M25 relative to its global performance us-
ing a partition of the seismic waveform data used in its construction. We evaluate synthetic
waveforms computed using the spectral-element method to determine how well they fit the
data according to a variety of criteria measured across multiple seismic phases and frequency
bands. The distributions of travel-time anomalies that remain in GLAD-M25 are wider for
trans-Pacific paths than globally, suggesting comparatively insufficiently resolved seismic ve-
locity structure in the region of interest. Hence, Pacific-centered regional inversions, based on
(augmented) subsets of the global data set have the potential to enhance the resolution of veloc-
ity structure. We compare GLAD-M25 and SEMUCB-WMI1 by cross-validation with a new,
independent, data set. Our results reveal that short- and long-wavelength structure is captured
differently by the two models. Our findings lead us to recommend focusing future model itera-
tion on and around the Pacific Superswell and adding data that sample new corridors, especially
using ocean sensors, to better constrain seismic velocity structure in this area of significant geo-
dynamic complexity.
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1 INTRODUCTION

Mantle upwellings play a vital role in Earth processes (Koppers et al. 2021), and when they take the form of narrow mantle plumes, they
provide an essential window into the structure, composition, and dynamics of Earth’s deep interior (Weis et al. 2023). Most volcanic hotspots
are located in the oceans (Sleep 1990; Courtillot et al. 2003; King & Adam 2014), which cover two-thirds of Earth’s surface. It is challenging
to deploy seismic stations around ocean islands to increase imaging aperture (Wolfe et al. 2009; Maguire et al. 2018), which has led to
biases in seismic imaging of mantle plumes compared to subduction zones (Montelli et al. 2006; Nolet et al. 2007). The latter have been
rather well imaged by models (van der Hilst et al. 1993; Grand et al. 1997; Fukao et al. 2001) that have received sustained data addition and
methodological improvement (Li et al. 2008; Lu et al. 2019; Obayashi et al. 2013; Sigloch & Mihalynuk 2013). Observing seismic waves
beneath the oceans requires specialized equipment and sensors such as ocean-bottom seismometers (Collins et al. 2001; Kohler et al. 2020),
anchored (Slack et al. 1999; Sukhovich et al. 2014) or floating (Sukhovich et al. 2015; Simon et al. 2021) hydrophones at mid-column depths.

Several global tomographic models (Zhao 2004; Kustowski et al. 2008; Ritsema et al. 2011; French & Romanowicz 2015; Bozdag et al.
2016; Lei et al. 2020) developed using different methodologies have provided evidence of broad low shear-wave speed zones beneath several
major hotspots, providing insight into the structure of Earth’s mantle plumes (Ritsema et al. 2021; Lu & Rudolph 2024). The rise of buoyant
plumes may be influenced by flow and basal structure within the mantle (Steinberger 2000; Austermann et al. 2014; Nolet et al. 2007), and
compositional and rheological properties (Dannberg & Sobolev 2015; Davaille et al. 2018; Giilcher et al. 2022), making their large-scale
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Figure 1. Relative mantle shear-wave speed anomalies (dInVs, per cent) in global tomography models GLAD-M25 (left column) and SEMUCB-WM (right).
Cross-sections follow great-circle paths shown in the map inserts. Green triangles indicate hotspots (see Steinberger 2000). Dashed black lines mark 410, 660,
and 1000 km depth. Both models agree on the presence of mantle plumes below Samoa (top row) and Pitcairn (middle), rising from the core-mantle boundary.
Below Tahiti and the Marquesas (second row) the low and high velocity anomalies are similarly shaped and positioned in both models, although they are
mismatched in amplitude. Between Easter Island and the Galdpagos (fourth row), GLAD-M25 shows a low-velocity anomaly anchored at the core-mantle
boundary. No comparable structure is present in SEMUCB-WMI. Beneath Louisville (middle and fourth rows), GLAD-M25 has mantle structure that is
inconsistent with SEMUCB-WML. Directly beneath Galdpagos (bottom), both models show significant fast velocity anomalies near the core-mantle boundary.

structure more complex than in the canonical Morgan (1971) hypothesis, which continues to generate lively debate (Foulger 2002, 2021).
Seismic anisotropy is an important indicator of mantle flow (Fouch et al. 2001; Gaherty 2001; Benoit et al. 2013; Faccenda & VanderBeek
2023), but direct inference is significantly complicated by the mechanisms of microstructural fabric formation, and, in particular, the presence
of water and partial melt (Park & Levin 2002; Karato et al. 2008). Here, we only consider isotropic elastic wave speed variations.
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Intricate plume structures comprising ponding zones (Nolet et al. 2006; Wamba et al. 2021) and branching networks have been imaged,
e.g., in the Indian Ocean beneath La Réunion (Tsekhmistrenko et al. 2021; Wamba et al. 2023) and in the Antarctic Rift System beneath
Marie Byrd Land (e.g., Hansen et al. 2014). Beneath the Central Pacific around Hawaii, models based on a variety of observables suggest that
seismically slow material may have accumulated in the mid-mantle (Shen et al. 2003; Yu et al. 2018; Zhang et al. 2023). These apparently
different plume morphologies and flow regimes may imply different scenarios for the evolution of Earth’s silicate mantle. Understanding
mantle evolution maps onto questions about specific seismic models, two of which we compare in this paper.

Seismological model and data comparisons may take many forms (Ritsema & Leki¢ 2020; Moulik et al. 2022). Numerous authors have
conducted detailed inter-model evaluations, on the basis of a variety of measures which are relatively straightforward to obtain from images,
both planforms and cross-sections. These include correlation-based comparisons and confrontations with geodynamic models (e.g. Jordan
et al. 1993; Rudolph et al. 2015), cross-filtered to account for the tomographic resolution operator (e.g., Schuberth et al. 2009; Su et al.
2023), vote-mapping based consistency checks (e.g., Shephard et al. 2017), consensus-based cluster analyses (e.g., Leki¢ et al. 2012; Cottaar
& Leki¢ 2016), spectral-domain cross-model comparisons and grand averaging to an agreed-upon “best” model (e.g., Becker & Boschi
2002), and statistical measures characterizing the relative distributions of anomalies (e.g., Hernlund & Houser 2008). In contrast, intra-model
comparisons and direct data evaluations (Ritsema et al. 2002; Bozdag & Trampert 2010), have been relatively rare. While the computational
cost of data-space cross-validation is higher, it can lead to a more focused identification of the geographical areas that are most in need of, or
present most promise for, improvement.

1.1 GLAD-M25 and SEMUCB-WM1, two full-waveform global seismic models

The two global tomography models that we interrogate are GLAD-M25 (Lei et al. 2020) and SEMUCB-WMI1 (French & Romanowicz 2014,
2015). They are readily available for analysis (Trabant et al. 2012; Ciardelli et al. 2022). Fig. 1 shows a variety of their cross-sections that can
be mapped onto specific science questions. As we will not be able to address each individually, our focus will be on an overall assessment of
model resolution and data fit within and across both models, as a prerequisite for more detailed interpretative work.

Seismic tomography model GLAD-M?25 (Lei et al. 2020) was based on adjoint full-waveform inversion (Tromp et al. 2005; Liu & Tromp
2008; Liu & Gu 2012) of global seismic data from 1,480 earthquakes recorded at 11,800 seismic stations, modeled (down to 17 s period)
using a spectral-element approach on a polynomial node grid (SPECFEM3D_GLOBE, Komatitsch et al. 2000). Shown in Fig. 1 (left col-
umn), are cross-sections through the shear-wave anomaly model. GLAD-M25 improved upon first-generation model GLAD-M15 (Bozdag
et al. 2016), itself an update of S362ANI by Kustowski et al. (2008), which incorporated crustal model CRUST2.0 (Bassin et al. 2000).
The one-dimensional attenuation model was unchanged from the QL6 profile (Durek & Ekstrom 1996). Radial anisotropy in GLAD-M25
is confined to the upper mantle. Despite the amount of data that was assimilated (millions of individual measurement windows) and the
overall high model quality, structure below several hotspots in the Pacific (e.g., Louisville, Marquesas, Easter, Tahiti, Galdpagos), remains
challenging to interpret. Other hotspots in the region (e.g., Samoa and Pitcairn) do show evidence for whole-mantle plumes rising from
the core-mantle boundary (CMB) to the upper mantle. Even in regions with adequate data coverage, poorly constrained structure may be
ascribed to a combination of source uncertainty (Sawade et al. 2022) and an incomplete model parameterization, including the lack of az-
imuthal anisotropy (Becker et al. 2003), inherited topography on internal discontinuities (Burky et al. 2023), unaccounted-for heterogeneous
wavespeed attenuation (Lei et al. 2020), and other “approximations and arbitrary choices” (Valentine & Trampert 2015).

Shown in Fig. 1 (right column), seismic tomography shear-velocity model SEMUCB-WMI1 (French & Romanowicz 2014, 2015) is
also a whole-mantle model developed using full-waveform inversion (Leki¢ & Romanowicz 2011). The forward seismic wavefield of 273
events at over 500 stations was computed (down to 32 s period) using a spectral-element method (CSEM, Capdeville et al. 2003), with
a parameterization by spherical splines (Wang & Dahlen 1995) laterally and B-splines vertically. The inverse problem is solved using a
Gauss-Newton optimization approach, where gradient and Hessian kernels were recomputed at each iteration using non-linear asymptotic
mode coupling theory (NACT, Li & Romanowicz 1995). The starting model was SEMum?2 (French et al. 2013) for the upper mantle and
SAW24B16 (Mégnin & Romanowicz 2000) for the lower mantle, both computed by full-waveform inversion, the former using CSEM and the
latter using NACT for forward wavefield computations. Unlike with GLAD-M25, radial anisotropy is included throughout the mantle. The
one-dimensional attenuation model QL6 (Durek & Ekstrom 1996) was held fixed. The three-dimensional radially anisotropic homogenized
crust was updated at each iteration to fit a set of Love and Rayleigh wave dispersion curves in the period range 20—60 s.

Valentine & Trampert (2015) point out the dangers of computing sensitivity kernels using a different theoretical basis to that employed
for forward modelling. This may indeed be problematic when the starting model is far away from the (unknown) target model. However,
SEMUCB-WM1 was constructed progressively, starting at very long periods and long wavelengths, and using a one-dimensional model that
fits a large global data set of teleseismic travel times (Leki¢ & Romanowicz 2011). Progressively, shorter wavelengths and a larger number
of wave packets were added, giving rise to emerging three-dimensional structure. In other words, the starting model for SEMUCB-WM1 has
robust long-wavelength features, justifying the approach taken. The misfit function, computed using spectral-element modeling, is accurate,
while errors in the gradient are of second order, see Tarantola (1986) and Leki¢ & Romanowicz (2011), their Appendix A. Hence the gradient
will point non-erratically towards decreasing misfit.

Note that the automatic selection of windows was carried out by FLEXWIN (Maggi et al. 2009) in both models, but the selection criteria
in GLAD-M25 differ from those used in the construction of SEMUCB-WMI1 (e.g., Romanowicz 2023). More details about the differences
in the construction of models SEMUCB-WMI1 and GLAD-M25 can be found in Romanowicz (2023).
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Figure 2. (Left) Focal mechanisms of 453 sources from the GLAD-M25 data set falling within our region of interest, dashed in black. White-yellow sources are
over 300 km deep, white-red mechanisms occur at shallower depths. (Middle) 380 land stations (yellow, inverted triangles) and 117 ocean-bottom seismometers
(green triangles). (Right) Stations, earthquake locations and mechanisms, and their great-circle paths from the independent data set that we used for cross-
validation of global seismic models GLAD-M25 and SEMUCB-WML. Paths corresponding to travel-time anomalies exceeding +5 s are rendered red.

1.2 Objectives of this paper

We formulate the two objectives of this paper. First, to assess the need for regional model improvement within GLAD-M25 across our Pacific
area of interest, e.g., by continued full-waveform inversion of subsets of the data that cover the target region and/or by the addition of new,
especially oceanic, data. Second, to compare GLAD-M25 model with SEMUCB-WMI1 in the region of interest. We do not seek to rank the
two models in this work: both models are numerically optimized “best” versions of the truth as revealed by their data sets, but it is not a priori
clear whether the match between observed and simulated data influenced by model structure within a specific regional domain of interest is
as good as, better, or worse, than the overall level of fit reached by globally averaged evaluation. These questions, involving the probabilistic
mapping between data and model covariance spaces, are of a very general nature (Tarantola 2005; Valentine & Trampert 2012).

To attain our objectives, we conduct two data-space assessments by comparing metrics relating observations to synthetic data simulated
in both models. Our first assessment focuses on a regional-versus-global evaluation of misfit via comparisons of the travel-time anomaly
distribution for a variety of wave types that are sensitive to the target region. As the region of interest we use a portion of the cubed sphere
(Ronchi et al. 1996), delineated in black in Fig. 2. To compare GLAD-M25 with SEMUCB-WMI1, we assemble an independent, smaller,
data set, compute wavefields in the same Pacific region enclosing Polynesia, calculate the similarities between synthetics and observations,
and make histograms of relative travel-time anomalies to ascertain whether apparent differences in model structure are warranted by the data.

This work is structured as follows. We isolate the Pacific region under investigation and identify, from the database underlying the
GLAD-M25 model, seismic event-station pairs that fall within the target region, and compile their observed and synthetic waveforms. We
discuss the metrics by which we relate the observed to the predicted data. We calculate histograms of relative travel-time anomalies within
GLAD-M25 across different data categories (e.g., body and long-period surface waves, all three seismogram components) and period bands,
contrasting the regional subset with the global values to allow for model intra-comparison. We next perform model inter-comparisons between
GLAD-M25 and SEMUCB-WM1 using similar metrics, but this time on the basis of an independent data set. We use the word ‘independent’
to mean that the new data set was not involved in the construction of either model. While these data are of the same seismological type,
and receive the same treatment and processing as those used to build GLAD-M25 and SEMUCB-WM1, the synthetic waveforms are newly
computed and compared. Both comparisons shed light on the relative quality of both models, and lead to recommendations for further
inversions based on long-period waveforms or travel-times that may ultimately help us to enhance imaging of structure beneath the Pacific.

2 DATA AND METHODS

For the model intra-comparison, i.e., to assess model quality at the regional scale of the Pacific, we selected from the data used to build GLAD-
M25 a subset of 453 seismic sources that illuminate the target region, within the magnitude range 5.5< M,, <7.2. In Fig. 2 (left), we render
their focal mechanisms in different colors depending on hypocenter depth, deep (>300 km) versus shallow and intermediate earthquakes
(<300 km). Fig. 2 (middle) shows all stations that fall inside the domain of interest, 380 land (yellow triangles) and 117 ocean-bottom
(green triangles) seismometers. The target region, bounded by a thick black dashed outline, corresponds to one “chunk” of the cubed-sphere
computational domain (Ronchi et al. 1996; Komatitsch et al. 2000) upon which GLAD-M25 was built. Source-receiver distances within this
area include the teleseismic, and the equivalent body-wave bottoming depths span the mantle, albeit inhomogeneously. Hence, at least in
principle, future regional inversions could be designed to run entirely within a single cubed-sphere chunk, although extending the model
domain beyond that size might be called for. All waveforms were on file in the database made available by Lei et al. (2020).

For the model inter-comparison, we cross-validated GLAD-M25 and SEMUCB-WMI1 by selecting 10 events from the global centroid
moment tensor (GCMT) catalog (Ekstrom et al. 2012), none of which were included in the construction of either model. Their source-
receiver paths are shown in Fig. 2 (right). They were chosen based on their isolated timing (i.e., no aftershocks, no simultaneous events),
waveform quality (high signal-to-noise ratio), and likely short half-duration source moment magnitude (6.3< M, <6.9). We used the GCMT
solution as input to calculate synthetic data in both models using SPECFEM3D_GLOBE (Komatitsch et al. 2000), within which GLAD-M25
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Figure 3. Cross-sections, seismograms, and waveform misfit metrics for body waves in two period bands, 17-40 s (top set), and 40-100 s (bottom). Each
four-panel set presents a map view with the great-circle ray path connecting the earthquake source to the receiver (fop left), a cross-section from East to West
through model GLAD-M25 (bottom left) with the same color scale as in Fig. 1, and the subfigures (right) show a whole seismogram (fop) and a zoom on the
windowed shear (S) wave (bottom). Observed seismograms are red, the predictions, computed using SPECFEM3D_GLOBE in GLAD-M25, in blue. Numbers
in the shaded portions are R(0), below the trace, and C(0), above it. In the zoomed-in sections, the synthetic seismograms are also shown, as dashed black
lines, after shifting by the signed amount of the travel-time anomaly measurement, AT, and scaled by the factor @ = exp[dInA(AT)], which brings them
into maximal alignment, as measured by the value of the cross-correlation coefficient, C'(AT). In the top set, corresponding to station MANS in Costa Rica,
the travel-time anomaly is positive, AT = +5.2 s, indicating that the synthetic arrives earlier than the observed waveform (i.e., model GLAD-M25 is too
fast). The scaled synthetic is delayed to align with the observations. In the bottom seismograms, recorded at station KIP, Hawaii, the anomaly is negative,
AT = —5.2 s, signifying a measurement in which the synthetic is late (i.e., the model too slow). The scaled synthetic is advanced into alignment, as shown.

was developed. While SEMUCB-WM1 itself was developed using CSEM by Capdeville et al. (2003), the model was incorporated into
SPECFEM3D_GLOBE version 7.1 by Clouzet et al. (2018), with its three-dimensional crust expressed on the polynomial node grid, honoring
lateral variations of the Moho, and benchmarked against CSEM. As to the moment tensors, the GLAD-M25 construction comprised an
initial adjustment of source parameters as part of the inversion procedure, whereas SEMUCB-WMI1 did not. While some of these procedural
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Figure 4. Cross-sections, seismograms, and waveform misfit metrics for surface waves in period bands 90-250 s (top set) and 40-100 s (bottom). Layout,
labeling and color schemes are identical to Fig. 3, with observed seismograms in red, GLAD-M25 synthetics computed using SPECFEM3D_GLOBE in blue,
and the dashed black traces showing the phase-and-amplitude corrected synthetic that is maximally aligned with the observations. Note that Fig. 3 showed
two transverse-component seismograms, whereas here, we show one radial-component and one vertical-component case, as indicated by the labels to the
right of the top panels of every set. The top seismograms are for a long oceanic path that is recorded on island station PPT (in Papeete, Tahiti). The bottom
seismograms are for a shorter oceanic path recorded by ocean-bottom seismometer PL59 from the PLUME deployment near Hawaii (Laske et al. 2009). In
both cases, the relevant wavespeeds in model GLAD-M25 are too slow for the trajectory. The synthetics need to be scaled, and advanced by AT = —10.8 s
and AT = —10.2 s, respectively, to bring them into maximal alignment with the observations, as measured by the cross-correlation metric.

discrepancies may creep into individual waveform comparisons (see, e.g., Valentine & Woodhouse 2010), they are unlikely to show up in
the statistical aggregates that we present. Moment-tensor adjustments due to three-dimensional wavespeed heterogeneity are typically small
(Sawade et al. 2022). Furthermore, we are unable to make any model adjustments as part of our data-space validation with independent
source data sets. Hence, we leave the GCMT solutions unchanged. A final note concerns the shear-to-compressional (S-to-P) wave speed
scaling employed by SEMUCB-WMI. As in its original construction, we used the relationships proposed by Montagner & Anderson (1989),
though it must be appreciated that the real mantle may be more complex (Koelemeijer et al. 2016; Moulik & Ekstrom 2016).
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Many waveform misfit metrics are in use (Yuan et al. 2019). Here, the travel-time anomaly AT is the time lag that maximizes the
normalized cross-correlation C'(7) between the observed, d(t), and the synthetic, s(t), seismograms in a window of length 7" starting at ¢,

AT = arg1rn‘fLX{C(7')}7 M

to+T to+T ) to+T ) 1/2
Clr) = (/ [a(t) - ] [s(tﬂs]dt)/(/ [a(t) - | dt/ (s(t —7)— 5] dt> , @

with d and 5 the means of the data and the synthetics over the corresponding time interval. With this normalization, C'(AT) is the cross-
correlation coefficient between the overlapping segments of the observed and synthetic time series after shifting by AT. Without shifting,
C(0) is a measure of the data fit in the relevant tomographic model at the current iteration.

If we forgo the indices to and T, and label the discretized shifted time series d; and s; for paths 4, a concise notation is

1/2
e 2 . 12
C(T)_(Z[di—d][si—s])/(Z[di—d] Z[si_s]) | o)
An alternative approach to measuring the fit between the predicted and observed seismograms is to compute the relative root-mean
squared (rms) waveform difference (see also Ritsema et al. 2002),

R(r) = (Z ldi — 7] / > - J]2>1/2. @

A third metric is the amplitude anomaly between prediction and observation (Dahlen & Baig 2002; Maggi et al. 2009),

dInA(7) = %m (Z [did]Q/; [s7 3]2). 5)

The resulting best-fit scaling factor is given by o = exp[dInA(AT)].

For each window, metrics are computed at the time-shift that optimizes the cross-correlation, 7 = AT, and at the current state of the
model, 7 = 0. A negative travel-time anomaly, AT < 0, signifies a late predicted arrival, i.e., a wavespeed model that is too slow over the
average trajectory. A positive travel-time anomaly, AT > 0, indicates an early predicted arrival, i.e., a model that is relatively too fast. Large
relative travel-time shifts AT, and positive cross-correlation values C'(AT') that are high relative to C(0), indicate that the current model
retains the potential for improvement. In that case, in principle, subsequent model iterations (e.g., regionally focused ones, Zhu et al. 2012;
Cui et al. 2023) should help improve the synthetics to approximate the observations more closely.

Examples of data, measurements, and metrics across a range of long and short paths, land-based and ocean-bottom seismic stations,
are shown in Figs 3 and 4. Fig. 3 focuses on seismic body waves, and Fig. 4 highlights surface waves. All three-component waveforms
were filtered into three period bands, 1740 s, 40-100 s, and 90-250 s. The body waves were partitioned into the period ranges 17-40 s and
40-100 s, whereas the surface waves were split into the categories 40-100 s and 90-250 s. In addition to listing the cross-correlations C'(0)
and C(AT), the amplitude measurements dlnA(0) and dlnA(AT), both figures also quote the relative root-mean-squared (rms) waveform
differences, R(0) and R(AT).

GLAD-M25 relies on hundreds of thousands of seismogram segments and some seismic traces have multiple windows that were mea-
sured, as is the case for the first waveform shown in Fig. 3. The shaded areas list the current rms, R(0), below the trace, and the current
cross-correlation, C'(0), above it. Observed seismograms are in red, and the synthetics, computed in GLAD-M25, are in blue. For the zoomed-
in portions, the aligned signal, phase and amplitude-corrected by advancing or delaying it by AT and scaled by «, is shown dashed in black.
It is apparent that some waveforms are not completely optimized, yet can be made to fit well after future adjustments. Such is the case for
body and surface wave windows, for land stations and also for ocean-bottom-seismometer data.

3 RESULTS

Here, we present our analysis of the travel-time anomalies that survive in both global tomographic models. For model GLAD-M25, we
compare the distributions of global data fits with those of the regional subset in the Pacific domain, for both body and surface waves. We
discuss their geographic distribution, and we compare the difference between paths sampled by land-based and ocean-bottom seismometers.
Second, we compare regional data fit metrics for the new, independent, data set, under both models GLAD-M25 and SEMUCB-WMI1.

3.1 Global to Regional: Data-space intra-comparison of model GLAD-M25

To understand how well models explain data beneath the Pacific Ocean, we examine a regionally targeted subset of the global data set that
was used in building global model GLAD-M25. Figs 5 and 6 summarize the results of our statistical analysis. We present histograms of
normalized travel-time anomalies, AT /T, in per cent. To compute these we divided the measured travel-time anomalies by the time of the
midpoint of the measurement window, measured relative to the earthquake origin time. To first order, these metrics approximate the relative
velocity anomaly, Ac/c, averaged over the path sampled by the specific phases, with ¢ equal to the P-, S-, or surface-wave phase speed.
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Figure 5. Distribution of normalized body-wave travel-time anomalies that persist in adjoint-based seismic tomography model GLAD-M25, for the Pacific
target region and as compared to the entire globe. Histograms are shown for body waves across three seismogram components (vertical Z, radial R, and
transverse T) and in two period bands, 1740 s (top row, a—) and 40-100 s (bottom row, d—f). Histograms of all global measurements are shaded fuchsia,
those of the regional event-station subsets of Fig. 2 (left and middle) are in aquamarine, shown upside down. Means and plus-minus one standard deviation
ranges hover over the bar graphs. Normal distributions are superimposed as solid curves. Values listed on the left side of every panel are computed after
removing outliers not within the 3rd-97th percentile range, whereas the values on the right were computed using all of the data for each category. All global
averages are indistinguishable from zero, and all global standard deviations are 0.1 s, suggesting unbiased model residuals and globally extremely tight data
fits. Regional distributions are only slightly offset from zero, but their standard deviations are two to three times larger than the global values. The regional
distributions also have heavier tails, suggesting that a sizable fraction of the data remains to be fully explained by the wavespeed model in the target region.

There are twelve different categories in all: two dominant wave types (body and surface, as indicated in the title of each panel), three
components (radial R, transverse T, and vertical V, as listed) and three period bands (17-40 s and 40-100 s for the body waves, 40-100 s
and 90-250 s for the surface waves). The number of measurement windows represented by histograms in each category, NV, is reported in
the annotation of each panel. The number of bins, n, in each histogram follows Sturges’ rule, n = 1 + log,(V), where N is the number
of data. For the tabulated values shown inside the panels of Figs 5 and 6 we report both trimmed (between the 3% and 97% percentiles)
and untrimmed (0% to 100%) statistics, as listed at the top of each summary table. Gaussian probability density functions with means and
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Figure 6. Distribution of normalized surface-wave travel-time anomalies persisting in model GLAD-M25, for the Pacific target region as compared to the
whole globe. Histograms are for surface waves across three seismogram components (vertical Z, radial R, transverse T) in period bands 40-100 s (fop row,
g-i) and 90-250 s (bottom row, j-1). Layout and labeling are exactly as in Fig. 5. Again, the global distribution is always centered on zero within each category.
In contrast, the regional distributions are shifted slightly towards more negative values, showing increased standard deviations and stronger contributions from
the tails. For both Figs 5 and 6 all predicted waveforms were computed during the construction of GLAD-M25 using SPECFEM3D_GLOBE by Lei et al. (2020).

variances calculated after trimming are superimposed. In both Figs 5 and 6, histograms for the global data set that was presented and discussed
by Lei et al. (2020) are shown right side up, whereas for the regional subsets pertaining to the events and land and ocean stations shown in
Fig. 2 (left and middle), the histograms are flipped upside down.

The body-wave travel-time anomaly distributions shown in Fig. 5 are broader in the regional domain, i.e., for paths in the Pacific, than
for all paths globally, with more windows displaying |AT/T'| > 0.5% regionally. Comparing the global and regional distributions for body
waves between 1740 s, Figs Sa—c show that the regional standard deviations are twice those of the global values. As frequency decreases
and we consider long-period body waves between 40—100 s period, in Figs 5d—f, the trimmed regional standard deviations increase and the
differences with their global equivalents grow. Observations made for surface waves are revealed by the distributions given in Fig. 6, for the
wave packets filtered between periods 40-100 s, Fig. 6g—i, and between 90-250 s, Fig. 6j—1, which are sensitive down to the upper mantle and
to the transition zone, respectively. Again the global remaining travel-time anomalies fit relatively Gaussian distributions centered at zero.
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(a) 17-40's (b) 40-100 s (body waves) (¢) 40-100 s (surface waves) (d) 90-250 s

Figure 7. Geographic distribution of relative travel-time velocity anomalies in GLAD-M25 for all paths sampling the target region, dashed in black, broken
down by wave type and frequency band, across all seismogram components, and averaged over all analysis windows. We focus on the tails of the regional
distributions shown in Figs 5-6. All paths with a good misfit between the observed and predicted waveforms (i.e., —0.5% < AT /T < +0.5%) are plotted
AT/T| > 0.5%) sorted by absolute value. Red paths with negative anomalies (AT/T < —0.5%)
correspond to corridors where the velocity model is too slow. Blue paths with positive anomalies (AT /T > +0.5%) signify that the model is too fast. Events
and stations are shown by black circles and triangles, respectively, and hot spots are shown as green triangles. Plate boundaries are overlain in black lines.

in gray first. These are overlain by all other paths (i.e.,

On the other hand, the distributions of the regional travel-time anomalies are slightly shifted from the global distributions, and they appear
flatter, with larger standard deviations and more outliers in the tails. The negative mean travel-time anomalies in the target region are most
pronounced in the 90-250 s surface-wave band, suggesting that the model in and above the transition zone is overall slower than the real
Earth. While crustal effects could play a role, our interpretation of these results is that significant exploitable mantle structure remains in the
current data set, indicative of structure underneath the target region that is relatively more poorly resolved than for the globe as a whole.

To understand the geographic distribution of the regional residuals remaining in GLAD-M25, we average the relative travel-time anoma-

lies summarized in Figs. 5-6 over all analysis windows and all components, which results in path average values, AT /T, for each data
category. In Fig. 7, arranged as before by frequency band and wave type, we plot those paths in order of absolute value: in grey where the
model predicts the path averages well, |AT/T| < 0.5%, red where they are negative (AT /T < —0.5%, and thus model too slow) and blue
where they are positive (AT'/T > 0.5%, and hence the model too fast). In every category, the relative travel-time anomalies are small for
over 75% of paths analyzed, indicating that GLAD-M25 represents average seismic velocities well for those paths. Across the categories, the
40-100 s period band has the highest fraction of strongly anomalous paths, |AT'/T| > 0.5%. For all categories, corridors where GLAD-M25
is too slow outnumber those where the model is too fast. In the 17-40 s band the negative (red) outliers comprise 8% of the total, against 5%

for the positive (blue) outliers. For the 40-100 s body wave category those numbers are 12% compared 4%, for the 40—-100 s surface they are
15% versus 7%, and finally, for the 90-250 s, they are 11% to 3%. In our region of interest, the strongest residual path-average anomalies are
more likely to correspond to model corridors that are too slow than too fast, especially in the eastern portion of our region, beneath the Nazca
Plate. Where there is a higher proportion of anomalous paths (in the period band 40-100 s), their geographical distribution is more diffuse,
also covering portions of the Antarctic and Cocos Plates.

To evaluate the contribution of ocean-bottom seismometers (OBS) to the Pacific portion of global seismic model GLAD-M25, Fig. 8
presents a comparison of the travel-time anomaly distributions within the target region for land-based and OBS stations, identified in Fig 2.
Very few OBS measurements (fewer than 2% of the total available number of analysis windows, noting that FLEXWIN often selects multiple
short segments per trace) were included in the model, either in the body-wave or surface-wave categories. No OBS measurements were made
on the horizontal components in the target region, which are generally noisier (Webb & Crawford 2010; Bell et al. 2015; Janiszewski et al.
2022; Zhang & Olugboji 2023). The majority of the OBS measurements are in the 17-40 s body wave window, where the mean and standard
deviation of the anomalies correspond well to the land-based observations. In the lower-frequency bands there are fewer OBS data (less than
1000 in all cases, and only ~100 for the lowest frequency window). The smaller number of lower-frequency OBS data make it harder to draw
conclusions about the possible differences in travel-time anomaly distributions. Given the limited contribution of OBS data to this model,
incorporating more marine data, whether from stationary or mobile instrumentation (Nolet et al. 2019; Simon et al. 2022), may considerably
improve the spatial distribution of the measurements and the tomographic model in this area.

3.2 GLAD-M25 vs SEMUCB-WM1: Data-space model inter-comparison

The data sets and methodology used to develop global models GLAD-M25 (Lei et al. 2020) and SEMUCB-WMI1 (French & Romanowicz
2015) are distinct, and hence it is to be expected that the resolution of mantle structure differs between both models.

The cross-section comparisons shown in Fig. 1 made it clear that both models do reveal mantle plumes beneath certain hotspots such
as Samoa and Pitcairn, with differences mostly affecting model amplitudes: for example, the low shear-velocity anomaly beneath Samoa is
stronger in GLAD-M25 than in SEMUCB-WM1, whereas in SEMUCB-WMI1 the anomaly amplitude beneath Pitcairn is stronger, sharper,
and more continuous than in GLAD-M25, which has smaller low-velocity anomalies below the transition zone and above the lowermost
mantle. The Large Low Shear-Velocity Province (Garnero et al. 2016) at the core-mantle boundary beneath Tahiti and the Marquesas Islands
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Figure 8. Distribution of normalized body-wave and surface-wave travel-time anomalies that persist in global tomography model GLAD-M25, comparing
measurements made inside the Pacific target region at land-based stations (yellow histograms) versus ocean-bottom seismometers (dark grey upside-down
histograms), for vertical-component recordings of body waves in the period bands 17-40 s and 40-100 s (a-b), and surface waves in the bands 90-250 s and
40-100 s (c—d). Note that comparatively very few OBS measurements were used in the construction of GLAD-M25, and none were made on the radial or
transverse components. Annotations are as in Figs 5-6. The maps show ray paths between events (red circles), land (fop left), and ocean-bottom (bottom left)
seismometers (triangles), falling within the target region shown in Fig. 2. Note that the OBS ray paths are concentrated around four corridors which also stand
out among the land-station ray paths. All waveform predictions were computed using SPECFEM3D_GLOBE during the construction of GLAD-M25.

appears to give rise to multiple plume conduits in both models, although the details of the morphology differ. In certain regions the lower-
mantle structures are rather different in both models, for example, a low shear-velocity structure that appears in GLAD-M25 beneath the
Easter Island, Galdpagos and Juan Fernandez hotspots is very subdued in SEMUCB-WM1. Both models show different upper-mantle features
across the Louisville, Easter, Galdpagos, and Pitcairn hotspots. SEMUCB-WMI1 exhibits a low-velocity structure beneath the Louisville
hotspot that appears to rise from the mantle transition zone, which is weaker and offset in GLAD-M25.

Rather than comparing models through difference images or vote maps, via correlations, spectral content, or other statistics, as has been
the tradition in the literature, we examine how the model differences might impact seismic waveforms themselves. To this end we produce an
independent set of cross-validation data, and compute a second series of metrics as discussed in Sec. 2, suitable for exposing the differences
between models through the data fits that they achieve. Fig. 2 (right) shows the path coverage achieved for this part of the analysis. Note that
the sensitivities of finite-frequency seismic waves cover a volume more extensive than infinite-frequency ray paths (e.g., Hung et al. 2001).

Fig. 9 shows the details of how, for each event-station pair, we measured the cross-correlation between the observed and the predicted
data, and the resulting travel-time anomaly, for synthetics newly computed in both models, on several time windows. For this particular
event-station pair, SEMUCB-WMI1 exhibits higher correlation values and lower travel-time anomalies for Rayleigh waves compared to
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Figure 9. Comparison of waveforms predicted in GLAD-M25 (fop) and SEMUCB-WMI (bottom) with observed data (black) from event C202207121917A
recorded at the central-Pacific seismic station KIP (Kipapa, Hawaii, USA). Comparison is performed in the same window, in the period range of 40-100 s,
which includes both body and surface waves. The correlation between the observed and predicted data is shown at the top of each window, and the travel-time
anomaly is at the bottom. The event used for our comparison was not used in building either model. Cross-sections through the tomographic models, using the
same color scheme as Fig. 1, and great-circle paths are shown on the left.

GLAD-M25, while GLAD-M25 shows a better fit for Love waves. Although for this surface-wave path both models predict arrivals which are
later than the observed data, SEMUCB-WMLI is faster than GLAD-M25 for Rayleigh waves, whereas GLAD-M25 is faster than SEMUCB-
WM1 for Love waves. For body waves, any preference between SEMUCB-WM1 and GLAD-M25 is dependent on the specific choice of
comparison window.

In the vein of the model intra-comparison shown in Figs 5-6, for the model inter-comparison we computed travel-time anomaly dis-
tributions, see Figs 10 and 11, for body and surface waves in the same period bands as before. For the body waves the residual anomalies in the
band 1740 s, Figs 10a—c, display histograms with heavy tails for both models, but especially for SEMUCB-WML1. This behavior is much less
pronounced in the 40-100 s band, see Figs 10d—f. We interpret this difference between the outlier distribution measured in different period
bands and the large absolute deviations in path-normalized travel-time anomalies as being due to unresolved short-wavelength structure in
both models. Note, SEMUCB-WMI1 was based on body-wave data with a minimum period of 32 s, compared to 17 s for GLAD-M25. The
difference between the models is furthermore expressed in the surface waves, whose distributions are less centered and relatively shifted,
especially in the period band of 90-250 s on all three components, see Figs 11j-1.
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Figure 10. Normalized body-wave travel-time anomalies, measured on an independent data set covering the Pacific target region, that persist in GLAD-M25
(fuchsia histograms) and SEMUCB-WMI1 (aquamarine, inverted). Body waves are separated into two period bands, 17—40 s (a—c) and 40-100 s (d—f). In the
period range 1740 s the travel-time anomaly distribution in SEMUCB-WMI is less Gaussian, and standard deviations markedly larger than in GLAD-M25.

4 DISCUSSION

The two global seismic tomography models that we compared in the Pacific Ocean, GLAD-M25 and SEMUCB-WM1, show prominent low
and high velocity anomalies in many similar locations throughout the mantle. Some of the differences are in amplitude, which might reflect
variable levels of damping and other forms of regularization (Bozdag & Trampert 2010), not to mention unavoidable biases due to choices
of parameterization, especially with regards to anisotropy and attenuation. Important caveats are that while both models are parameterized to
capture radial anisotropy, azimuthal anisotropy is wholly missing from the analysis, and the treatment or lack thereof of attenuation is another
factor that may preclude truly “fair” comparisons between both models, and between data sets that may contain the unmodeled effects of
anisotropy and anelasticity that are likely present in the “true” Earth (e.g., Karato 1993, 1998). All tomographic models are inevitably filtered
versions of the Earth (Ritsema et al. 2007), hence all direct data comparisons, especially in regions that comprise geodynamically anomalous
or geologically unique provinces (Ekstrom & Dzieworiski 1998), are impacted by the specific modeling choices (Koelemeijer et al. 2018).
As shown in Fig. 1, the structure beneath the Pitcairn hotspot appears more continuous and better defined in SEMUCB-WMI1 than
in GLAD-M25. Beneath Hawaii, the SEMUCB-WMI1 model tends to capture a weak low-velocity conduit, unlike GLAD-M25, where fast
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Figure 11. Normalized surface-wave travel-time anomalies, made on an independent data set within the Pacific target region, comparing GLAD-M25 to
SEMUCB-WML, laid out as for the body waves shown in Fig. 10, but now for surface waves, divided in two-period bands, 90-250 s (g-i) and 40-100 s (j-1).

material is present in the transition zone. A shear low-velocity structure observed beneath Samoa in both models is more pronounced in
GLAD-M25 than in SEMUCB-WMI. Most significant are the model discrepancies in the lower mantle, e.g., beneath the Easter, Galdpagos,
and Juan Fernandez hotspots. Without explicit, specific, and targeted testing, e.g., via point-spread function or linear resolution analysis with
synthetic anomalies (French & Romanowicz 2015; Lei et al. 2020) or by other means (e.g. Fichtner & Trampert 2011; Liu et al. 2022), we
are neither able to ascertain if these differences are due to a lack of resolution, nor decide which of either model represents the true Earth.

In the data space, using our independent data set, both global models exhibit significant discrepancy at the longest (90-250 s) and
shortest (1740 s) periods. GLAD-M25 is delayed at long periods, and SEMUCB-WM1 shows heavy-tailed departures from the Gaussian
distribution at short periods. It is likely that the lower mantle is not well resolved due to an unconstrained upper mantle. A two-step regional
inversion, which involves constraining the upper mantle model with surface waves followed by adding overtones and body waves to access
the mantle transition zone and lower mantle (e.g., Wamba et al. 2021), may be an efficient method for gaining insight into possible plume
structure under certain hotspots, in particular, to ascertain their geometry as either vertically upwelling or ponding as in the Indian Ocean
(Wamba et al. 2023; Tsekhmistrenko et al. 2021).

The present configuration of ray paths of OBS data incorporated into GLAD-M25 as shown by the path coverage plots in Fig. 8, largely
samples the same corridors as the land-based stations, illustrating that additional oceanic data are especially desirable and should be collected
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in the S—SW portion of the target region. As recommended elsewhere in the Pacific (Maguire et al. 2016), a dedicated OBS network could
meaningfully improve both path density as a whole and the availability of crossing paths, vital to improving model resolution and reducing
model uncertainty (Simons et al. 2002; Rawlinson et al. 2014; Ruan et al. 2019; Latallerie et al. 2022). There is scope for continued iteration
with a focus on fitting data (from an expanded set of measurements) on and around the Pacific Superswell, either as a regional inverse
problem (Cui et al. 2023) or as part of a whole new generation of global models. The former might need to be strictly regionally focused by
confining both sources and receivers inside a target domain (ideally a single cubed-sphere chunk), or require special considerations to avoid
contamination from unmodeled structure outside (Clouzet et al. 2018; Masson & Romanowicz 2017; Monteiller et al. 2020), whereas the
latter might run into convergence issues and speed limitations. An expanded set of data may encompass additional seismic phases, including
those arriving as major arc body waves, or targeting specific areas of the mantle (e.g. Cui et al. 2024), selecting smaller events to target
specific geographic areas or depths, or advocating for and making use of new seismic stations.

Metrics relating observations to data predicted via spectral-element modeling in both models made on an independent data set indicate
a mixture of relatively good and relatively poor fits throughout the various time and phase windows analyzed, as shown in the example
of Fig. 9. On the whole, travel-time anomalies and correlation coefficients between synthetic and observed data windows do still exhibit
relatively low and high values, respectively, for both models. The similarity between both models is greatest in the period band of 40-100 s
for both body and surface waves. The discrepancy observed on long-period surface waves, in the period range 90-250 s, may motivate the
construction of a regional upper-mantle and transition-zone model for the South Pacific.

Travel-time anomalies in the independent data set are larger than in the data used for the construction of GLAD-M25. The comparison of
our regional data-space results with assessment tests performed on “held-back™ data sets used during the construction of both global models
GLAD-M25 and SEMUCB-WM1 (Lei et al. 2020; French & Romanowicz 2014), suggests the held-back sets are better fit in terms of their
average travel-time anomalies, with lower residual standard deviations. This reinforces our interpretation that global models require probing
and evaluation in specific geographic regions, as this allows us to focus on seismic ray paths that cross the target region, thereby sampling
the relevant geological structures of most interest. It is precisely those areas of great geodynamical importance, i.e., in the plume-rich region
underlying the Pacific Superswell (McNutt & Fischer 1987; McNutt & Judge 1990; McNutt 1998), that have had very limited passive seismic
exploration. The ORCA project (Eilon et al. 2021) is a welcome recent exception, and valuable future deployments are planned as part of
PacificArray (Kawakatsu et al. 2016; Isse et al. 2024). These portable ocean-bottom seismometry experiments may need to be augmented by
non-traditional instrumentation, e.g., mobile marine sensors (MERMAID, Simon et al. 2022; Pipatprathanporn & Simons 2024).

5 CONCLUSIONS

Despite carefully designed weighting schemes to balance the relative geographic contributions of different data sets to tomographic inversions
for global models (e.g., Ruan et al. 2019; Cui et al. 2023), regional portions of the globe may remain relatively under-resolved compared to
the global average (a problem not confined to seismology, nor to this planet, see Plattner & Simons 2015). Global models GLAD-M25 (Lei
et al. 2020) and SEMUCB-WMI1 (French & Romanowicz 2015), obtained independently, have been very well received in the geophysical
literature, and they have proved useful in the interpretation of other signals of deep Earth processes, such as those provided by geochemical
analyses (Williams et al. 2019).

In this paper we first performed a regional assessment of the quality of GLAD-M2S5 in a Pacific target region centered on Polynesia, in
order to ascertain its resolution of mantle structure and the potential for improvement by conducting subsequent regionally-focused model
iterations and the addition of new data, especially those sampling oceanic paths measured at ocean-bottom stations or floating sensors
available from past or future deployments. We studied the distribution of travel-time anomalies over a regionally selective subset of the
data, obtained by the spectral-element method, as compared to the global data set that was used in constructing the model. The relatively
significant discrepancy that still exists between the observed and predicted waveforms supports our hypothesis that it is likely that unresolved
structure persists in the region containing several hotspots in Polynesia and surrounding areas. The travel-time anomaly distribution retains
larger values in the target region than over the entire globe. Numerous waveforms recorded by seismic stations around Polynesia still show
significant shifts when compared with their synthetic predictions. Our data analysis furthermore highlights the rather minor contribution of
ocean-bottom-seismometer data to the current model, hence the significant potential for data addition from existing deployments, in particular
from the horizontal components, and from adding new networks, especially in the S—SW reaches of our target region.

In addition to the regional intra-comparison of GLAD-M25, we performed a model inter-comparison between GLAD-M25 and
SEMUCB-WMI. Simply comparing models based on selected cross-sections and depth slices, i.e., in model space, as has been the norm in
comparative tomography, cannot reveal the impact of differences on seismic waveforms. Here we cross-validated both models in data space,
by analyzing the distribution of waveform fits newly calculated for an independent data set. Models GLAD-M25 and SEMUCB-WM1 show
discrepancies at shorter periods, between 17—40 s, where the travel-time anomaly distribution in SEMUCB-WMI1 shows biases that remain
unexplained. At the longer periods, 90-250 s, Rayleigh waves predicted by SEMUCB-WMI1 are faster than for GLAD-M25, but the opposite
holds for Love waves, possibly due to different trade-offs between isotropic and radially anisotropic structure in the construction of these two
models. While both models are generally compatible with each other, and with their own data sets, our independent analysis will motivate
and inform the design of future studies conducting regional tomography targeting the Pacific region in efforts to image currently unresolved
seismic velocity anomaly structure, especially underneath hotspots.
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