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Figure 6. Example traveltime dispersion patterns for Pdiff waves, observed on a cluster of neighbouring USArray stations for the Sumatra event of Fig. 1.
(a) 30 spatially neighbouring USArray stations grouped as five linear sub-arrays of constant latitudes J, L, M, O, R. (b) Each pixel shows the cross-correlation
coefficient x. (in colour) for one finite-frequency measurement. Stations in the same sub-array are grouped in neighbouring matrix rows. Most stations (30 rows)
and frequency bands (8 columns) yielded measurements of sufficiently high quality (x. > 0.8) for an interpretation of traveltime anomalies to be meaningful.
The centre periods of frequency bands 1 to 8 are (in seconds): 30.0, 21.2, 15.0, 10.6, 7.5, 5.3, 3.7, 2.7. (c¢) Traveltime delays d7 in seconds. A change of colour
within a row indicates a frequency-dispersive wave path. Patterns that change from row to row cannot exclusively reflect a biased reference model and must
be partly due to 3-D heterogeneity somewhere along the wave path. A lowermost mantle contribution is suspected because the dispersion here exceeds the
0.1-0.3 s typically observed for teleseismic P waves by Sigloch & Nolet (2006). However, the columnwise ‘banded’ structure of very large delays in the lowest
bands is probably due either to IASP91 being a biased reference model (cf. Fig. 5) or to imperfect ellipticity corrections for the Pdiff arrivals.

and contains additional 3-D signature, presumably of lower-mantle
origin.

The last two panels show traveltime dispersion, where d7 mea-
sured in the 30 s band is subtracted from d7 in the 15 s band.
Fig. 7(e) shows this for the diffracted data of Event 1, that is,
dT(Pdiff; T, = 30s) — dT(Pdift; T, = 155), and Fig. 7(f) for the
teleseismic Event 2, that is, dT(P; T, = 30s) — dT(P; T; = 155).
Such dispersion arises because wave sensitivity to mantle struc-
ture is frequency dependent (the size of the Fresnel zone relative
to structural anomalies changes). Again the d7 dispersion patterns
should be similar if due to upper mantle structure, which is sensed
similarly by both wave types, and different if caused by 3-D het-
erogeneities deeper down. The dispersion observations are seen to
resemble each other in some aspects, but substantially differ in oth-
ers (e.g. red in California for Pdiff, blue for P). Also note the larger
magnitude of dispersion (more intense colours) for Pdiff than for P.
Hence, beyond the known, strongly dispersive signature of the upper

mantle under USArray (Sigloch & Nolet 2006; Sigloch 2008), there
seems to be a clear lower-mantle signature present to be exploited
by Pdiff-tomography.

3 GLOBAL DATA SET OF
MULTIFREQUENCY PDIFF AND
P TRAVELTIME MEASUREMENTS

We present the global data set of P-diffracted and teleseismic
P-wave dT anomalies assembled so far, and assess the factors that
determine measurement success: mainly source—receiver distance,
source magnitude and frequency band. Measurement success is de-
fined as the cross-correlation coefficient x. between observed and
synthetic waveforms exceeding x, > 0.8—a heuristic value obtained
from earlier multifrequency inversions (Sigloch et al. 2008; Tian
et al. 2009).
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Figure 7. The signature of the lowermost mantle in traveltime measurements. (a) Comparison of two events at almost identical backazimuths from USArray.
Event 1 occurred at core-diffracted distances (Southern Sumatra, Indonesia, 2009/09/30 10:16:09.25, 0.72°8S, 99.87°E, 82 km depth, 7.5 My,). Event 2 occurred
at teleseismic distances (Hokkaido, Japan region, 2009/06/05 03:30:33.06, 41.82°N, 143.45°E, 28 km depth, 6.4 M,,). Panels (b)—(f) plot d7 anomalies in
seconds as coloured dots (note that the colour scale changes from panel to panel). Stations lacking data for one event or the other are marked in black.
Corrections for ellipticity, crust and station elevation were applied. (b) Event 1, Pdiff traveltime anomalies in the lowest frequency band: d7(Pdiff; 7,; = 30 s).
(c) Event 2, P anomalies in the lowest frequency band: d7(P; T; = 30 s). (d) Differential traveltimes in the lowest frequency band: d7(Pdiff; 7; = 30s) — dT(P;
Ty = 305). This should subtract out most upper-mantle contributions. (¢) Event 1, traveltime dispersion for Pdiff: d7(Pdiff; 7, = 30s) — dT(Pdiff; Ty = 15s).

(f) Event 2, traveltime dispersion for P: dT(P; Ty = 30s) — dT(P; Tq = 155).

Figure 8. Global distribution of the 1857 earthquake sources (blue beachballs) and 4085 broad-band receivers (red triangles) used in this study. Each source
and receiver contributed to at least one successful measurement (x. > 0.8) in at least one frequency band. For each source, a broad-band source time function

was deconvolved from the waveform data.

Fig. 8 shows the 1857 events and 4085 broad-band stations teleseismic P yielded 2 306 755 usable P-wave traveltimes. Source
that contributed at least one usable measurement. 418 226 unique and receiver coverage reflects our ‘No data left behind’ philoso-
source—receiver paths for Pdiff yielded 479 559 successful, band- phy, in that we considered every event of magnitude m; > 5.8 that

passed Pdiff traveltime measurements. 613 057 unique paths for occurred between 1999 and 2010—plus many earlier or smaller
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events if they occurred in unusual locations. Work is ongoing on
the most recent years, as the deconvolution of source time functions
still requires human supervision.

The large volumes of broad-band waveform data were retrieved
from the IRIS and ORFEUS data management centres using fully
automated Python software built for this purpose: ObsPyLoad and
its successor obspyDMT, freely available at http://kasra-hosseini.
github.io/obspyDMT, last accessed 17 August 2015 (hosted in
GitHub, a community-standard repository) and described in Schein-
graber et al. (2013). obspyDMT also executed the instrument correc-
tion to ground displacement, bandpass-filtering between 0.01 and
3.5 Hz, local archiving and updating of the collection when new
waveforms became available on the IRIS and ORFEUS servers.

Green’s functions for the 1857 events, in the broad spectrum
of 0.2 mHz to 1 Hz and of 85 min duration, were computed with
the Yspec software including attenuation (Al-Attar & Woodhouse
2008). Per event, this took about 20 hr on 24 cores (480 core-hours).
These Green’s functions were convolved with source time functions
for the 1857 events, obtained by the linearized method of Sigloch
& Nolet (2006).

3.1 Measurement success as a function of epicentral
distance, source magnitude and frequency band

Fig. 9 shows histograms of the cross-correlations achieved in P
versus Pdiff measurements. High cross-correlations are more often
achieved in the low-frequency passbands. This is true for both P
and Pdiff, but significantly more pronounced for Pdiff, as expected
from its frequency-dependent attenuation properties of Fig. 2.

At the chosen quality threshold of x. > 0.8, the fewest successful
P measurements are made in the highest frequency band, whereas
the fewest successful Pdiff measurements are made at dominant
periods around 7.5 s, the band of the secondary microseismic noise.
This becomes more evident in Fig. 10, which shows the number of
successful measurements versus dominant period. For teleseismic
P, the number increases with dominant period, whereas good Pdiff
measurements are least common in the microseismic noise band
(shaded yellow) rather than at the shortest periods.

Fig. 11 plots the percentage of successful measurements ver-
sus epicentral distance. In the teleseismic range, receiver distance
has no significant influence on measurement success. Frequency
band has a moderate influence: at the lowest frequencies, about
55 percent of attempted source—receiver pairs yield a good mea-
surement, but only about 40 per cent in the highest frequency band.
By contrast, measurement success in the P-diffracted range drops
precipitously as receiver distance increases. Frequency band is seen
to have a relatively larger influence than for teleseismic P: mea-
surement success is 2—3 times better in the lowest bands than in the
high or microseismic noise bands. The much lower success with
distance mirrors the exponential drop of Pdiff wave amplitude with
distance in Fig. 2. Since the level of random noise in a recording
is largely independent of epicentral distance, signal-to-noise ratio
decreases as distance increases, and observed waveforms tend to
become dominated by noise, no longer fitting the synthetics. This
also explains the minimum of usable measurements in the micro-
seismic band, where absolute noise levels exceed those in higher
or lower frequency bands, so that signal-to-noise ratio drops below
usable levels sooner as a function of distance.

Large earthquakes generate large wave amplitudes, and hence we
expect a strong positive effect of earthquake magnitude on measure-
ment success for Pdiff—stronger than for teleseismic P. Fig. 12 con-
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Figure 9. Histograms of measurement success for P versus Pdiff. The metric
is the cross-correlation coefficient x., which from our experience should
exceed x, > 0.8 in order to be adequate for tomography. Top: histogram of x,.
values achieved for teleseismic P measurements (distance range 32°-95°) in
each of the eight frequency passbands. The values peak well above x, > 0.9,
indicating highly likely measurement success. The higher the frequency, the
fewer usable measurements are achieved. Bottom: same as top, but for Pdiff
waves (distance range 97°—160°). Compared to teleseismic P, a much lower
fraction of measurements achieves high x. > 0.8, especially in the higher
frequency bands, where diffraction dramatically lowers the signal-to-noise
ratio.

firms this. Percentage of successful measurements is plotted against
source magnitude, separately for receivers in the close (32°—60°) and
far (60°-95°) teleseismic ranges, and in the close (95°-120°) and
far (>120°) Pdiff ranges. The results for the two teleseismic groups
are very similar: about 30—40 per cent of source—receiver pairs yield
successful measurements for the weakest events of M,, = 5.5 (per-
centage averaged over all frequency bands). Success rates decrease
with event size, but level off at 60 per cent for M,, = 6.5, and even
drop again for the largest events (because their true source time
functions are more complex than accommodated by our simple
point source estimates).

The systematics are different for Pdiff: below magnitude M,, < 6,
only a small fraction of measurements are successful, especially in
the far teleseismic range. Measurement success increases strongly
with event magnitude, again confirming that Pdiff measurements are
limited mainly by signal-to-noise ratio. Magnitude 8 events produce
remarkable success ratios of >35 per cent even in the far teleseismic
range, which equals the success ratios for teleseismic P. In order
to achieve >35 per cent good measurements, event magnitudes M,,
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Figure 10. Histograms of satisfactory P and Pdiff measurements, as a func-
tion of frequency band. A measurement is included only if it achieved
cross-correlation coefficient x, > 0.8. Yellow shading marks the secondary
microseismic noise band. Top: for teleseismic P waves, measurement suc-
cess increases (almost) monotonously with wave period. Bottom: for Pdiff
waves, measurement success is lowest in the band of the secondary micro-
seismic noise.

must be approximately 5.5, 5.7, 6.5 and 8.0 for the near-P, far-P,
near-Pdiff and far-Pdiff ranges, respectively.

Fig. 13 shows histograms of measured traveltime anomalies d7'in
the P versus Pdiff ranges, sorted by frequency band (colours). The
dT are corrected for the earth’s ellipticity, for station topography,
and for crustal structure using crustal model CRUST2.0 (Bassin
et al. 2000). Standard deviations range between 1.44 s and 2.14 s
for teleismic dT (depending on frequency band), and between 1.92 s
and 3.94 s for P-diffracted d7. The relative differences between fre-
quency bands and distance ranges are real, but the absolute dT
values are conservative estimates because the mean of the dT has
been removed eventwise. A non-zero mean could result from a mis-
estimated origin time rather than from 3-D structural heterogeneity,
the signal of interest. On the other hand, removing the mean may
discard some signal that is truly due to earth structure, hence ‘con-
servative’. The mean was not calculated on all measurements—this
would yield decidedly non-Gaussian histograms because the mean
would be skewed by a few spatially concentrated station clusters,
mainly USArray. Instead it was calculated on the rather evenly dis-
tributed Global Seismographic Network in the lowest frequency
band, and subsequently removed from the dT values of all stations
and all bands, yielding the largely Gaussian histograms of Fig. 13.

[e2]
(=)

al
o

A
o

W
o

N
o

—_
o

% of good measurements

20 ' '

60 80 100 120 140
Epicentral distance (degree)

Figure 11. Percentage of successful d7° measurements (x. > 0.8), as a
function of epicentral distance and frequency band. In the teleseismic P
range, measurement success depends more on the frequency band than on
epicentral distance, and varies between 55 and 40 per cent in the lowest and
highest bands, respectively. In the P-diffracted range, measurement success
rate drops sharply with increasing distance, mirroring the exponential drop
in signal amplitudes of Fig. 2. Success rate is lowest in the secondary
microseismic noise band (yellow and pink lines, consistent with Fig. 10).
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Figure 12. Percentage of successful d7” measurements (x, > 0.8), as a
function of earthquake source magnitude My, and epicentral distance range.
In the core-diffracted range (red and purple lines), the rate of successful
measurements grows with earthquake magnitude. In the teleseismic P range
(green and blue), this is only true for small magnitudes (M, < 6.5). For larger
events the success rate drops again, because our point-source approximation
becomes inadequate.

3.2 Global mantle heterogeneity inferred from Pdiff
traveltime anomalies

We turn to the structural information contained in our large, global
set of P-diffracted traveltime data. Out of 418 226 candidate Pdiff
source—receiver paths, 165 651 yielded at least one successful pass-
band measurement. 3 345 808 attempts at measurements (418 226
paths times 8 frequency bands) yielded 479 559 multifrequency dT'
values of x. > 0.8. The dTs are corrected for the effects of ellipticity,
crust and station elevation.

Fig. 14 plots the coverage of the CMB by nominally core-grazing
segments of 479 559 Pdiff paths that yielded successful measure-
ments. Showing the Fresnel zones of finite-frequency kernels in-
stead of rays would be a more faithful approximation of true mea-
surement sensitivities near the CMB, but this major computational
effort was not complete at the time of writing. The CMB was sub-
divided into blocks of 0.5°, that is, 720 x 720 blocks, and for
each block, the lengths of all core-grazing segments visiting it are
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Figure 13. Histograms of multifrequency traveltime anomalies 7. The
mean of dT was removed eventwise, and topographic, crustal and ellipticity
corrections were applied. Only measurements that yielded x, > 0.8 are
included. Top: dT of teleseismic P waves. Their standard deviation o7
ranges between 1.44 and 2.14 s, depending on frequency band. Bottom: dT'
of core-diffracted Pdiff waves, with o 7 ranging between 1.92 and 3.94 s.

summed up, yielding a measure of how well each block is sampled.
This is equivalent to plotting the cumulative column density (sum
over each column) of an inversion matrix.

The lowermost mantle under the northern Pacific and East Asia
are most densely sampled (dark red). The oceans of the southern
hemisphere, especially the southern Atlantic, are the most poorly
sampled. Overall, however, the lowermost mantle is better sampled
under the oceans than under the continents. The heavy footprint of
USArray appears as localized, red—yellow patches, with the clearest
example located under South America and the adjacent Pacific (from
paths that originate from seismicity in South Sandwich). Fig. 14 also
permits to gauge the extent to which wave paths cross, an important
proxy for tomographic resolution.

Fig. 15 shows the same ray coverage as Fig. 14, but projected
on the CMB are traveltime anomalies d7, permitting to assess the
spatial distribution of seismically fast and slow regions in the lower-
most mantle. This rough ‘proto-tomography’ exercise assumes that
all arrival delays or advances originate from the core-grazing path
segments. Each ray segment is coloured by the relative traveltime
delay incurred w.r.t. the reference velocity model IASP91 and the
Q values of PREM. Red paths are seismically slow, blue paths are
fast. Anomalies are seen to be on the order of 1 per cent.

Large-scale structures emerge that are well-known from global
tomography models, such as generally slow regions beneath the
southern hemisphere, corresponding to the African and Pacific
Large Low Shear Velocity Provinces (LLSVPs). Seismically fast
areas are confirmed under most of eastern Asia and under Central
America, presumably the resting places of massive accumulations
of subducted lithosphere. A striking east-west velocity gradient is
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evident across the USArray-sampled patch beneath South America
and adjacent Pacific (compare to Fig. 14). Other strong velocity
gradients appear to rim the Pacific LLSVP.

4 DISCUSSION

For waveform measurements on Pdiff waves, the main challenge is
their signal-to-noise ratio. Wave amplitudes that rapidly decline with
epicentral distance and with frequency (Figs 2 and 11) meet with
ambient noise levels that peak in the microseismic frequency band.
Our approach mitigates by attempting measurements in 8 different
passbands across the broad-band range of 30.0-2.7 s period, max-
imising the chance that at least one measurement will succeed, so
that the wave path is basically covered. Fitting a passband waveform
is easier than a broad-band measurement, since the latter depends
on good SNR across all frequencies. This is particular pertinent in
selectively high-noise environments, as for Pdiff waves or on the
ocean floor (where signal is not weak per se, but microseismic noise
is elevated compared to land stations).

Over all eight bands and all distances, 14.3 per cent (479 559)
high-quality, multifrequency Pdiff measurements were achieved,
compared to 47.0 per cent (2 306 755) teleseismic P measurements.
Diffracted P-wave measurements are most likely to succeed in
the lowest frequency band of 30.0 s period (21.5 percent success
rate) and least likely in the 7.5 s period band of the microseis-
mic noise (9.0 per cent). Successful teleseismic P measurements are
most likely at 21.2 s (53.8 per cent) and least likely in the highest
band of 2.7 s (38.8 per cent).

For a given wave path, the frequency dispersion between d7 at
the low and high ends of our frequency range can be 1-2 s, although
more of this seems to be due to a mismatch of the spherically sym-
metric reference model rather than to 3-D heterogeneity (Fig. 6).
Nevertheless, the signature of 3-D mantle heterogeneity is clearly
present in Figs 6 and 7. A substantial part of this signal seems to
originate from the lowermost mantle, since d7 dispersion is signif-
icantly stronger for Pdiff than for P.

Computing Green’s functions and sensitivity kernels up to the
high frequencies used here is challenging and currently only feasi-
ble in a spherically symmetric reference model. This limitation may
not be a serious one, given that mantle heterogeneity is expected
to be of only a few percent, except perhaps in Ultra-Low Velocity
Zones (ULVZs), which are however very limited spatially. Hence a
single-iteration matrix inversion, starting from a spherically sym-
metric reference model, should be capable of yielding a very good
approximation to true earth structure. We hope and expect that our
ability to exploit the highly resolving short wavelengths will far
outweigh the limitation of not being able to iteratively update the
solution.

The Yspec and AxiSEM software packages tools are both capable
of delivering accurate Green’s functions in spherically symmetric
reference models, for the ambitious, broad-band frequency range in
this study. Since AxiSEM was not complete at the time of creating
our synthetic archive, Yspec was used to calculate all the traces
in ~2000 events of our data set which cost ~10° CPU hours in
total. We intend to adapt the work flow to incorporate the Instaseis
database approach of van Driel et al. (2015). This expends a large
upfront effort on computing and storing generic global Green’s
functions componentwise using databases generated by AxiSEM.
Extraction from the database and linear combination into specific
Green’s functions then becomes quasi instantaneous (on the order of
milliseconds). Sensitivity kernels from full forward and backward
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Figure 14. Sampling of the lowermost mantle by our data set of 479 559 Pdiff traveltime anomalies. The same data are shown in two different map views,
Atlantic-centred at the top, Pacific-centred at the bottom. Each line represents the core-grazing segment of a ray-theoretical Pdiff path that yielded a successful
measurement (i.e. x. > 0.8 in any frequency band). Density of ray path coverage is indicated by colours (note that the colour scale is logarithmic). The CMB
under oceans tends to be better sampled than under continents, especially in the southern hemisphere. The true sensitivity of a Pdiff wave to core—mantle
boundary structure is ellipsoidal rather than ray-like—covering a broader area of the CMB and extending hundreds of kilometres into the overlying mantle.

wavefields will also be computed with AxiSEM, since Yspec is not
an efficient tool for this purpose.

Deconvolution of source parameters is the bottleneck that re-
quires the most user supervision, and no earthquake centre currently
does this work. Stahler & Sigloch (2014) demonstrated a scheme
of probabilistic inference that should largely automate this step. It
also delivers full source uncertainty estimates and propagates them
into the (correlated) uncertainties of d7 measurements, as required
to properly fill the measurement covariance matrix for tomography.

In terms of structural heterogeneity at long spatial wavelengths,
the results of Fig. 15 are encouragingly consistent with prior stud-
ies that used different methods and data. This includes the afore-
mentioned LLSVPs and the slab graveyards under Eastern Asia
and Central America, which have become robust features in global
tomographic models, especially S-wave models, such as S362ANI
(Kustowski et al. 2008), S40RTS (Ritsema et al. 2011), SAW24B16
(Mégnin & Romanowicz 2000), HMSL-S (Houser et al. 2008), or
GyPSuM (Simmons et al. 2010). Because P-wave models do not
have the benefit of including normal modes, their resolution of low-
ermost mantle structure is generally considered less reliable and
more attenuated. While too early to assess the improvements possi-

ble through Pdiff in this regard, the large number of successful Pdiff
measurements and their general agreement with known structure is
promising.

Since the pioneering studies of Wysession (1996) and Karason &
Van der Hilst (2001), Pdiff waves have not been explicitly included
in global P-wave tomographies. Both studies used a data set of 543
PKPdf - Pdiff differential traveltimes. By comparison, we obtained
479 559 usable Pdiff waveform measurements, demonstrating the
sea change in data availability that has taken place. While our struc-
tural findings bear more overall resemblance to recent global S-wave
models, they are also broadly consistent with these two early, global
Pdiff inversions, which recovered the two LLSVPs as well as high-
velocity anomalies beneath south/central America and eastern Asia.
Not present in our d7 map is a high velocity structure under south
and southeast of Africa that was apparently required by their Pdiff
data in both the Wysession (1996) and the Karason & Van der Hilst
(2001) study.

From Pdiff measurements made by Ritsema & van Heijst (2002),
Koelemeijer et al. (2013) constructed a traveltime map similar to our
Fig. 15, by projecting the entire d7 anomalies onto the CMB. With a
coarse gridding of 5° caps, only large-scale structure was targeted.
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Figure 15. Traveltime anomalies of 479 559 Pdiff waves, projected onto their CMB-grazing segments. As Fig. 14, except that colour represents the traveltime
anomaly d7 in per cent. Red designates a measurement delayed relative to IASP91, blue means advanced. For a given delay d7, a longer core-grazing segment
would result in a fainter shade of red, because d7 is spread evenly along the segment. The raw d7 measurements were corrected for earth’s ellipticity, station
topography and near-station crustal structure. Assuming that most Pdiff traveltime anomalies originate in the lowermost mantle, this plot represents a rough
‘proto-tomography’, charting out seismically fast (blue) and slow (red) structural anomalies near the CMB.

They recovered the two LLSVPs and high-velocity anomalies under
central America and east Asia—another confirmation of these most
robust features in the lowermost mantle.

A relatively small-scale but pronounced feature of Fig. 15 is an
intensely slow patch just west of Hawaii. This structure was recently
described as a newly recognized ULVZ by Cottaar & Romanowicz
(2012), who modelled Sdiff waveforms. It appears to be highly
visible to P waves as well.

5 CONCLUSION

We presented a method to routinely measure and model core-
diffracted P waves across the broad-band frequency range. Green’s
functions are calculated by semi-analytical (i.e. theoretically exact)
wave propagation through a spherically symmetric reference model,
to 1 Hz dominant frequency, and broad-band source time functions
are deconvolved from the waveform data. Largely automated pro-
cessing of 1857 events yielded 2 306 755 teleseismic P- and 479 559
P-diffracted traveltime measurements by cross-correlation across
eight frequency bands (dominant periods 30-2.7 s).

While significantly more challenging than teleseismic
P-measurements, we obtain very decent success rates for d7 mea-
surements on Pdiff waveforms, of around 14 percent across all
attempted wave paths and frequencies. The main challenge is signal-
to-noise ratio, which drops precipitously with epicentral distance
and with frequency, as expected for diffracted waves. d7 anomalies
are larger for Pdiff than for P waves, and frequency dependence of
dT due to 3-D heterogeneity is stronger for Pdiff as well. Projected
on their core-grazing ray segments, the d7 measurements recover
major structural, lower-mantle heterogeneities known from existing
global mantle models based on P- and S waves. This methodically
novel and very large data set of core-diffracted P waves is ready for
global waveform tomography.
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