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1. Coriolis frequency splitting: measuring Ledoux coefficients.


2. Flow inversion: recovering Greenspan’s libration flow.


3. The signature of ellipticity in global cross-correlograms.

Three examples



SF2A, Grenoble, June 23, 2026 Nataf, Boué, Cardin & Cébron / 113

1. Coriolis frequency splitting: measuring Ledoux coefficients.


2. Flow inversion: recovering Greenspan’s libration flow.


3. The signature of ellipticity in global cross-correlograms.

Three examples

Y±m
l



SF2A, Grenoble, June 23, 2026 Nataf, Boué, Cardin & Cébron / 113

1. Coriolis frequency splitting: measuring Ledoux coefficients.


2. Flow inversion: recovering Greenspan’s libration flow.


3. The signature of ellipticity in global cross-correlograms.

Three examples

Y±m
l nS

±m
l



SF2A, Grenoble, June 23, 2026 Nataf, Boué, Cardin & Cébron / 114

The music of ZoRo : measured and synthetic power spectra 
spin rate fo = 15 Hz0S1

0S2 0S3 0S4 1S1
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The music of ZoRo : measured and synthetic power spectra 
spin rate fo = 15 Hz
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1. Coriolis frequency splitting and Ledoux coefficients
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‣  In a sphere, acoustic multiplets  are degenerate.nSl
‣  In a spheroid, ellipticity lifts the degeneracy of doublets nS

±m
l

‣  Rotation lifts the degeneracy of singlets  and  nS−m
l nS+m

l

1. Coriolis frequency splitting and Ledoux coefficients
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and we wait for 2 minutes, a long time compared
to the spin-up time (⇠ 10 s), such that the fluid
is uniformly rotating with the container38. Then,
the fluid is at rest in the frame rotating with the
container.

A. E↵ects of the rotation on the 0S2 multiplet

Using the protocol developed in Section III
to acquire and identify acoustic modes at rest,
we measure the acoustic response in presence of
rotation. The top panel of figure 7 shows typical
splittings due to solid-body rotations for the 0S2

multiplet. Focusing first on the original peak
(i.e. with no rotation) around 910 Hz, we observe
that it splits into two peaks about half-height on
both sides of the original peak. We note that the
splitting increases with the rotation rate.

In order to compare with the rotation split-
ting predicted by the theory, certain mode iden-
tification is needed, especially in regions where
several peaks are close together, around 930 Hz
for example. In the bottom panel of figure 7
we separate the 0S2 multiplet by symmetry at
f⌦ = 25 Hz. We use the symmetry method de-
tailed in III B to separate odd and even m modes.
We can also identify the m = 0 mode around
940 Hz by the fact that it is the only mode not
influenced by rotation at first-order, as shown
by equation (5). The vertical lines show the fre-
quencies given by the perturbative approach tak-
ing into account the first-order rotation e↵ects
(Section II). This allows to identify the mode
0S

�2
2 at 930 Hz and the mode 0S

+1
2 at 926 Hz:

the two peaks cross each other. This lifts the
ambiguity that could have arisen from a naive
reading of the bottom purple curve (f⌦ = 25 Hz)
in the top panel. At f⌦ = 20 Hz (blue curve),
these 2 peaks merge in a higher peak at 928 Hz
(see the top panel).

B. First experimental determination of the Ledoux coe�-
cients

For a given nS
m
l mode, perturbation theory

predicts a linear increase of the rotational split-
ting with the rotation rate. To verify this pre-
diction and its validity domain, we extract split-
tings for a collection of non-axisymmetric eigen-
modes over our range of working rotation rates
(from rest to 30 Hz). We fit the observed ±m
pairs of spectral peaks with synthetic spectra,
carrying a grid search on the four following pa-
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FIG. 7. Experimental spectra centered on 0S2.
Top: for solid body rotation at increasing rotation
rates from rest (top, red) to f⌦ = 25 Hz (bot-
tom, violet) with 5 Hz increment. Spectra are fil-
tered (low-pass) and vertically shifted for visualisa-
tion purposes. Bottom: for solid body rotation at
f⌦ = 25 Hz separated by symmetry, m = ±1 (blue)
andm = 0, ±2 (purple) (colour online). The dashed
lines shows the perturbation theory predictions.

rameters: the frequency splitting between the
two peaks, their mean frequency, their width,
and their amplitude. For each combination of
parameters, we evaluate the misfit as the root-
mean square (rms) di↵erence between the ob-
served and synthetic spectra (in log scale) in the
frequency window of the mode. We obtain the
best frequency splitting from the combination
yielding the smallest misfit. The error is esti-
mated from the minimum and maximum split-
tings for which some parameter combinations
produce a misfit of typically 1.05 times the min-
imum misfit. We provide examples of the fits in
Supplementary material.

In figure 8, we show a selection of experimen-
tal splittings as a function of rotation rate (the
experimental splittings being measured by the
di↵erence between the ±m peak frequencies). At
first glance, we observe that they agree well with
the theoretical linear predictions |2�⌦| given by
equation (5) and shown by the lines. The blue
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crosses show our finite calculations predictions
which are, in many cases, closer to the exper-
imental data than the theory (see e.g. 0S

2
2 or

0S
1
2 ). In our range of rotation rates, the numeri-

cal splitting also follow a linear trend. Note how-
ever, that the observed slopes can be slightly dif-
ferent from the one predicted using Ledoux coef-
ficients in the sphere (see typically 0S

1
2 ). This is

due to the e↵ect of ellipticity22, and this slightly
di↵erent slope defines spheroidal Ledoux coe�-
cients, which now depends on ✏ but also on m
by contrast with the spherical one (which is in-
dependent of m, see equation 6).
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FIG. 8. Rotational splittings of chosen modes for in-
creasing rotation rates. Experimental (circles) and
finite element (blue crosses) splittings are measured
by the di↵erence between the ±m peak frequen-
cies. Theoretical linear splittings (lines) are given
by |2�⌦|, see equation (5). For theoretical split-
tings, equatorially symmetric modes are shown in
red solid lines and anti-symmetric modes in black
dashed line; we use the same choice of colours for
the experimental splittings (colour online).

In our range of rotation rates, rotational
splittings in the sphere are predicted to be pro-
portional to f⌦, but also to m through the spher-
ical Ledoux coe�cients. By successively focusing
on various non-axisymmetric multiplets, we re-
trieve the rotational splittings for a larger col-
lection than before. We have extracted rota-
tional splittings for 24 modes at f⌦ = 20 Hz with
the method detailed above and computed the
associated spheroidal Ledoux coe�cients (fre-
quency splitting divided by 2mf⌦). Figure 9
shows these Ledoux coe�cients for di↵erent ±m
pairs of peaks as a function of l. For each mode,

the experimental Ledoux coe�cients (symbols)
agree roughly with the linear theory (lines) and
the deviations may be explained by the elliptic-
ity of the container (see l = 2, n = 0 in figures
8 and 9). Conversely, the determination of the
rotation rate can be obtained by measuring any
splitting if the spheroidal Ledoux coe�cient is
known.
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FIG. 9. Comparison between the theoretical Ledoux
coe�cients multiplied by l + 1 (connected by lines
for n = 0, 1, 2) and their experimental counterparts
deduced from the mode splitting measured in ZoRo
(rotating at 20 Hz) for several l-modes of various
m, being either symmetric (ES, hot-coloured trian-
gles) or anti-symmetric (EA, cold-coloured circles)
with respect to the equator (colour online). When
possible, several ±m pairs are included for one nSl

multiplet.

VI. CONCLUSIONS AND PERSPECTIVES

For this study, we built an experimental
setup made of a gas-filled spheroid cavity (ZoRo)
rotating up to 30 Hz. We successfully model
the experimental acoustic spectrum of the cav-
ity with a perturbation theory and finite-element
calculations. To identify the modes, we need
to introduce a second-order geometry correc-
tion and use the equatorial symmetries of the
modes, sources and receivers. We have success-
fully measured the Coriolis e↵ects on the acous-
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FIG. 7. Experimental spectra centered on 0S2.
Top: for solid body rotation at increasing rotation
rates from rest (top, red) to f⌦ = 25 Hz (bot-
tom, violet) with 5 Hz increment. Spectra are fil-
tered (low-pass) and vertically shifted for visualisa-
tion purposes. Bottom: for solid body rotation at
f⌦ = 25 Hz separated by symmetry, m = ±1 (blue)
andm = 0, ±2 (purple) (colour online). The dashed
lines shows the perturbation theory predictions.

rameters: the frequency splitting between the
two peaks, their mean frequency, their width,
and their amplitude. For each combination of
parameters, we evaluate the misfit as the root-
mean square (rms) di↵erence between the ob-
served and synthetic spectra (in log scale) in the
frequency window of the mode. We obtain the
best frequency splitting from the combination
yielding the smallest misfit. The error is esti-
mated from the minimum and maximum split-
tings for which some parameter combinations
produce a misfit of typically 1.05 times the min-
imum misfit. We provide examples of the fits in
Supplementary material.

In figure 8, we show a selection of experimen-
tal splittings as a function of rotation rate (the
experimental splittings being measured by the
di↵erence between the ±m peak frequencies). At
first glance, we observe that they agree well with
the theoretical linear predictions |2�⌦| given by
equation (5) and shown by the lines. The blue
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finite element (blue crosses) splittings are measured
by the di↵erence between the ±m peak frequen-
cies. Theoretical linear splittings (lines) are given
by |2�⌦|, see equation (5). For theoretical split-
tings, equatorially symmetric modes are shown in
red solid lines and anti-symmetric modes in black
dashed line; we use the same choice of colours for
the experimental splittings (colour online).
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FIG. 7. Experimental spectra centered on 0S2.
Top: for solid body rotation at increasing rotation
rates from rest (top, red) to f⌦ = 25 Hz (bot-
tom, violet) with 5 Hz increment. Spectra are fil-
tered (low-pass) and vertically shifted for visualisa-
tion purposes. Bottom: for solid body rotation at
f⌦ = 25 Hz separated by symmetry, m = ±1 (blue)
andm = 0, ±2 (purple) (colour online). The dashed
lines shows the perturbation theory predictions.

rameters: the frequency splitting between the
two peaks, their mean frequency, their width,
and their amplitude. For each combination of
parameters, we evaluate the misfit as the root-
mean square (rms) di↵erence between the ob-
served and synthetic spectra (in log scale) in the
frequency window of the mode. We obtain the
best frequency splitting from the combination
yielding the smallest misfit. The error is esti-
mated from the minimum and maximum split-
tings for which some parameter combinations
produce a misfit of typically 1.05 times the min-
imum misfit. We provide examples of the fits in
Supplementary material.

In figure 8, we show a selection of experimen-
tal splittings as a function of rotation rate (the
experimental splittings being measured by the
di↵erence between the ±m peak frequencies). At
first glance, we observe that they agree well with
the theoretical linear predictions |2�⌦| given by
equation (5) and shown by the lines. The blue
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‣  The frequency splitting is proportional 
to the rotation frequency and depends 
upon the mode structure.

‣  Our results confirm the theory of 
Ledoux (1951).
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2. Recovering Greenspan’s libration flow
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2. Recovering Greenspan’s libration flow

‣  Frequency splitting of singlets  and  can also be produced by fluid flow.nS−m
l nS+m

l
‣  We trigger libration flows in ZoRo and test the model of Greenspan (1968).
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2. Recovering Greenspan’s libration flow

‣  Frequency splitting of singlets  and  can also be produced by fluid flow.nS−m
l nS+m

l
‣  We trigger libration flows in ZoRo and test the model of Greenspan (1968).

Libration flow:  fshell(t) = fo + Δf sin(2πflibt)

‣  The splitting then varies in time.
‣  We repeat a very short chirp targeting a specific doublet, here .1S

±3
3
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2. Recovering Greenspan’s libration flow

‣  We recover the frequencies of the two 
singlets by a non-linear high-resolution 
analysis in the time-domain.

Chirp index

1S
±3
3

Time
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2. Recovering Greenspan’s libration flow

‣  We recover the frequencies of the two 
singlets by a non-linear high-resolution 
analysis in the time-domain.

Chirp index

‣  Or we repeat 
complete long 
chirps and 
measure the 
splitting for 
different 
libration phases.
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2. Recovering Greenspan’s libration flow
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2. Recovering Greenspan’s libration flow
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‣We thus collect the splitting 
of more than 50 doublets.
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2. Recovering Greenspan’s libration flow
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‣We thus collect the splitting 
of more than 50 doublets.

‣  Greenspan’s flow is well 
recovered by inversion.
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3. Global Cross-correlograms and ellipticity
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prominent in the global correlogram than others. Note that we use 
the name K* to represent the feature in this distance range and time 
window herea!er, although other features exist in the correspond-
ing distance range (e.g., cPc2- cKS at shorter distances).

Waveform modeling through di!erent models
We "rst demonstrate that 1D model of Earth cannot explain our ob-
servations (Fig. 3B). $en, we scrutinize multiple causes that could 

explain the time variations for these features. $ey are (i) Earth’s el-
lipticity, (ii) mantle heterogeneity, (iii) the CMB topography, (iv) OC 
inhomogeneities, and (v) IC structure. We test them based on a for-
ward modeling approach and calculate the L2- norm mis"t between 
the synthetic and observed data points of the correlation feature trav-
el time variations (see "gs. S7, S12, S14, and S16 and tables S1 and S2). 
We synthesize the long- duration coda waves, taking into account the 
Earth’s ellipticity and several global tomographic models in the 3D 

Events and stationsA

0°

−35°

35°

B

Fig. 1. Global stations, event distribution, and observed global correlograms for “polar” and “equatorial” crossings in the OC. (A) A geographic map of the loca-
tions of receivers and earthquakes (red stars) and stations (triangles) used in this study. The stations are divided into two groups (coral and khaki) based on their latitudes 
(see the main text for de#nitions). (B) The stacked global correlograms between 0 and 7200 s after the correlation origin time as a function of inter- receiver distance from 
0° to 180°. The blue dashed rectangles denote the targeted correlation features (PcP*, ScS*, cS- cP, K*, SKPK*, cK2*, cKS- cS, and K- ScS) in this study. The featured correlo-
grams are constructed using polar (left) and equatorial (right) crossings in the OC (see the main text for the de#nitions).
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3. Global Cross-correlograms and ellipticity

‣  Global cross-correlograms are a 
recent powerful tool for exploring the 
Earth’s deep interior.
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the name K* to represent the feature in this distance range and time 
window herea!er, although other features exist in the correspond-
ing distance range (e.g., cPc2- cKS at shorter distances).
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Fig. 1. Global stations, event distribution, and observed global correlograms for “polar” and “equatorial” crossings in the OC. (A) A geographic map of the loca-
tions of receivers and earthquakes (red stars) and stations (triangles) used in this study. The stations are divided into two groups (coral and khaki) based on their latitudes 
(see the main text for de#nitions). (B) The stacked global correlograms between 0 and 7200 s after the correlation origin time as a function of inter- receiver distance from 
0° to 180°. The blue dashed rectangles denote the targeted correlation features (PcP*, ScS*, cS- cP, K*, SKPK*, cK2*, cKS- cS, and K- ScS) in this study. The featured correlo-
grams are constructed using polar (left) and equatorial (right) crossings in the OC (see the main text for the de#nitions).
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3. Global Cross-correlograms and ellipticity

‣  Global cross-correlograms are a 
recent powerful tool for exploring the 
Earth’s deep interior.

‣  It exploits the late coda of large 
earthquakes, dominated by the 
reverberation of many seismic waves.
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prominent in the global correlogram than others. Note that we use 
the name K* to represent the feature in this distance range and time 
window herea!er, although other features exist in the correspond-
ing distance range (e.g., cPc2- cKS at shorter distances).

Waveform modeling through di!erent models
We "rst demonstrate that 1D model of Earth cannot explain our ob-
servations (Fig. 3B). $en, we scrutinize multiple causes that could 

explain the time variations for these features. $ey are (i) Earth’s el-
lipticity, (ii) mantle heterogeneity, (iii) the CMB topography, (iv) OC 
inhomogeneities, and (v) IC structure. We test them based on a for-
ward modeling approach and calculate the L2- norm mis"t between 
the synthetic and observed data points of the correlation feature trav-
el time variations (see "gs. S7, S12, S14, and S16 and tables S1 and S2). 
We synthesize the long- duration coda waves, taking into account the 
Earth’s ellipticity and several global tomographic models in the 3D 
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Fig. 1. Global stations, event distribution, and observed global correlograms for “polar” and “equatorial” crossings in the OC. (A) A geographic map of the loca-
tions of receivers and earthquakes (red stars) and stations (triangles) used in this study. The stations are divided into two groups (coral and khaki) based on their latitudes 
(see the main text for de#nitions). (B) The stacked global correlograms between 0 and 7200 s after the correlation origin time as a function of inter- receiver distance from 
0° to 180°. The blue dashed rectangles denote the targeted correlation features (PcP*, ScS*, cS- cP, K*, SKPK*, cK2*, cKS- cS, and K- ScS) in this study. The featured correlo-
grams are constructed using polar (left) and equatorial (right) crossings in the OC (see the main text for the de#nitions).

D
ow

nloaded from
 https://w

w
w

.science.org on Septem
ber 05, 2024

Ma and Tkalčić , Sci. Adv. 10, eadn5562 (2024)     30 August 2024

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

7 of 10

the time domain. Subsequently, the cross- correlation functions 
for receiver pairs were linearly stacked in inter- receiver distance 
bins with an interval of 1° and band- pass !ltered in the period band 
of 15 to 50 s for a single- event correlogram. Because the late coda 
in earthquake waveforms consists mainly of strong reverberating 
energy con!ned in the great circle plane (55), we computed the 
cross- correlation functions only when the event is proximal to 
the great circle plane defined by the receiver pair. Empirically, 
we choose the receiver pair if the spherical distance from the event 
to the great circle path is less than 5°. "en, the individual global 
correlograms are stacked over multiple events. "e stacked global 
correlogram displays prominent correlation features similar to pre-
vious studies (20, 23). All these features are formed due to the inter-
action of many pairs of phases with the same slowness (18, 20, 56), 
which are not “reconstructed body waves” under the principle of 
Green’s functions (19).

"e early- emerging features K*, SKPK*, cK2*, K- ScS, and cKS- 
cS, which are OC- sensitive features, are selected as our observations 
to demonstrate the possibility of lateral heterogeneities in the #uid 
OC because they are prominent in the global correlogram. We ex-
cluded prominent correlation features such as I* and I2* (57) since 
they can sample both the complex anisotropic IC and OC.

Grouping the global stations
First, we tested whether the OC has a longitude- dependent velocity 
structure by longitudinally dividing the stations into three individual 
groups with a range of 120°. "e longitudinal ranges for these three 
groups are 40° to 160°E, 160° to 280°E, and 280° to 40°E, respec-
tively (!g. S1A). "en, the global correlograms are generated for the 
three groups following the above procedures. We do not observe 
notable time variations in K* features between these three groups 
(!g. S1B), which excludes the possibility of longitude- dependent ve-
locity structures in the OC. We then divided the global stations into 
two groups based on their latitudes to test whether the OC has 
latitude- dependent heterogeneities. "e stations are classi!ed as the 
polar and equatorial groups based on their latitudes. In this case, we 
can observe clear time variations between the core- sensitive correla-
tion features in the two groups. We further group the polar station 
pairs into two subgroups, named AK (connecting the stations in the 
Antarctic to the stations in Alaska, longitude: 190° to 240°E) and EU 
(connecting the stations in the Antarctic to stations in Europe, lon-
gitude: 0 to 50°E), respectively. "en, we compute the coda correla-
tion for these two polar paths and !nd that the K* in the AK group 
exhibits similar travel times to that in the EU group (!g. S4). "is 
indicates that the subducted slab beneath Alaska, which is thought 

Fig. 6. Ray path of K* feature, schematic of the OC heterogeneity, and absolute PKIKP travel time residuals. A simpli#ed schematic illustration of the generation of 
coda correlation feature K* from the constituent (PKP)10- (PKP)9 for the two groups: equatorial (A) and polar (B). The light brown–shaded areas denote the low- velocity 
torus in the OC. The blue cubes are the seismic stations, and the ball is the event. The dark solid line is the Earth’s rotation axis. (C) Cross section of the OC with the inferred 
low- velocity torus (light brown region) beneath the equatorial CMB. Helical curves represent the convective $ow in the OC [see (30, 34, 35, 51)]. Wiggly lines at the IC 
boundary represent higher heat transfer in equatorial than polar regions. (D) Observed and predicted absolute PKIKP travel time anomalies as a function of the angle 
between the PKIKP ray path in the IC and the Earth’s rotation axis. Brown diamonds show the observations (28). Black diamonds are binned data with 1- σ error bars and a 
bin size of 5°. The gray squares indicate the synthetic binned data calculated for the model, including mantle heterogeneity, OC torus, and IC anisotropic structure using 
the same event- station con#gurations as the observations. The anisotropic parameters of the IC model are shown on the top left.
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3. Global Cross-correlograms and ellipticity

‣  Global cross-correlograms are a 
recent powerful tool for exploring the 
Earth’s deep interior.

‣  It exploits the late coda of large 
earthquakes, dominated by the 
reverberation of many seismic waves.

‣  The cross-correlation of 
seismograms recorded at thousands 
of station pairs reveals features, 
related to direct waves.
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prominent in the global correlogram than others. Note that we use 
the name K* to represent the feature in this distance range and time 
window herea!er, although other features exist in the correspond-
ing distance range (e.g., cPc2- cKS at shorter distances).

Waveform modeling through di!erent models
We "rst demonstrate that 1D model of Earth cannot explain our ob-
servations (Fig. 3B). $en, we scrutinize multiple causes that could 

explain the time variations for these features. $ey are (i) Earth’s el-
lipticity, (ii) mantle heterogeneity, (iii) the CMB topography, (iv) OC 
inhomogeneities, and (v) IC structure. We test them based on a for-
ward modeling approach and calculate the L2- norm mis"t between 
the synthetic and observed data points of the correlation feature trav-
el time variations (see "gs. S7, S12, S14, and S16 and tables S1 and S2). 
We synthesize the long- duration coda waves, taking into account the 
Earth’s ellipticity and several global tomographic models in the 3D 
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Fig. 1. Global stations, event distribution, and observed global correlograms for “polar” and “equatorial” crossings in the OC. (A) A geographic map of the loca-
tions of receivers and earthquakes (red stars) and stations (triangles) used in this study. The stations are divided into two groups (coral and khaki) based on their latitudes 
(see the main text for de#nitions). (B) The stacked global correlograms between 0 and 7200 s after the correlation origin time as a function of inter- receiver distance from 
0° to 180°. The blue dashed rectangles denote the targeted correlation features (PcP*, ScS*, cS- cP, K*, SKPK*, cK2*, cKS- cS, and K- ScS) in this study. The featured correlo-
grams are constructed using polar (left) and equatorial (right) crossings in the OC (see the main text for the de#nitions).
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the time domain. Subsequently, the cross- correlation functions 
for receiver pairs were linearly stacked in inter- receiver distance 
bins with an interval of 1° and band- pass !ltered in the period band 
of 15 to 50 s for a single- event correlogram. Because the late coda 
in earthquake waveforms consists mainly of strong reverberating 
energy con!ned in the great circle plane (55), we computed the 
cross- correlation functions only when the event is proximal to 
the great circle plane defined by the receiver pair. Empirically, 
we choose the receiver pair if the spherical distance from the event 
to the great circle path is less than 5°. "en, the individual global 
correlograms are stacked over multiple events. "e stacked global 
correlogram displays prominent correlation features similar to pre-
vious studies (20, 23). All these features are formed due to the inter-
action of many pairs of phases with the same slowness (18, 20, 56), 
which are not “reconstructed body waves” under the principle of 
Green’s functions (19).

"e early- emerging features K*, SKPK*, cK2*, K- ScS, and cKS- 
cS, which are OC- sensitive features, are selected as our observations 
to demonstrate the possibility of lateral heterogeneities in the #uid 
OC because they are prominent in the global correlogram. We ex-
cluded prominent correlation features such as I* and I2* (57) since 
they can sample both the complex anisotropic IC and OC.

Grouping the global stations
First, we tested whether the OC has a longitude- dependent velocity 
structure by longitudinally dividing the stations into three individual 
groups with a range of 120°. "e longitudinal ranges for these three 
groups are 40° to 160°E, 160° to 280°E, and 280° to 40°E, respec-
tively (!g. S1A). "en, the global correlograms are generated for the 
three groups following the above procedures. We do not observe 
notable time variations in K* features between these three groups 
(!g. S1B), which excludes the possibility of longitude- dependent ve-
locity structures in the OC. We then divided the global stations into 
two groups based on their latitudes to test whether the OC has 
latitude- dependent heterogeneities. "e stations are classi!ed as the 
polar and equatorial groups based on their latitudes. In this case, we 
can observe clear time variations between the core- sensitive correla-
tion features in the two groups. We further group the polar station 
pairs into two subgroups, named AK (connecting the stations in the 
Antarctic to the stations in Alaska, longitude: 190° to 240°E) and EU 
(connecting the stations in the Antarctic to stations in Europe, lon-
gitude: 0 to 50°E), respectively. "en, we compute the coda correla-
tion for these two polar paths and !nd that the K* in the AK group 
exhibits similar travel times to that in the EU group (!g. S4). "is 
indicates that the subducted slab beneath Alaska, which is thought 

Fig. 6. Ray path of K* feature, schematic of the OC heterogeneity, and absolute PKIKP travel time residuals. A simpli#ed schematic illustration of the generation of 
coda correlation feature K* from the constituent (PKP)10- (PKP)9 for the two groups: equatorial (A) and polar (B). The light brown–shaded areas denote the low- velocity 
torus in the OC. The blue cubes are the seismic stations, and the ball is the event. The dark solid line is the Earth’s rotation axis. (C) Cross section of the OC with the inferred 
low- velocity torus (light brown region) beneath the equatorial CMB. Helical curves represent the convective $ow in the OC [see (30, 34, 35, 51)]. Wiggly lines at the IC 
boundary represent higher heat transfer in equatorial than polar regions. (D) Observed and predicted absolute PKIKP travel time anomalies as a function of the angle 
between the PKIKP ray path in the IC and the Earth’s rotation axis. Brown diamonds show the observations (28). Black diamonds are binned data with 1- σ error bars and a 
bin size of 5°. The gray squares indicate the synthetic binned data calculated for the model, including mantle heterogeneity, OC torus, and IC anisotropic structure using 
the same event- station con#gurations as the observations. The anisotropic parameters of the IC model are shown on the top left.
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‣  Global cross-correlograms are a 
recent powerful tool for exploring the 
Earth’s deep interior.

‣  It exploits the late coda of large 
earthquakes, dominated by the 
reverberation of many seismic waves.

‣  The cross-correlation of 
seismograms recorded at thousands 
of station pairs reveals features, 
related to direct waves.
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prominent in the global correlogram than others. Note that we use 
the name K* to represent the feature in this distance range and time 
window herea!er, although other features exist in the correspond-
ing distance range (e.g., cPc2- cKS at shorter distances).

Waveform modeling through di!erent models
We "rst demonstrate that 1D model of Earth cannot explain our ob-
servations (Fig. 3B). $en, we scrutinize multiple causes that could 

explain the time variations for these features. $ey are (i) Earth’s el-
lipticity, (ii) mantle heterogeneity, (iii) the CMB topography, (iv) OC 
inhomogeneities, and (v) IC structure. We test them based on a for-
ward modeling approach and calculate the L2- norm mis"t between 
the synthetic and observed data points of the correlation feature trav-
el time variations (see "gs. S7, S12, S14, and S16 and tables S1 and S2). 
We synthesize the long- duration coda waves, taking into account the 
Earth’s ellipticity and several global tomographic models in the 3D 
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Fig. 1. Global stations, event distribution, and observed global correlograms for “polar” and “equatorial” crossings in the OC. (A) A geographic map of the loca-
tions of receivers and earthquakes (red stars) and stations (triangles) used in this study. The stations are divided into two groups (coral and khaki) based on their latitudes 
(see the main text for de#nitions). (B) The stacked global correlograms between 0 and 7200 s after the correlation origin time as a function of inter- receiver distance from 
0° to 180°. The blue dashed rectangles denote the targeted correlation features (PcP*, ScS*, cS- cP, K*, SKPK*, cK2*, cKS- cS, and K- ScS) in this study. The featured correlo-
grams are constructed using polar (left) and equatorial (right) crossings in the OC (see the main text for the de#nitions).
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the time domain. Subsequently, the cross- correlation functions 
for receiver pairs were linearly stacked in inter- receiver distance 
bins with an interval of 1° and band- pass !ltered in the period band 
of 15 to 50 s for a single- event correlogram. Because the late coda 
in earthquake waveforms consists mainly of strong reverberating 
energy con!ned in the great circle plane (55), we computed the 
cross- correlation functions only when the event is proximal to 
the great circle plane defined by the receiver pair. Empirically, 
we choose the receiver pair if the spherical distance from the event 
to the great circle path is less than 5°. "en, the individual global 
correlograms are stacked over multiple events. "e stacked global 
correlogram displays prominent correlation features similar to pre-
vious studies (20, 23). All these features are formed due to the inter-
action of many pairs of phases with the same slowness (18, 20, 56), 
which are not “reconstructed body waves” under the principle of 
Green’s functions (19).

"e early- emerging features K*, SKPK*, cK2*, K- ScS, and cKS- 
cS, which are OC- sensitive features, are selected as our observations 
to demonstrate the possibility of lateral heterogeneities in the #uid 
OC because they are prominent in the global correlogram. We ex-
cluded prominent correlation features such as I* and I2* (57) since 
they can sample both the complex anisotropic IC and OC.

Grouping the global stations
First, we tested whether the OC has a longitude- dependent velocity 
structure by longitudinally dividing the stations into three individual 
groups with a range of 120°. "e longitudinal ranges for these three 
groups are 40° to 160°E, 160° to 280°E, and 280° to 40°E, respec-
tively (!g. S1A). "en, the global correlograms are generated for the 
three groups following the above procedures. We do not observe 
notable time variations in K* features between these three groups 
(!g. S1B), which excludes the possibility of longitude- dependent ve-
locity structures in the OC. We then divided the global stations into 
two groups based on their latitudes to test whether the OC has 
latitude- dependent heterogeneities. "e stations are classi!ed as the 
polar and equatorial groups based on their latitudes. In this case, we 
can observe clear time variations between the core- sensitive correla-
tion features in the two groups. We further group the polar station 
pairs into two subgroups, named AK (connecting the stations in the 
Antarctic to the stations in Alaska, longitude: 190° to 240°E) and EU 
(connecting the stations in the Antarctic to stations in Europe, lon-
gitude: 0 to 50°E), respectively. "en, we compute the coda correla-
tion for these two polar paths and !nd that the K* in the AK group 
exhibits similar travel times to that in the EU group (!g. S4). "is 
indicates that the subducted slab beneath Alaska, which is thought 

Fig. 6. Ray path of K* feature, schematic of the OC heterogeneity, and absolute PKIKP travel time residuals. A simpli#ed schematic illustration of the generation of 
coda correlation feature K* from the constituent (PKP)10- (PKP)9 for the two groups: equatorial (A) and polar (B). The light brown–shaded areas denote the low- velocity 
torus in the OC. The blue cubes are the seismic stations, and the ball is the event. The dark solid line is the Earth’s rotation axis. (C) Cross section of the OC with the inferred 
low- velocity torus (light brown region) beneath the equatorial CMB. Helical curves represent the convective $ow in the OC [see (30, 34, 35, 51)]. Wiggly lines at the IC 
boundary represent higher heat transfer in equatorial than polar regions. (D) Observed and predicted absolute PKIKP travel time anomalies as a function of the angle 
between the PKIKP ray path in the IC and the Earth’s rotation axis. Brown diamonds show the observations (28). Black diamonds are binned data with 1- σ error bars and a 
bin size of 5°. The gray squares indicate the synthetic binned data calculated for the model, including mantle heterogeneity, OC torus, and IC anisotropic structure using 
the same event- station con#gurations as the observations. The anisotropic parameters of the IC model are shown on the top left.
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 How do ellipticity and rotation affect 
the Earth’s global cross-correlogram?
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3. Global Cross-correlograms and ellipticity

‣  We mimic a series of earthquake in the ZoRo 
experiment, record and stack the records.
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3. Global Cross-correlograms and ellipticity

‣  We mimic a series of earthquake in the ZoRo 
experiment, record and stack the records.

‣  We compute ZoRo synthetic seismograms, 
at 100 virtual microphones, taking into 
account ellipticity and rotation.
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3. Global Cross-correlograms and ellipticity

‣  We mimic a series of earthquake in the ZoRo 
experiment, record and stack the records.

‣  We compute ZoRo synthetic seismograms, 
at 100 virtual microphones, taking into 
account ellipticity and rotation.

‣  We build global cross-correlograms from 
these records.
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3. Global cross-correlograms and ellipticity



SF2A, Grenoble, June 23, 2026 Nataf, Boué, Cardin & Cébron / 1111

3. Global cross-correlograms and ellipticity

‣  Features clearly show up, aligning with 
theoretical body wave travel-time curves.
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3. Global cross-correlograms and ellipticity

‣  Features clearly show up, aligning with 
theoretical body wave travel-time curves.
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3. Global cross-correlograms and ellipticity

‣  Features clearly show up, aligning with 
theoretical body wave travel-time curves.

‣  Equatorial cross-correlograms differ from 
meridian ones in several aspects.
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3. Global cross-correlograms and ellipticity

‣  Features clearly show up, aligning with 
theoretical body wave travel-time curves.

‣  Equatorial cross-correlograms differ from 
meridian ones in several aspects.

‣  On-going work!…
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Thank you
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Resolution kernels for libration flow



SF2A, Grenoble, June 23, 2026 Nataf, Boué, Cardin & Cébron / 1115

2. Recovering Greenspan’s libration flow
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2. Recovering Greenspan’s libration flow

‣  Frequency splitting of singlets  and  can also be produced by fluid flow.nS−m
l nS+m

l
‣  We trigger libration flows in ZoRo and test the model of Greenspan (1968).
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2. Recovering Greenspan’s libration flow
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Greenspan, 1968

‣  Frequency splitting of singlets  and  can also be produced by fluid flow.nS−m
l nS+m

l
‣  We trigger libration flows in ZoRo and test the model of Greenspan (1968).

Libration flow:  fshell(t) = fo + Δf sin(2πflibt)
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2. Recovering Greenspan’s libration flow

Hz

Greenspan, 1968

‣  Frequency splitting of singlets  and  can also be produced by fluid flow.nS−m
l nS+m

l
‣  We trigger libration flows in ZoRo and test the model of Greenspan (1968).

Libration flow:  fshell(t) = fo + Δf sin(2πflibt)

‣  The splitting then varies in time.
‣  We repeat a very short chirp targeting a specific doublet, here .1S

±3
3
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