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Abstract: This paper presents a study of global Rayleigh wave attenuation and group velocity at a
period of around 20 s using data from the International Seismological Centre (ISC) bulletin. Rayleigh
waves at this period are sensitive to the crustal structure beneath continents and the uppermost
mantle beneath oceans. Tomographic imaging reveals strong continental-ocean contrasts due to this.
Oceanic group velocities are high but vary with seafloor depth, while oceanic attenuation shows
mid-ocean ridges. Subduction zone regions display high attenuation but little velocity reduction,
indicating scattering attenuation. Low attenuation regions are associated with the Earth’s major
cratonic regions, but there are no associated velocity changes. This implies that intrinsic attenuation
is low and scattering dominates. Cratonic crustal scatterers have been annealed. A new surface wave
magnitude scale is constructed that is valid from near-source to near-antipode distances.

Keywords: Rayleigh waves; attenuation tomography; velocity tomography

1. Introduction

Global Rayleigh wave attenuation and velocity play a crucial role in understanding
the behavior of seismic waves propagating through the Earth’s interior. By studying
the attenuation and velocity of these waves, we can gain insights into the composition,
structure, and temperature of the crust and mantle. These properties play a significant
role in understanding the dynamic processes occurring within the Earth, such as mantle
convection, plate tectonics, and the formation of geological features. The amplitudes and
velocity of Rayleigh waves are also crucial in assessing seismic hazards since understanding
and accurately estimating the locations and magnitudes of seismic events is essential for
characterizing global seismicity and improving our ability to predict earthquake-related
ground motion. Furthermore, researching the worldwide attenuation and velocity of
Rayleigh waves is crucial for seismic monitoring. Amplitudes play a key role in discerning
the Mb/Ms ratio for discrimination and assessing yield in seismic events.

Most previous global tomographic studies of global Rayleigh waves used waveform
and ambient noise data for periods of 40 s and above to image phase velocity and attenua-
tion [1–7]. At these long periods, the mantle is imaged and shows both higher attenuation
and lower velocity beneath the oceans. Midocean ridges and subduction zones show high
attenuation, while continental cratons have low attenuation. At periods nearer to 20 s,
midocean ridges, subduction zones, and cratons are still visible [2,8–15].

In this study, the International Seismological Centre (ISC) bulletin surface wave ampli-
tude and group travel time data [16] collected at periods of around 20 s were used to image
both global attenuation and group velocity using standard tomographic methods. For the
continents, the wave velocities and attenuation are sensitive to crustal attenuation and
velocity structure, but for the oceans, the sensitivity is within the top of the mantle. Ocean
ridges, subduction zones, and cratons are imaged. Furthermore, the simultaneous use of
both velocity and attenuation tomography allows intrinsic attenuation to be distinguished
from scattering attenuation.
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2. Methods

The basic tomographic method here uses great circle raypaths along with both event
and station terms [17]. Geodesic rays on the ellipsoid were traced using the Vincenty [18]
algorithm. For velocity tomography, the data is first inverted for the average slowness
using the following equation:

ti = a + ∆i

(
1
v

)
(1)

where ti is the travel time for event i and ∆i is the distance. The equation is solved for the
intercept, a, and the average slowness, 1/v , using standard least squares.

The residuals are then inverted using the following equation:

tij = ai + bj + ∑
k

∆ijkδ

(
1
vk

)
(2)

where tij is the residual travel time from station i to event j and ∆ijk is the distance the ray

travels in cell k. The unknowns are the station delays, ai, the event delays bj, and δ
(

1
vk

)
is

the slowness perturbation in cell k. The sum is over all cells crossed by the raypath, and in
this study, five-degree cells are used. These equations are inverted on a latitude-longitude
grid using great-circle raypaths. On a latitude-longitude grid, the cell sizes differ, especially
near the poles. This is compensated for by using the following damped least squares
solution:

m = (A T A + DTWTWD
)−1

ATd (3)

where the model vector, m, is composed of the station delays, event delays, and slownesses,
and the data vector, d, is composed of the travel times. Smoothing is performed with a
Laplacian operator, D, and W is a diagonal weighting matrix with elements proportional
to the area of the cell sizes. This equalizes the weighting per unit area. Without this, the
solution will be overdamped at the poles. The LSQR conjugate-gradient algorithm was
used to invert the data [19,20].

Tomography using the amplitudes proceeds much the same way as with velocity
tomography. The operative attenuation equation is [21] as follows:

A =
1

(sin ∆)
1
2 ∆k

10a10Mse
−π∆
vTQ (4)

where A is the amplitude, ∆ is the distance in degrees, v is the velocity, T is the period, and
Q is the attenuation quality factor. The sine term is the geometrical spreading factor on a
sphere. The factor ∆k represents the temporal spreading due to dispersion. According to
Ewing et al. [21], k should be one-half for Rayleigh waves and one-third for Airy waves.

First, the log-amplitude data are fit to an attenuation function using the following
equation:

log Ai − Msi + 0.5log sin ∆i + klog ∆i = a − log eπ∆i
vTi

1
Q

(5)

Here, Ai is the amplitude of arrival i, and Msi is its event magnitude. The unknowns
are the intercept, a, and the average attenuation, 1/Q. The log of the amplitude is corrected
for event size by subtracting the magnitude, and then a spherical geometric spreading
correction is added.

The residuals for this equation are then used for the tomographic equation

log Aij = ai + bj − ∑
k

ln 10π∆ijk

vTi
δ

(
1

Qk

)
(6)

This is applied to the five-degree grid of cells, and the sum is over a great circle raypath.
Here Aij is the residual reduced amplitude between event i and station j, and ∆ijk is the
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distance the ray travels in each cell. The unknowns are the station and event gains, ai and
bj, and the attenuation in each cell k, δ

(
1

Qk

)
. Because the station and event terms trade off,

the average of the station terms is set to zero. The least-squared equations are then again
solved using the LRSQ algorithm.

The formula used for converting the attenuation perturbation, ∆
(

1
Q

)
to ∆Q is given

by solving 1
Q = 1

Q0
+ ∆ 1

Q for ∆Q = Q − Q0:

∆Q =
−Q2

0∆
(

1
Q

)
1 + Q0∆

(
1
Q

) (7)

where Q0 is the Q value from the initial line fit to the data. Traditional checkerboard tests
are performed to evaluate resolution and variance. The checkerboards consist of alternating
squares of low and high. Rays are traced through this, an appropriate amount of noise
is added, and the results are inverted in the same manner as the data. An approximate
resolution width can be found by finding the smallest square size that can be reasonably
imaged.

One source of error is the potential for focusing. Unfortunately, phase velocity is
not available for these data, and thus focusing cannot be estimated using the methods of
Dahlen and Tromp [22] and Dalton and Ekstrom [5]. This could create noise in the image.
Another source of error is using great circle raypaths. As shall be seen, there are significant
variations in velocity that cause refraction, especially along the coastlines. However, Dalton
and Ekstrom [5] argue that the refraction effect is negligible at global scales. Bao et al. [23]
compared different methods of accounting for focusing. They found that methods other
than great-circle paths did improve the image, but the major features were visible without.
Chen et al. [24] examined deviations from great circle raypaths and found errors in the
phase velocity tomography of 1.5% at 30 s, with the effect increasing for shorter periods.
This is a relatively small source of error. A final source of error includes not correcting for
focal mechanisms, but with a minimum of 10 arrivals per event and station, this should
average out. The above error sources are not directly represented in the checkerboard tests
except as being included as random errors.

3. Results

Data is from the ISC bulletin [16] (International Seismological Centre, 2023) up until
February 2020 for events of Ms > 4 and above and depths less than 50 km. There are
several different designations for surface wave amplitude measurements in the bulletin for
different stations at different times. This study used the measurements labeled LR, MLR,
AMS, and IAMs_20. Only vertical components were used.

The time-distance curve for the travel time data is in Figure 1. Unlike most travel time
data, the data fans out with distance. This is because of the dichotomy between the low
continental velocities and the high oceanic velocities. In addition, there are mispicked Love
wave phases forming a line at 4.0 km/s apparent velocity. These were cut out of the data set
for both velocity and attenuation tomography. Travel time data were restricted to distances
of 2 to 160 degrees based on Figure 1. Ten arrivals at each station and event were required,
with a maximum residual of 1000 s. A total of 1,044,918 arrivals were used. The initial fit
gave an average group velocity of 3.2 km/s but had a very large standard deviation of 65 s.
The final inversion used cell sizes of five degrees, and the results are in Figure 2. There are
small artifacts at the poles because the raypath tracing step size becomes comparable to
the width of the cell; nevertheless, structure in the Arctic and Antarctica is still resolvable.
Checkerboard test results show that 10-degree squares can be imaged (Figure S1).
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Figure 1. Travel time data from ISC data. The apparent cutoff at 99 degrees corresponds to the far
body-wave cutoff distance at the shadow zone. Many stations do not pick arrivals past this distance.
The cutoff at 160 degrees corresponds to the far cutoff from the surface-wave magnitude definition.
Only a few stations pick arrivals past this distance. Blue lines indicate the range of data used in the
inversion (2 to 160 degrees). The Love wave arrivals at 4 km/s were cut out of the data.
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Figure 2. Results of velocity tomography.

A normalized amplitude-distance curve after the 1
2 log(2πRsin∆) geometrical spread-

ing correction is shown in Figure 3. There is linearity in the data with no indication of
the 1/(

√
∆) curvature predicted by dispersion. Furthermore, adding the dispersion term

gave average Q values that seemed too high. As a result, k was set to zero, and it is
concluded that dispersion does not play a role in determining amplitude within the instru-
ment bandwidth. Hearn et al. (2008) [25] made a similar conclusion for six-second period
surface waves in China; however, this contrasts with Rezapour and Pearce (1998) [26], who
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did find a 1/ 3
√

∆ dependence in early ISC data. Amplitude data were restricted to 2 to
99 degrees, the body-wave cutoff, based on Figure 3. Only events with reported surface
wave magnitudes were used. Amplitude data had a minimum of 10 arrivals at each station
and event and a maximum residual of two magnitude units. The modern definition of Ms
amplitude uses periods between 18 and 22 s, so data was restricted to this range. However,
it was found that using the measured period in the inversion made no improvement in the
fit, so 20 s was used in the inversion. The initial fit for the attenuation tomography gave an
average 1/Q value of 1/275 with an rms of 0.23 magnitude units for 844,079 arrivals. The
intercept was 0.75 magnitude units.
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Figure 3. Amplitude data from ISC data after correction for magnitude and geometric spreading.
Note the apparent linearity. The discontinuity in the data at 100 degrees corresponds to the far
Mb-magnitude cutoff distance. Blue lines indicate the range of data used (2 to 99 degrees).

From these results, a physics-based magnitude relation can be defined based on the
following vertical amplitudes:

Msp = log A + 0.5log(2πRsin∆) + 0.0086∆ − 0.75; 18s ≤ T ≤ 22s; 2◦ ≤ ∆ ≤ 178◦; h < 40 km (8)

where R is the Earth’s radius of 6371 km. The factor 0.0086 is equal to log(e)π
vTQ times

111.19 km/deg. Its residual plot is shown in Figure 4a. As can be seen, the formula is good
for the nearly entire measured distance range. One-degree averages were made, and the
first two bins had averages of over 0.1 magnitude units, so the formula was truncated at two
degrees to avoid source and antipodal effects. The period is not required in this formula.
The current effective ISC Ms magnitude formula is (isc.ac.uk/standards/magnitudes) as
follows for vertical components:

Ms = log
A
T

+ 1.66log ∆ + 0.3 + 0.074; 18s ≤ T ≤ 22s; 20◦ ≤ ∆ ≤ 160◦. (9)
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Figure 4. (a) Magnitude residuals with distance for the physics-based magnitude scale Msp. Yellow
dots represent 1-degree averages with standard deviations. (b) Magnitude residuals using the
effective ISC Ms formula; note that these are only valid in the prescribed 20 to 160 degree range. Blue
lines indicate the range of data for the magnitude scale.

The last term corrects for a slight measured bias of the average station ISC Ms magni-
tude residuals in the 20 to 60 degree range. This probably occurs because ISC is not using
the exact same set of data to compute magnitude. Residuals for the Ms formula are plotted
in Figure 4b. The standard Ms expression has a slight bias within its range, and it is clearly
invalid for distances of less than 20 degrees. The two expressions yield the same value at
56 degrees for a 20 s period. The physics-based magnitude scale is calibrated to the current
scale but with an extended range (Figure S2).

Attenuation tomography results are shown in Figure 5. Contrasts between the con-
tinents and oceans, subduction zones, and cratons can be observed. The checkerboard
tests show resolution is at best 15 degrees wide (Figure S3). There are some places where
focusing could occur; in particular, there are some patchy low attenuation zones in the
Pacific that seem odd, and Russia seems patchy too; however, the overall results clearly
correspond to major tectonic features.
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4. Discussion
4.1. Other Studies

A similar study of global Rayleigh wave attenuation at 20 s was carried out by Selby
et al. [27], where they imaged corrections to the surface wave magnitude equation. They
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used an independent data set of amplitudes measured for Ms magnitude determination.
Their images show the low-velocity ridges and high-velocity cratons in similar positions as
in the ISC image. A study of the global Rayleigh wave group velocity at 20 s was carried
out by Ritzwoller [9]. In the oceans, he imagined the ocean depth as the ISC data does. His
low velocity features match what was found with the ISC data, and no cratons were imaged.
There are also regional studies of Rayleigh waves at 20 s period. Yanovskaya (2003) [10]
found low group velocities beneath Tibet. Yang et al. [11] and Zhou et al. [28] were able
to image low attenuation beneath the North China and South China Cratons along with
the high attenuation Tarim Basin. The two cratons are too small to be resolved with the
ISC data, but Mongolia is not. Zhou et al.’s China tomography also imaged Mongolia as
a low-attenuation region with Q values approaching 1000, and this does match the ISC
tomography. Bao et al. [13] imaged S wave velocities beneath China at 20 s. Most of the
features he images are beneath the resolution of the ISC data (Figure S3); however, Tibet has
low crustal velocities. Feng et al. [29] and Nascimento et al. [30] imaged South American
group velocities at 20 s and found low velocities beneath the Andes but no apparent cratons.

Levshin et al. [8] imaged the Artic group velocity structure at 20 s and found patterns
like the ISC tomography. In Asia, Levshin et al. [12] imaged the Rayleigh wave attenuation
for Asia at 20 s. They image the low attenuation features in Mongolia, Russia, and the
Arabian Plate, as does the ISC data. Their average attenuation value of about 300 agrees
with the ISC data, but they have many values over 500. For South America, 20 s waves
give an average group velocity of 2.97 km/s with some low velocities beneath the Andes,
and this is similar to what the ISC data gives [30]. In comparison to the above results,
which generally do not show many Q values greater than 1000, the ISC tomography shows
that quite a few of the cratonic regions do have Q values above this. The checkerboard
tests show that some of this may be due to some overshoot from the tomography, but that
cannot completely explain the high Q values. This may be because other studies isolate the
fundamental mode.

At a 25 s period, Babikoff and Dalton [14] imaged the US phase velocities and found
a low velocity west and a high velocity east. The ISC tomography only has a resolution
to roughly image that. At a 40 s period, Ma et al. [2] have images of both phase velocity
and attenuation. They imaged the cratons in both images, but this would be at mantle
depths. Studies of global Rayleigh wave attenuation and velocity at longer periods im-
age solely at mantle depths and show low phase velocities [4,5,31–33] and shear wave
velocities [15,34,35] and high attenuation beneath midocean ridges [1,4,6,12,36–38]. Group
velocity maps at these periods are not available. Many of the same along-ridge variations
in attenuation can be found in both the long-period tomography and the ISC tomography.
Cratons are also imaged at longer periods in both velocity and attenuation and represent
the deeper cratonic roots.

4.2. Interpretation

The most visible feature in both images is the contrast between the continents and
oceans. Again, this occurs because 20 s waves are sensitive to the crust beneath the
continents and sensitive to the mantle beneath the oceans. The contrast is particularly
clear for the velocity images where the crust-to-mantle velocity contrast is high. To further
explore the sensitivity with depth, sensitivity kernels from a two-layer continental and a
three-layer oceanic model were made using the CPS software version 3.3 [39]. The kernels
showed the oceanic mantle to have maximum sensitivity over the top 25 km of mantle and
the continental crust to have sensitivity over the entire crustal column.

The average oceanic Rayleigh wave group velocity is around 3.6 km/s, and its pattern
mimics the bathymetry, with the highest velocities near the ridge crests. Indeed, modeling
shows that reducing the ocean depth by two kilometers of ridge height causes a 0.6 km/s
difference—about the amount shown in the tomographic image. Any effects of mid-ocean
ridge-related temperature are obscured by this. In contrast, modeling shows that ocean
depth has little effect on phase velocity and attenuation, and this allows the image to show
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the effects of mid-ocean ridge cooling in the image with the highest attenuation along
the ridge crest. However, this attenuation is not always consistent along the ridge crests,
showing that temperature varies along the ridges. There is no obvious connection between
ridge spreading rates and temperature, but it is interesting that the Arctic Ridge is both the
hottest ridge and, also, one of the slowest spreading subduction zones.

Subduction zones are represented by high-attenuation regions. This occurs because
subduction zones disrupt the oceanic wave guide with slabs, volcanism, and backarc
spreading. Less attenuation occurs in the simpler subduction zones of South and North
America, while the more complicated subduction zones of the South Pacific, Caribbean,
West Pacific, and Mediterranean are very attenuative. In contrast, the velocity image does
not show most subduction zones. It seems unlikely that attenuation can change by such
an extreme amount without changing the velocity if the attenuation is intrinsic. Thus, the
subduction zone attenuation must be due to scattering. At 20 s, the wavelength is 66 km,
and there are many features at this scale within a subduction zone, including the subducted
slab itself.

Continental crustal attenuation shows strong low attenuation features in the crust,
with Q values over one thousand. Most of the low-attenuation regions are associated with
the Australian, East Antarctica, North American, Amazon, West African, South African,
Baltica, Siberian, and Greenland cratons. There are exceptions. The Rio de la Plata Craton
in South America is barely visible. Zhou et al. (2020) [28] did image the North China
Craton, but it is too small to be resolved in the present study. The India and Madagascar
Cratons also seem unresolvable. The Australian low attenuation anomaly lies beneath
the central Australian shield but excludes the western and northern cratons, forming an
exception to the rule. Furthermore, not all low-attenuation regions are beneath cratons.
Mongolia, central Russia, and the eastern USA have low attenuation zones even though
they are not cratons.

The key to explaining the above observations is to note that the cratons are not visible
in the velocity image. Modeling shows that increasing Q values to 1000 requires the whole
crustal column to be involved. This cannot be due to a change in intrinsic attenuation
because that would require a large change in temperature or rock type that would be seen
in the velocity tomography. The only way to increase Q by that factor is if the intrinsic
attenuation of the crust is small and that continental crustal attenuation is mainly due to
scattering. The ancient Archean and Paleoproterozoic crust, originally hotter, was annealed,
and the internal structure changed as a result. This is supported by receiver function
studies, which show few internal boundaries in the Archean crust [40].

5. Conclusions

Global Rayleigh wave velocities and attenuation have been imaged for data near the
20 s period, and a new surface wave magnitude equation is derived that is valid from
near-source to near-antipode distances. Only geometric spreading and attenuation are
required to explain the data, and dispersion-related attenuation is not needed. In the 20 s
period range, Rayleigh waves are sensitive to the top of the mantle beneath the oceans
and to the crust beneath the continents. Continents and oceans have very different group
velocities and attenuations because of this. In the oceans, group velocity is related to
water depth, and the tomography images the bathymetry; however, the attenuation is not
sensitive to water depth and shows mid-ocean ridges as high attenuation anomalies. These
are interpreted as being intrinsic attenuations due to thermal anomalies. Subduction zones
disrupt the wave guide and cause attenuation but do not affect the velocity much. This
occurs because the attenuation is mostly due to scattering and is not intrinsic. Continental
cratons stand out as low-attenuation regions but do not affect velocity tomography. This
must occur due to a change in scattering attenuation, with intrinsic attenuation being low. It
is concluded that the cratonic crust has been annealed, with the internal structures changed
and scatterers removed.
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Supplementary Materials: The following supporting information can be downloaded at: https:
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locity tomography; Figure S2: Magnitude corrections; Figure S3: Checkerboard pattern for attenuation
tomography.
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