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Abstract We present a new and efficient method to measure Rayleigh- and Love-
wave group velocity over a broad frequency range. This technique starts in a similar
fashion to the traditional frequency-time analysis, but instead of making measure-
ments for all frequencies for a single source–station pair, we apply cluster analysis
to make measurements for all recordings from a single event at a single target fre-
quency. We also develop an inversion method with laterally varying smoothnesses to
generate 2D group velocity maps with uniform errors. These maps match large scale
geologic features and fit our data very well. This dataset will be used to constrain
lithospheric structure globally.

Introduction

Among various methods to study lithospheric structure,
surface waves provide one of the most valuable constraints
(e.g., Trampert and Woodhouse, 1995; Ekström et al., 1997;
Shapiro and Ritzwoller, 2002; Nettles and Dziewonki, 2008;
Ekström, 2011; Ritsema et al., 2011). In contrast to body
waves, surface waves at different frequencies are sensitive
to structures at different depths, leading to good resolving
power in the radial direction (Nettles and Dziewonski, 2008).
Surface waves also provide almost complete global cover-
age. Recently, studies of group velocity have increased dra-
matically, especially in areas where few earthquakes and
seismic stations are available, such as the Arctic (Levshin
et al., 2001), Antarctica (Ritzwoller et al., 2001), South
America (Feng et al., 2004), and Africa and Arabia (Pasya-
nos and Nyblade, 2007).

However, in these many studies, the measurement algo-
rithms are based on the one first introduced by Dziewonski
et al. (1969) or on a modified version of it by Levshin et al.
(1992). This traditional method measures the dispersion
curve for each source–station pair at one time and requires
analysts to accurately identify the surface-wave signal and
decide the appropriate frequency range over which reliable
measurements can be made (Ritzwoller and Levshin, 1998).
Although the global datasets used in Ritzwoller et al. (2002)
already consist of more than 100,000 paths, the nature of
such a technique makes it very time consuming to process
the ever increasing quantities of global seismic data.

This paper describes a different technique, which mea-
sures relative group arrival times of hundreds of envelope
functions filtered to the same frequency at one time and al-
lows us to process large datasets efficiently. This technique is
not fully automatic, but requires minimal operator interven-
tion, thereby allowing users greater control over the quality
of measurements. When we perform synthetic tests and com-

pare our new dataset to other existing global datasets, we find
no bias. We also perform a ray theory based inversion with
laterally variable smoothness to test the internal consistency
of our dataset. The data are surprising well fit by this simple
inversion.

Method

Our goal is to generate a large dataset of Rayleigh- and
Love-wave group velocity at intermediate frequency range to
constrain crust and uppermost mantle properties. Waveform
data are obtained from Incorporated Research Institutions for
Seismology (IRIS; see Data and Resources) and include all
available long-period data from permanent stations and tem-
porary deployments for all events with Ms or mb ≥5:5 from
1976 to 2007. We also include some broadband data from
Program for Array Seismic Studies of the Continental Litho-
sphere (PASSCAL) experiments in the southern hemisphere
and the Portable Observatories for Lithospheric Analysis
and Research Investigating Seismicity (POLARIS) network
(see Data and Resources) in northern Canada to improve
data coverage (Fig. 1). Earthquakes deeper than 200 km are
not used in this paper to reduce overtone contamination.
Rayleigh-wave measurements are made on the vertical com-
ponents of the seismograms, whereas Love waves are made
on the transverse components.

Preprocessing

Our method starts in a similar fashion to the traditional
frequency-time analysis (Dziewonski et al., 1969; Levshin
et al., 1992). After correcting for instrument response and
for the source phase calculated according to the Global Cent-
roid Moment Tensor (Global CMT) catalog (see Data and
Resources), we apply a narrowband Gaussian filter to the
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data and compute envelope functions. The difference is that
we choose a single frequency band to band-pass data from all
stations for one event. We then apply cluster analysis tech-
niques to measure the relative arrival time for all these
envelope functions, the same way Houser et al. (2008) mea-
sure body-wave travel times.

The Gaussian band-pass filter we use is

H�ω� � exp
�
−α

�
ω − ωc

ωc

�
2
�
; �1�

in which ωc is the center frequency of the filter. We use
α � 3:=0:252, so the bandwidth for 20 mHz is about
5 mHz. Shapiro and Singh (1999) point out a systematic error
in measuring group arrival time due to the discrepancy be-
tween the centroid frequency and target frequency. We miti-
gate this effect by iteratively varying the center frequency of
the filter until the centroid frequency of the data spectrum
matches the target frequency within an accuracy of 0.01 mHz.

We calculate the signal-to-noise ratio of each envelope
function, and we only keep traces with signal-to-noise ratio
larger than 4.0. The peak of each envelope function is also
identified, and the arrival time of the peak with respect to the
predicted arrival time from ak135 (Kennett et al., 1995) or
the Preliminary Reference Earth Model (Dziewonski and
Anderson, 1981) is stored as tpi for each trace.

Manual Measurement

Cluster Analysis Technique. We manually make measure-
ments for data filtered at 10, 20, 30, and 40 mHz for Rayleigh
waves and 10, 20, and 30 mHz for Love waves. We consider

stations with epicentral distances ranging from 20° to 160°.
Traces are sorted by distance and plotted on the screen. An
example is shown in Figure 2. This example is for Rayleigh
waves at 20 mHz. Each trace represents the envelope func-
tion for one station for this event, and we have 329 envelope
functions for this example.

Users then choose a time window for cross correlation to
align all traces. For this example, a window between −181 s
and 351 s is used to include all clearly visible envelopes.
Using the time-domain method described in VanDecar and
Crosson (1990), cross-correlation functions for every trace
with every other trace are computed, and the positive peaks
in the cross-correlation function that contain the differential
time and scaling information between traces are identified.
According to the similarities between traces, the clustering
algorithm described in Hartigan (1975) is used to generate
clusters for pairs with correlation coefficients higher than 0.95.

An example of this clustering technique is shown in
Figure 3. The left side shows the waveforms that have been
organized into clusters according to waveform similarity.
The right side shows the cluster tree which governs the clus-
tering. This tree diagram allows the user to decide how finely
the clustering needs to be done. Avertical cursor is used to do
this. As the cursor is moved to the left of the tree diagram, the
waveforms are divided into smaller and smaller clusters. For
this example, the envelopes at the bottom are clearly dis-
torted by noise, whereas the envelopes at the center of the
screen are clean and can be grouped together to form three
to four big clusters. The crosshair (only the vertical line mat-
ters) on the right indicates an appropriate level of clustering
for this example.

0°

0°

60°

60°

120°

120°

180°

180°

−120°

−120°

−60°

−60°

0°

0°

−60°−60°

0°0°

60°60°

Figure 1. Distribution of earthquakes and stations analyzed in this paper. Dots represent earthquakes with Ms or mb ≥5:5 from 1976 to
2007. Only earthquakes shallower than 200 km are considered. Triangles are stations with long-period data available from Incorporated
Research Institutions for Seismology (IRIS). Inverse triangles are stations with broadband data from Program for Array Seismic Studies of
the Continental Lithosphere (PASSCAL) experiments and the Portable Observatories for Lithospheric Analysis and Research Investigating
Seismicity (POLARIS) network, which improve data coverages in the southern hemisphere and the Arctic region. The color version of this
figure is available only in the electronic edition.
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Figure 3. Example of clusters and cluster tree diagram from the same event. The left side shows the envelopes that have been organized into
clusters according to waveform similarity. The right side shows the cluster tree that governs the clustering. Users can click on the cluster tree to
determine the degree of clustering. It also allows users to identify noisy and distorted records. The crosshair (only the vertical line matters) on the
right indicates an appropriate level of clustering for this example. The color version of this figure is available only in the electronic edition.

Figure 2. Example of all envelope functions from one single event (4 January 2005). This example is for 20 mHz Rayleigh wave, and there
are 329 envelope functions. Instrument responses and source phases are corrected. Each trace is the envelope function for one station. Traces are
ordered by epicentral distance and aligned on the predicted group arrival time frommodel ak135, which is marked by the center solid line. Users
then use a mouse to choose a window for cross correlation. The color version of this figure is available only in the electronic edition.
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This method is not fully automatic, but it requires min-
imal amount of human interaction, allowing users to have
greater quality control of the measurements. This method also
allows users to isolate contaminated waveforms without pre-
screening the data, which is essential when dealing with very
large datasets. It is important to note that we keep only those
envelopes with simple bell shapes. This may explain why sim-
ple ray-theory-based inversions of the data are very successful
at explaining the measurements (see the Results section).

After users decide how finely the clustering needs to be
done, optimal time shifts tri (with zero median) and errors σ1i
for traces within one cluster are then calculated again using
the cross-correlation method, and the aligned traces within
each cluster are plotted for checking. Figure 4 plots every
third trace in Figure 2 for clarity and shows all accepted
traces with solid lines. We can see that the clustering tech-
nique can indeed identify most of the envelope functions
with simple bell shapes and discard distorted ones.

The errors σ1i estimated from cross-correlation methods
are usually too optimistic. More reliable measurement errors
for our dataset can be inferred by looking at nearby stations.
We find all station pairs with interstation distances less than
dm. The difference in group arrival times for each station
pair is then calculated, and the standard deviations of these
differences are plotted against dm (Fig. 5). Station pairs
within 5–10 km are mostly from PASSCAL experiments and
may have poor quality. We find a minimum error of 4 s is
reasonable.

Therefore, we set the error of our measurement to be

~σ1i � max�4; σ1i�: �2�

Errors estimated from other frequencies can be slightly dif-
ferent (e.g., about 7.5 s for 10 mHz and 2.5 s for 30 mHz).
However, we feel that assigning a minimum error of 4 s is
sufficient for our purpose.

Converting Relative Time to Absolute Time. The times tri
we measure in the last section are the relative arrival times
among traces within the same cluster. On the one hand,
although these relative arrival times can be directly used
for tomography, it is beneficial to convert these relative times
to absolute times (Houser et al., 2008). On the other hand, the
peak arrival times tpi are the absolute group arrival times in
the absence of noise. These times actually correspond to the
amplitude ridges in the traditional frequency-time analysis
(FTAN) diagrams (Levshin et al., 1992), from which group
velocities are estimated. However, peak arrival times are
more likely to be affected by noise than relative arrival times
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Figure 4. Replotting every third trace in Figure 2 for clarity.
Dashed lines represent all traces, and the solid lines are the final
accepted traces. Note we have successfully identified most of the
envelope functions with simple bell shapes. The time window used
for cross correlation for this cluster is −181 and 351 s, which in-
clude all envelopes with simple shapes. The color version of this
figure is available only in the electronic edition.
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Figure 5. Standard deviations of the differences in arrival-time
measurements between station pairs as a function of the maximum
distance between stations. This is for Rayleigh wave at 20 mHz.
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that are inferred from cross-correlation methods, especially
when the envelopes are broad in the case of low frequencies.

To make use of the advantages of both relative and peak
arrival times, we introduce the cluster time tm, which shifts
the whole cluster by a constant amount of time to match the
relative arrival times to peak arrival times. We find the best tm
that satisfies

t1Di � tri � tm � t1Di � tpi; for i � 1; 2; 3;…n; �3�

in which n is the number of records in each cluster, t1Di is
the theoretical arrival times for a 1D model. Because the 1D
arrival times from both sides cancel each other out, a robust
estimate of the cluster time and its error is simply

tm � median�tpi − tri� �4�

and

σ2 �
medianjtpi − tri − tmj

0:6745
���
n

p : �5�

The absolute arrival time tai and its error are then

tai � tri � tm �6�

and

σi �
�����������������
~σ21i � σ22

q
: �7�

Because of the sparsity of seismic stations in early years
(earlier than around 1995), we normally do not have enough
traces at 40 mHz from one single event to apply cluster
analysis techniques. In this case, we find it convenient to in-
clude multiple events and process at least 200 traces at one
time. The shape of the envelopes are still similar enough for
cluster analysis (Fig. 6). (We do not separate traces from a
single event.)

Our technique is very efficient at generating large data-
sets of Rayleigh- and Love-wave group velocity measure-
ments. For Rayleigh waves, the current dataset has over
300,000 measurements for 10 and 20 mHz, 200,000 mea-
surements for 30 mHz, and 110,000 for 40 mHz. The Love-
wave dataset is about half the size of the Rayleigh-wave
dataset, having about 170,000 measurements for 10 and
20 mHz and 70,000 for 30 mHz. Because we can process
hundreds of stations at one time, making group velocity mea-
surements at a single frequency band for the whole dataset
only takes three to five days.

At the high-frequency end, the number of successful
measurements decreases rapidly with frequency because
of increased structural heterogeneities. Although we can still
obtain measurements at frequencies higher than 40 mHz in
regions with dense seismic networks (e.g., Eurasia), parts of
South America and Africa are not sampled at all. To avoid
instability in the inversion for the unsampled regions, we
choose to stop at 40 mHz for Rayleigh waves and 30 mHz for
Love waves. At frequencies lower than 7.5 mHz, the enve-
lopes are very broad. Reliable cross-correlation measurements

Figure 6. Example of clusters for 40 mHz in the early years. This example includes events from 1 January to 22 January in 1976 (23
events in total). The color version of this figure is available only in the electronic edition.
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are hard to make and the arrival times of the peaks are very
likely distorted. To make use of the data at long periods, it is
more desirable to modify our method to measure phase veloc-
ity instead, because cycle skipping is less likely to happen at
such long periods.Wewill discuss this modification in a future
contribution.

Automatic Measurement of Intermediate Frequencies

For intermediate frequencies, we can use the same clus-
ters as determined from the measurements done at a nearby
frequency. For example, measurements at 17.5 mHz are done
automatically using the clusters determined from the 20 mHz
measurements. The time window for cross correlation is es-
timated manually by measuring a few months of data. Other
steps are the same as described above and are processed fully
automatically.

Synthetic Test

We use synthetic seismograms calculated from ak135
model (Kennett et al., 1995) to test our method. We compute
four sets of synthetic seismograms for earthquakes with
depth range 0–50, 50–100, 100–150, and 150–200 km. Sta-
tion distributions are the same as for the real data. Each syn-
thetic dataset consists of 15,000 traces for Rayleigh waves
and 10,000 for Love waves. Measurements can be made
from earthquakes shallower than 100 km for all frequencies.
Large portions of the synthetics from deep earthquakes are
distorted by overtones and are discarded during the measure-
ment procedure. The number of measurements from deep
earthquakes decreases rapidly as frequency increases (Fig. 7).

Figure 8 and Table 1 show the comparison between the
measured and theoretical values for Rayleigh waves. Variance
in group velocity measurement is typically about 0:003–
0:005 km=s. The largest variance happens at short distance
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Figure 7. Number of measurements (y-axis) for all synthetic data, as a function of distance (°) and frequency. The number of mea-
surements that can be made from deep earthquakes decreases rapidly as frequency increases.
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Figure 8. Synthetic test results of measured group velocity (km=s) as a function of distance (°) for Rayleigh waves at different frequen-
cies. We bin our measurements in every 1° bin. Error bars indicate the variance of measured group velocity for each bin. The thin horizontal
line is the theoretical value for group velocity at each frequency. Variances in group velocity are rather small, except at short distances for low-
frequency measurements because of overtone interferences. Measured group velocity is slightly smaller than the theoretical value at 40 mHz
at long distance, though the bias is only 0:0044 km=s. The color version of this figure is available only in the electronic edition.
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for low-frequency measurements, which is caused by over-
tone interference. The theoretical group velocity value at
32.5 mHz is 0:0015 km=s slower than our measured value
but is 0:0044 km=s faster than our measured values at 10
and 40 mHz. However, neither the variance nor bias exceeds
0.15% of the theoretical values, which is much smaller than
the actual signal in our tomographic results, which can exceed
10% for most frequencies.

Similar to Nettles and Dziewonski (2011), we also find
that overtone contamination has a larger effect on Love
waves than Rayleigh waves (Fig. 9), because of the smaller
difference between the group velocities of fundamental and
overtone branches. The effect of interference decreases with
increasing epicentral distance and frequency. At 10 mHz, at
which interference is the strongest, the scaled median abso-
lute deviation (SMAD) of the errors caused by overtone in-
terferences is about 0:035 km=s, which is smaller than the
error (1.5% for Love waves, see Inversion section) we allow
in our inversion. Applying the same technique to synthetic
seismograms with fundamental modes only do not generate
such oscillatory behavior, confirming that overtone interfer-
ence is the cause. We further compare the actual signal from
real data (the first 6000 measurements during the same time
period) and find the actual signal can be two to three times
larger than the interference effect (Fig. 10). The apparent
bias of 0:01 km=s is due to the fact that this dataset has more
measurements around 90° than other distances, where over-
tone interference tends to result in a higher than average
velocity. Although global tomography, which combines
paths with different path lengths, is expected to further sup-
press such interference effects (Nettles and Dziewonski,

2011), more sophisticated treatments are needed for regional
studies with limited ranges of path lengths (e.g., Gaherty
et al., 1996).

Dataset Comparison

We also compare our new dataset with the one from the
Colorado group (M. Ritzwoller and A. Levshin, personal
comm., 2010; henceforth CUB), which is measured using
the traditional technique. Table 2 gives a summary of the re-
sults. We focus on measurements at 20 mHz for Rayleigh
waves, because both datasets have good global coverage
at this frequency. The number of measurements in the
CUB dataset is about 85,000, which is about 1=4 of the size
of our dataset, and only 23,000 of them overlap. The average
offset between the two datasets is about 0.5 s, which is much
smaller than our measurement precision.

The SMAD of the differences between CUB and our
measurements is about 12 s. Internal uncertainties in our
dataset, inferred from χ2=N or the SMAD of residuals
after inversion is about 12–16 s. The error of CUB measure-
ments can be roughly estimated from figures 5 and 12 in
Ritzwoller and Levshin (1998), and it is about 12 s
(6000 km=3:8 km=s − 6000 km=�3:8� 0:03� km=s ≈ 12 s).
Therefore, the differences between the two datasets are close
to the inherent uncertainties in each dataset. Such discrepan-
cies are also much smaller than the actual travel-time anoma-
lies, which can exceed 200 s in some cases (Fig. 11).
Therefore, we conclude the two datasets are consistent with
each other, and we combine them in our inversions.

Inversion

We divide the surface of the earth into 41,252 equal area
blocks with the size of 1° by 1° at the equator. Sampling of
the earth is quite nonuniform. Examples of ray coverage for
Rayleigh waves are shown in Figure 12. All blocks have at
least 100 hits for 20 mHz and 20 hits for 40 mHz. Coverage
in most of Eurasia and North America is excellent.

Our inversions are based on ray theory. Recently, finite
frequency theories for surface-wave delay times have been
developed (e.g., Zhou et al., 2004; Dahlen and Zhou, 2006).
To our knowledge, no study to date has applied such theories
to group delay time measurements, probably due to the theo-
retical difficulty of having strong sideband sensitivity in the
2D kernels (Dahlen and Zhou, 2006). Recent global studies
using phase delays based on ray theory (e.g., Ekström, 2011)
are capable of generating high-quality tomographic results
that fit the data very well. Finite frequency theory may have
stronger effects on amplitudes (Ma and Masters, 2011) than
arrival times, and including amplitude data in an inversion
based on finite frequency theory will be presented in a later
contribution.

In ray theory, the group arrival-time perturbation can be
written as

Table 1
Synthetic Test for Rayleigh and LoveWaves with Source Depth

0–200 km

Rayleigh Love

Frequency
(mHz)

Difference
(km=s)*

SMAD
(km=s)†

Difference
(km=s)

SMAD
(km=s)

7.5 −0.0024 0.0092
10.0 −0.0044 0.0057 0.0101 0.0349
12.5 −0.0036 0.0057 −0.0018 0.0399
15.0 −0.0033 0.0050 −0.0054 0.0293
17.5 −0.0036 0.0036 −0.0049 0.0162
20.0 −0.0038 0.0029 −0.0019 0.0066
22.5 −0.0032 0.0029 −0.0007 0.0031
25.0 −0.0034 0.0029 −0.0003 0.0026
27.5 −0.0021 0.0033 −0.0003 0.0021
30.0 0.0002 0.0039 −0.0004 0.0024
32.5 0.0015 0.0041
35.0 0.0000 0.0031
37.5 −0.0016 0.0028
40.0 −0.0044 0.0038

*Difference between the median of the measured group velocity and the
theoretical value.

†SMAD, scaled median absolute deviation of the measured group
velocity.
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δt � sref

Z
Δ

0

δs
sref

dγ; �8�

in which the integral is over the minor arc path from source to
receiver, and δs=sref is the relative perturbation of slowness
of each block. The data are inverted using the least squares
method (Paige and Saunders, 1982) with a slight lateral
smoothing constraint. The function we are minimizing is

f � �Am − d�T�Am − d� � λ�Dm�TDm; �9�

in which m � δs=s is the perturbation in slowness, A is the
data kernel matrix calculated assuming great circle geometry,
λ is horizontal smoothness parameter, andD is the numerical
approximation to the 2D Laplacian. The reference slowness
is estimated iteratively by doing inversions and calculating
the global average slowness. The final reference slownesses

can be found in Table 3. Weighting is according to the meas-
urement error estimated from equation (7). Outliers with
large residuals after inversion are removed. Such outliers do
not exceed 3% of our data. Cutoff values for outliers are also
shown in Table 3.

Because of the variability of ray coverage, various
authors have developed different techniques to vary the
smoothness parameter λ according to the hit count of each
block (e.g., Pasyanos, 2005). Although these methods work
well in the continental regions, they are not suitable in our
cases because the Pacific region is so densely sampled that
these methods will result in a λ that is unreasonably small.

We find it more reasonable to vary λ according to the
errors in the tomographic maps, which can be estimated from
a Monte Carlo error analysis technique (Houser et al., 2008).
The goal is to generate models with uniform errors by
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Figure 9. Same as Figure 8, but for Love waves. The color version of this figure is available only in the electronic edition.
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assigning a different appropriate λ to each block. A flowchart
of our procedure is shown in Figure 13a. First, we invert for
tomographic maps using a series of laterally uniform λ. We
then add random Gaussian noise to the data, invert for a new
map, and repeat this process 50 times. The standard deviation
of the Gaussian noise is the same as that of the data and is
estimated from the χ2=N after one inversion (e.g., for
20 mHz, it is about 4 times the error σ in equation 7). The
standard deviation of these 50 inverted maps is our estimated
error. See an example for 20 mHz in Figure 13b.

Second, we choose a maximum acceptable value of
model error. In this paper, we use emax � 1% for Rayleigh

waves and emax � 1:5% for Love waves at all frequencies.
We choose the smallest possible λ for each block without
making the error of this block exceed emax. We then use
the resulting laterally varying λ to invert for our final tomo-
graphic maps and use the Monte Carlo method again to es-
timate the errors associated with each block.

For better results, we need to perform a search for λstart,
corresponding to the most smooth tomographic map we start
with, and λbad, the smoothness parameter assigned to areas in
the map where errors already exceed emax. We try to find the
best combination of λstart and λbad to make the final error es-
timation as uniform across the map as possible (Fig. 13c).

Table 2
Comparison between Our Dataset and CUB Dataset

Type Frequency (mHz) Mean (s)* Median (s)† S.D. (s)‡ SMAD (s)§ Common‖ CUB#

R 10.0 4.810 4.367 19.477 16.880 23461 53405
R 15.0 1.246 1.304 16.903 14.000 20245 68174
R 20.0 0.581 0.462 14.890 12.010 24019 84268
R 25.0 0.803 0.308 13.016 9.925 13606 91078
R 30.0 −1.014 −1.357 11.912 9.003 13046 82835
R 35.0 −1.163 −1.972 10.938 7.643 7081 75930
R 40.0 0.740 0.312 10.266 7.294 7907 83885
L 10.0 2.645 2.327 18.800 16.884 11033 22639
L 15.0 0.327 0.192 15.151 13.092 9488 40394
L 20.0 0.208 −0.118 12.496 10.019 10285 56131
L 25.0 −1.160 −0.840 13.889 9.810 11647 56568
L 30.0 0.248 0.265 10.180 6.768 5188 40400

*Mean of the difference in travel time.
†Median of the difference in travel time.
‡Standard deviation of the difference in travel time.
§SMAD, the scaled median absolute deviation of the difference in travel time.
‖Number of common measurements.
#Number of measurements in the CUB dataset.
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Figure 10. Comparison of signal level from measurements on real data and the errors caused by overtone contaminations for Love waves
at 10 mHz. Error bars are the same as the ones in Figure 9 for 10 mHz. The horizontal line is for measurements from the same dataset, but the
synthetics are calculated from fundamental modes only. Errors are smaller than the width of the line so are not plotted. Dots are the first 6000
measurements of real data during the same time period. The color version of this figure is available only in the electronic edition.
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A resulting map of λ is shown in Figure 13d, with λ �
0:1 in western America, λ � 1 or 1.5 in most of Eurasia and
North America, and λ � 2:5 in the southern Oceans. This
method enables us to reach the highest possible resolution
in densely sampled areas by assigning small λ to them, while
maintaining stable results in poorly sampled places where a
larger λ is used.

We should note that the Monte Carlo method used here
is intended to test the sensitivity of our model to errors in the
data. Errors from other sources (e.g., the use of simple ray
theory, ignoring azimuthal anisotropy, etc.) and the unique-
ness of the final model are not examined.

Results

Figures 14 and 15 show our Rayleigh- and Love-wave
group velocity perturbation maps with respect to the refer-

ence velocity at each frequency. We define variance reduc-
tion (v.d.) and normalized variance reduction (n.v.d.) as

v:d: � 1 −

P
i
�ti − ~ti�2P

i
t2i

�10�

and

n:v:d: � 1 −

P
i
�ti=σi − ~ti=σi�2P

i
�ti=σi�2

; �11�

in which ti is the measured group arrival time with respect to
1D reference time, ~ti is the predicted arrival time, and σi is
the error estimated for each measurement. The sum is done
for all measurements. These tomographic maps are ex-
tremely good representations of our group arrival-time data.
Variance reductions are well over 90% for frequencies higher
than 20 mHz and decrease slightly to 60%–80% for low
frequencies (Table 3 and Fig. 16). This suggests that using
simple ray theory is capable of modeling most of the data.

Our algorithm is capable of making a model with uni-
form model errors globally, except some places in the Atlan-
tic and Indian Oceans at high frequencies (Fig. 17). Even in
these places, the maximum error does not exceed 1.5%–1.7%
for Rayleigh waves or 2%–2.4% for Love waves. Compared
to the amplitudes of the velocity perturbations in our tomog-
raphy maps (Figs. 14 and 15), these errors are rather small.
This indicates that most of the signal in our tomographic
maps is reliable. Having a model with uniform errors enables
us to ask what is the finest scale structure that can be resolved
with an acceptable modeling error in different regions of the
world. Checkerboard tests are used to examine the resolu-
tions of our models. Input velocity perturbations are 10%.
We consider the square of the checkerboard is resolved when
60% of the input amplitude is recovered, which is slightly
stricter than the criterion in Ritzwoller and Levshin (1998)
(50%). We find that, with a 1% modeling error globally for
Rayleigh waves, the resolution for 20 mHz is 7.2° globally
and 5.1° in Eurasia (Fig. 18), which is consistent with a
regional study of this area (Ritzwoller and Levshin, 1998).
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Figure 11. Scatter plot of group arrival times with respect to 1D
predicted arrival time for our dataset versus the CUB dataset at
20 mHz. Each dot represents one common measurement. The color
version of this figure is available only in the electronic edition.
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Figure 12. Hit count maps for 20 mHz and 40 mHz Rayleigh waves, including the CUB dataset. Coverage is very nonuniform, but all
cells have more than 100 hits for 20 mHz and more than 20 hits for 40 mHz.
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The resolution for higher frequency is slightly worse, though
even our 40 mHz dataset can still resolve structure with the
scale of 9° globally and 6.7° in Eurasia (Fig. 18). Resolutions
for other frequencies can be found in Table 3.

Discussion

Figures 14 and 15 contain many very interesting fea-
tures. Maps for Love waves are similar to the ones for Ray-
leigh waves with frequency 2.5–5 mHz higher. This is not
surprising due to the fact that Love waves are more sensitive
to shallow structure than Rayleigh waves at the same fre-
quencies. It also indicates that these maps, which are made
independently at different frequencies, are quite compatible
with each other, and it is feasible to combine Love- and Ray-
leigh-wave maps together to solve for transverse anisotropy.

Maps at low frequency are more sensitive to deeper
structure than maps at high frequency. Figure 19 shows
the group velocity perturbation for 15 mHz Rayleigh waves
in the continents, with boundaries of Archean and early to
middle Proterozoic regions of the world (crustal types G
and F in CRUST1.0; Laske et al., 2013). Most of the fast
anomalies we see in the group velocity map coincides with
these regions, indicating high-velocity roots beneath these
geologic provinces. It also demonstrates that the resolution

of our dataset is high enough to distinguish large geologic
structures on a global scale. We also compare this group
velocity perturbation map with figure 2 in Artemieva and
Mooney (2001). Most of the cratons and shields can be easily
seen in the group velocity map (e.g., Canadian shield, West
African craton, Congo craton, Kaapvaal craton, Indian
shield, Siberia craton, Russian platform, etc.). Small cratons
(e.g., Yangtze craton and Tarim craton) can also be identified.
The only craton that appears to be missing in our tomo-
graphic map is the Sino-Korean craton, suggesting this area
may have undergone active tectonics in a later time (e.g.,
Griffin et al., 1998).

Consider the map at 20 mHz for Rayleigh waves
(Fig. 14). Clearly, the biggest signal in continental regions
is due to variations in crustal thickness. Most extreme group
velocity variations occur under Tibet (>25%) and under the
Andes. This is not surprising because the sensitivity of 50 s
Rayleigh waves peaks at 70–100 km so we are actually see-
ing a crust–mantle signal. Other continental signals seem as-
sociated with hot spots (East Africa). The signal in oceanic
regions is also interesting. Back-arc basins are clearly seen as
slow anomalies, for example, Lau basin, Mariana trough, and
Andaman Sea back-arc basins. The East Pacific Rise is also
clearly very slow.

Table 3
Parameters Used in Our Inversions (See Text for Discussion)

Type
Frequency
(mHz) Number*

Reference
(km=s)†

Cut
(s)‡ emax λstart λbad χ2=N

SMAD
(s)§

Variance
Reduction

Normalized
Variance Reduction

Globe
(°)‖

Eurasia
(°)#

R 7.5 315693 3.7378 150 1.0 2.5 3.5 35.634 21.161 0.614 0.647 9.0 7.5
R 10 353021 3.8114 110 1.0 2.5 3.0 23.157 15.796 0.808 0.812 7.5 6.0
R 12.5 331292 3.8569 110 1.0 2.5 3.0 21.916 14.997 0.840 0.846 7.5 5.6
R 15 299080 3.8827 100 1.0 2.5 3.0 17.958 13.631 0.866 0.872 7.2 5.1
R 17.5 316046 3.8896 90 1.0 2.5 3.0 16.021 12.671 0.918 0.920 7.2 5.1
R 20 334229 3.8853 90 1.0 2.5 2.5 16.047 12.414 0.945 0.946 7.2 5.1
R 22.5 322771 3.8711 90 1.0 3.0 3.5 17.731 12.870 0.958 0.958 7.2 5.1
R 25 199070 3.8443 90 1.0 2.5 2.5 16.048 11.382 0.967 0.967 8.2 6.0
R 27.5 209878 3.8098 90 1.0 2.5 2.5 16.157 11.316 0.976 0.976 8.2 6.0
R 30 203324 3.7731 90 1.0 2.5 3.0 17.117 11.610 0.979 0.979 8.2 6.0
R 32.5 214258 3.7370 100 1.0 2.5 3.0 21.860 12.771 0.979 0.979 8.2 6.0
R 35 108857 3.6852 100 1.0 2.0 3.0 23.002 12.157 0.985 0.985 9.0 6.7
R 37.5 110295 3.6397 100 1.0 2.5 3.0 24.498 12.631 0.986 0.986 9.0 6.7
R 40 113247 3.5992 100 1.0 3.0 3.5 27.518 13.559 0.986 0.986 9.0 6.7
L 10 188702 4.3997 120 1.5 2.5 3.0 30.518 19.14 0.711 0.721 9.0 6.9
L 12.5 181562 4.3824 120 1.5 3.0 2.5 28.217 17.39 0.819 0.825 9.0 6.9
L 15 166457 4.3510 110 1.5 3.0 2.5 22.021 15.15 0.892 0.897 9.0 6.9
L 17.5 179941 4.3141 110 1.5 2.5 2.5 20.449 14.13 0.942 0.943 9.0 6.9
L 20 170804 4.2779 110 1.5 2.0 2.0 20.809 13.70 0.962 0.962 9.0 6.9
L 22.5 176282 4.2413 110 1.5 1.5 2.5 24.631 14.65 0.966 0.967 10.0 6.9
L 25 166160 4.2023 120 1.5 1.5 2.5 31.133 15.80 0.967 0.969 10.0 7.5
L 27.5 77741 4.1526 110 1.5 1.5 2.5 23.151 13.06 0.982 0.983 11.3 8.2
L 30 76300 4.1164 110 1.5 3.5 2.5 26.709 13.74 0.983 0.983 12.0 8.2

*Number of measurements.
†Reference group velocity.
‡Cut, cutoff value for outliers.
§SMAD, the scaled median absolute deviation of the residuals after our inversion.
‖Resolution for the globe.
#Resolution for Eurasia.
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Higher-frequency maps are sensitive to shallower struc-
ture, which is dominated by the difference between oceans
and continents. Even though the checkerboard tests sug-
gest a resolution of 8°–10° for high-frequency inversion
results, it is surprising that the sharp contrasts between
oceans and continents are preserved in our tomographic
maps (Figs. 14 and 15). It is also interesting to compare our
tomographic map at 30 mHz with the map predicted by the

most recent crust model CRUST1.0 (Laske et al., 2013) in
the continents (Fig. 20). At this frequency, group velocity is
mostly sensitive to crustal structure in the continental re-
gions, which should be well characterized by CRUST1.0.
The predicted map and our inverted map are indeed very
close to each other, suggesting CRUST1.0 is a good starting
crustal model for a future inversion for the entire lithospheric
structure.

(a) (b)

(c) (d)

Figure 13. Flowchart for choosing variable smoothness and an example for 20 mHz. (a) The flowchart summarizes steps to choose
variable smoothing parameter λ. (b) Error maps estimated by using a series of uniform λ. Maximum acceptable error emax is taken to be 1%. In
this example, we start with the error map calculated by using a uniform λstart � 2:5. Areas with error larger than 1% are identified as bad, and
λbad is assigned to these places. For other places, smaller λ (going downwards in the figure) can be used until error exceeds emax. (c) Grid
search result. We try to minimize the maximum error and the variance of errors of the final model (see Fig. 17). For this example, λstart � 2:5
with λbad � 1:5, 2.0, 2.5 give acceptable and similar results. (d) A final map of variable λ. The pattern is similar to that of the error maps,
instead of hit count maps. The color version of this figure is available only in the electronic edition.
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Figure 14. Rayleigh-wave group velocity perturbations for all frequencies. Notice that the scale changes at 32.5 mHz. The reference
group velocity at each frequency can be found in Table 3. The color version of this figure is available only in the electronic edition.
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Conclusion

In this paper, we demonstrate a new and efficient way
of measuring Rayleigh- and Love-wave group velocity
globally. For a single event, instead of making measurement
for a broad frequency range for a single source–station pair,
we filter all traces from all stations using a single narrow fre-
quency band Gaussian filter and measure the relative arrival
times among traces at once. Although Love waves are more
likely to be contaminated by overtone interference than Ray-
leigh waves, synthetic tests show signals from the actual data
can still be reliably recovered. Comparisonwith other existing
datasets shows no bias in our measurement techniques.

We also develop an inversion method with variable
smoothness parameters, which produces a model with uniform
errors globally. Our tomographic maps match the pattern of
large scale geologic provinces. These maps provide a very
good representation of our measurements, with well over 90%
variance reduction for high frequencies and 80% for low
frequencies. A future contribution will look at how well such
data can resolve lithospheric structure globally.

Data and Resources

The dataset of Rayleigh- and Love-wave group arrival
times can be downloaded at igppweb.ucsd.edu/~gabi/
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Figure 15. Love-wave group velocity perturbations for all frequencies. Average group velocity at each frequency can be found in Table 3.
The color version of this figure is available only in the electronic edition.
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Figure 16. Comparison of group arrival-time residuals before and after inversion. Left two panels are for Rayleigh waves, and the right
two panels are for Love waves. The reference group velocity can be found in Table 3. Notice the difference of the x scale before and after
inversion. Bin width is 2 s.
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crust1.html (last accessed May 2014). Data used in this re-
search were acquired from the Incorporated Research Insti-
tutions for Seismology (IRIS) Data Management Center
(www.iris.edu; last accessed March 2013). Data from the
Portable Observatories for Lithospheric Analysis and Re-

search Investigating Seismicity (POLARIS) network were
acquired from the Canadian National Seismograph Network
(www.earthquakescanada.nrcan.gc.ca/stndon/wf_index-eng
.php) through AutoDRM (last accessed June 2010). The
metadata for instrument responses are from IRIS

Figure 17. Error maps for different frequencies. Errors are nearly uniform globally, except some places in the Atlantic and Indian Oceans
at high frequencies. The color version of this figure is available only in the electronic edition.
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Figure 18. Checkerboard test for 20 mHz and 40 mHz Rayleigh waves, both globally (top) and in Eurasia (bottom).
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Figure 19. Group velocity perturbations for 15 mHz Rayleigh wave in the continents. Solid lines show the boundaries of Archean and
early to middle Proterozoic regions of the world. Most of the fast anomalies in the group velocity perturbation map coincide with these
regions. The color version of this figure is available only in the electronic edition.
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Figure 20. Comparison between the predicted map from CRUST1.0 (top) in the continent and the inverted group velocity perturbation
map from our dataset (bottom) for Rayleigh waves at 30 mHz. Units are percentages. The color version of this figure is available only in the
electronic edition.
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(ftp.iris.washington.edu/pub/RESPONSES/DATALESS_
SEEDS; last accessed March 2013) and the Northern
California Earthquake Data Center (quake.geo.berkeley.edu;
last accessed January 2010). The Global Centroid Moment
Tensor (Global CMT) catalog was downloaded from www
.globalcmt.org (last accessed March 2013). Some figures were
made using the Generic Mapping Tools (Wessel and
Smith, 1998)
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