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SUMMARY

We investigate the feasibility of observing crustal higher mode surface wave dispersion and
applying these observations to improve estimates of crustal structure. Because crustal overtones
propagate most efficiently and are excited best in regions with thick crust and deep crustal
seismicity, the study concentrates on Central and Southern Asia and parts of the Middle East.
We develop a new data set of observations of the group velocities of Rayleigh and Love wave
first crustal overtones between a 7- and 18-s period across this region, and present dispersion
maps for the first crustal overtone between periods of 10 and 17 s. A Monte Carlo inversion of the
first higher mode together with fundamental mode dispersion at several locations demonstrates
that the higher modes significantly reduce the range of acceptable crustal models and improve
the resolution of the crust from the mantle. General application of the method across continents
worldwide is probably not feasible, as a result of the low likelihood of observing large numbers
of first overtones in regions of normal continental crustal thickness devoid of deep crustal

seismicity.
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1 INTRODUCTION

Surface wave observations are commonly used to study crustal and
upper-mantle structures on local, regional and global scales. Tomo-
graphic inversions of surface wave traveltimes for two-dimensional
(2-D) group and phase speed maps and three-dimensional (3-D)
shear velocity structures are the subjects of numerous studies (e.g.
Trampert & Woodhouse 1995; Ekstrom et al. 1997; Shapiro &
Ritzwoller 2002, and many others). Central Asia has been a par-
ticular focus for these studies (e.g. Bourjot & Romanowicz 1992;
Wu & Levshin 1994; Curtis & Woodhouse 1997; Wu et al. 1997,
Ritzwoller & Levshin 1998; Ritzwoller et al. 1998; Griot et al. 1998;
Huang et al. 2003; Shapiro et al. 2004), as it presents a mosaic of
tectonic structures that result from the complex deformation history
of the region. Because crustal structure is so varied across Central
Asia, the ability to resolve the structure of the crust from the mantle
is particularly problematic.

There are a number of approaches to surface wave tomography
used in previous studies. Most are based on extracting dispersion
information for fundamental Rayleigh and Love waves for a set of
periods usually followed by a series of one-dimensional (1-D) in-
versions on a grid of locations for crustal and upper mantle shear
velocities (e.g. Shapiro & Ritzwoller 2002). Some authors (van Hei-
jst & Woodhouse 1999; Yoshizawa & Kennett 2002) have also used
higher mode phase velocities obtained by stripping these modes
from the observed records. Another approach is based on full wave-
form fitting using synthetic seismograms for 1-D structures between
source and receiver, and interpolating the estimated cross-sections
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to produce a 3-D model of the region of study (Nolet 1978, 1987,
Friederich 2003; Lebedev & Nolet 2003). Both of these approaches
to introduce overtones into the inversion are applied at periods above
30 s where the overtones dominantly constrain mantle structure. The
use of mantle overtones does not particularly help to improve esti-
mates of crustal structure or to resolve the crust from the mantle.
Crustal overtones at periods below 15-20 s, however, present infor-
mation about crustal structure that, if used together with fundamen-
tal mode data, may significantly improve estimates of the structure
of the crust and resolution from the underlying mantle.

There have been several studies that demonstrated the observ-
ability and usefulness of crustal higher modes (e.g. Oliver &
Ewing 1957, 1958; Oliver et al. 1959; Alexander 1962; Oliver 1962;
Brune & Dorman 1963; Crampin 1964; Kovach & Anderson 1964;
Crampin 1966a,b; Nolet 1975; Crampin & King 1977; Nolet 1977).
For the most part, these studies have been confined to the interpreta-
tion of a small number of particular paths. To our knowledge, there
has been no attempt to use crustal higher modes in tomographic
inversions. Higher mode data have also been used in a completely
different frequency range (2—15 Hz) to study the shear velocity struc-
ture of sediments in the top few tens of metres beneath the surface
and the seafloor (e.g. Gabriels ef al. 1987; Ritzwoller & Levshin
2002).

In this study, we investigate the feasibility of introducing crustal
overtone measurements to improve estimates of crustal structure
within the context of a tomographic inversion. In Section 2, we
present a discussion of the physical characteristics, structural sen-
sitivity and excitation of crustal higher modes. We show that higher

961

GJI Seismology




962  A. L. Levshin, M. H. Ritzwoller and N. M. Shapiro

modes are expected to be best observed in regions with thick crust
and with significant seismicity beneath the shallow crust. Based on
these results, we have concentrated observational efforts on Cen-
tral Asia and, as discussed in Section 3, constructed a new data set
of observations of the dispersion of the first crustal overtone be-
tween approximately a 7- and 18-s period for approximately 500
paths in Central Asia. In Sections 4 and 5, we show first-overtone
group velocity maps for Rayleigh and Love waves from a 10- to
17-s period and demonstrate the effect of including this information
on the estimated shear velocity structure of the crust and uppermost
mantle.

2 PHYSICAL BACKGROUND

In this section, we will briefly discuss the nature of crustal higher
modes and their basic properties: expected dispersion, attenuation,
amplitude spectra, excitation and radiation patterns as functions of
source parameters. These results form the basis for our concentration
on observing the first higher modes across Central Asia.

2.1 The nature of crustal higher modes

Crustal higher modes result from the constructive interference of
overcritical multiply reflected shear waves in the crust of the Earth.
The simplest reflection scheme is shown in Fig. 1, where a one-
layered isotropic homogeneous crust of thickness A with longitu-
dinal and shear velocities Vp, and Vs, is underlain by an isotropic
homogeneous half-space with velocities Vp, and Vs, (Vp, > Vp; >
Vs, > Vsy). The reflection angle is always above the critical value
iait = sin~'(Vs1/Vs,), and both SH and SV waves are multiply
reflected from the surface and the internal interface. This explana-
tion of the generation of higher modes is confirmed by comparing
the phase velocity curves obtained by solving the full eigenvalue
problems for Love and Rayleigh waves (Woodhouse 1988) with the
equations obtained from the condition of constructive interference
for multiply reflected shear waves (e.g. Ewing et al. 1957; Officer
1958):

2H cosi N T arg[Rsp(i)]
Vs 2
for Love waves and
2H cosi  T{arg[Rsy(i)] + arg[ROsy(i)]}
+ =
Vs 2

=nT (n=0,1,2,.) (H

nT (n=1,2,..)

2
for Rayleigh waves. Here i is the angle of incidence, i =
sin™'[Vs1/C,(T)], Co(T) is the phase velocity for the nth mode
at period T, Rsy and Rgy are the complex reflection coefficients of
the corresponding waves from the internal interface, R0Ogy is the
complex reflection coefficient for the SV wave from the free surface
and arg is a function that denotes the phase of a complex number.

crust

| mantle

z

Figure 1. Multiple reflection of shear waves in a homogeneous crust as the
physical basis for crustal overtones. The incidence angle i > i git.

Note that |Rsy| = |ROsy| = |Rsy| = 1. For this simple model, the
technique provides the same results for all modes except the funda-
mental Rayleigh mode (n = 0) whose phase velocity cannot be found
from eq. (2) because this mode includes the boundary Rayleigh wave
that exists even in a homogeneous half-space. It is evident from eqs
(1) and (2) that the stretching of the crust by a factor L results in
a proportional stretching of the dispersion curves C,(7') along the
period axis by the same factor (the similarity law).

In reality, the structure of the crust and upper mantle is more com-
plicated than in this simple example and the equations above do not
describe the details of wave behaviour. However, the presence of a
strong velocity contrast at the Moho discontinuity, with inequalities
Voer > Vsy > Vs, where Vp,, and Vs, characterize average veloc-
ities in the crust, and Vs, is the shear velocity directly beneath the
Moho, implies that this interpretation of the nature of crustal higher
modes is reasonable on average. From eqs (1) and (2), it is evident
that crustal thickness, and crustal and uppermost mantle shear ve-
locities are the principal factors that determine the behaviour of the
higher mode dispersion curves. In the case of radial anisotropy, dis-
persion of Rayleigh and Love modes is controlled, correspondingly,
by SV and SH velocities (Anderson 1961).

2.2 Dispersion of higher crustal modes

To illustrate the influence of crustal structure on the dispersion of
crustal higher modes for different structural and tectonic provinces,
we use 1-D vertical profiles from a 3-D seismic model (Shapiro &
Ritzwoller 2002) at selected locations. The selected shear velocity
profiles are presented in Fig. 2. Group velocity curves for Rayleigh
and Love waves for the fundamental mode and the first several over-
tones for the Kazakh platform are presented in Fig. 3. Note that the
second and higher overtone speeds for Rayleigh and Love waves
are similar and are, therefore, hard to separate and measure directly.
Parts of the fundamental and first-overtone modes, however, are well
separated from other modes and are measurable. This is the reason
we concentrate in this paper on observations of the first Rayleigh
and Love crustal overtones in addition to the fundamental modes.
Further inspection of Fig. 3 reveals that at short periods
(<5 s), the group velocity ofthe Love modes and the Rayleigh modes
with the exception of the fundamental mode asymptotically ap-
proach the minimum shear speed in the crust. (In fact, phase and
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Figure 2. Shear velocity profiles for a variety of locations in Central Asia
taken from the 3-D model of Shapiro & Ritzwoller (2002).
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Figure 3. Group velocity curves at a point within the Kazakh platform
(same location as the vertical profile shown in Fig. 2 taken from Shapiro
& Ritzwoller 2002), computed using the method of Woodhouse (1988). (a)
Rayleigh waves for the fundamental mode (R ) and the first to fourth higher
modes (R1—R4)). (b) Love waves for the fundamental mode (L) and the
first to fourth higher modes (L 1—L 4).

group speeds are the same in the high frequency limit.) At this loca-
tion in Kazakhstan, the model of Shapiro & Ritzwoller (2002) has
no sediments and that speed is approximately 3.6 km s, the shear
speed of the uppermost part of the crystalline crust. At longer pe-
riods, the Rayleigh and Love overtones superpose to form a guided
whispering gallery wave in the uppermost mantle, directly beneath
the Moho. The period band of sensitivity to crustal thickness and
shear speeds in the body of the crust is represented by the part of the
dispersion curves with a large slope (between the uppermost crustal
modes and mantle whispering gallery modes). This part of the first-
overtone branch occurs between the Airy phase (5-10 s period) and
the approximately 18-s period for Rayleigh waves and from approx-
imately a 10- to 15-s period for Love waves. The exact period range
will depend on the local structure, as the details of dispersion will
vary from place to place. This is illustrated in Fig. 4, which shows
phase and group velocity curves from approximately a 4- to 25-s pe-
riod for the four models at the locations in Fig. 2. The differences in
dispersion curves are caused by differences in the crustal thickness
as well as in the shear velocities in the crust. Note, in particular, how
the period of the Airy phase seen in the group velocity of the first
higher Rayleigh mode shifts to longer periods for the regions with
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Figure 4. Phase (top) and group (bottom) velocity dispersion curves for the
first Rayleigh higher mode for the different geographical locations identified
in Fig. 2.

thicker crust. In regions of thick crusts, the first higher mode group
velocity dispersion curve is stretched to longer periods relative to
regions with thinner crust. This stretching is roughly proportional to
the increase in crustal thickness. Other changes in dispersion curves
are caused by the differences in crustal shear velocities. The stretch-
ing is a fundamental observable that we will use later in the paper
to constrain crustal properties. It is well known from surface wave
theory in laterally homogeneous media that stretching (expanding)
the cross-section along the depth axis will produce a correspond-
ing stretching (expanding) of the dispersion curves along the period
axis.

Sensitivity kernels for phase and group velocities to perturbations
in shear velocity as a function of depth at periods between 7 and 15
s for the Tibetan plateau (Fig. 2) are shown in Fig. 5. The maximum
sensitivity at these periods is in the middle crust, at depths between
20 and 60 km for Tibet. For shield areas, maximum sensitivity is
between 10 and 40 km. Sensitivity deepens as period increases.
The group velocity sensitivity kernels usually have two lobes: a
positive lobe in the upper crust and a negative lobe in the lower
crust. The sensitivity kernels for phase velocity have only a positive
lobe. Group velocity maxima are usually 1.5 to 2.0 times larger in
magnitude than the maxima for the phase velocity kernels. For the
considered range of periods, stretching of the crust without changing
the mantle structure is roughly equivalent to the proportional change
of the corresponding periods. For example, halving thickness of the
Tibetan plateau crust will place the curves in Fig. 3 at the 15-s period
roughly at 7 s and so forth.
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Figure 5. Radial sensitivity kernels to shear velocity for the first Rayleigh
higher mode computed for a model of the Tibetan plateau (shown in Fig. 2) at
the three indicated periods: (a) phase velocity kernels and (b) group velocity
kernels.

2.3 Amplitudes: modal Q and excitation of higher modes

The observability of the first overtone will depend on its absolute
amplitude and its amplitude relative to the fundamental mode. Its
absolute amplitude depends in part on its modal quality factor, O*,
which as we show here increases with crustal thickness. We also
show that its amplitude, both in absolute and relative terms, increases
with deeper events.

The attenuation of higher modes is described by the modal Q
value, O*(T), which depends on the intrinsic Q profile of the crust
and uppermost mantle and the depth of penetration of the modal
eigenfunctions. Fig. 6 illustrates how crustal thickness changes 0%,
by plotting O*(T') for the first-overtone and the fundamental modes at
a location in Kazakhstan (typical continental crustal thickness) and
Tibet (exceptionally thick crust). The intrinsic Q of the crust in both
cases is 600 and Q decreases in the mantle. The values of O* between
a 10-and 15-s period for the first higher modes are significantly lower
than O* for fundamental modes at these periods and are close to the
values of O* for fundamental modes between a 25- and 35-s period.
This is one of the reasons why the first overtones are hard to observe:
they tend to be obscured by the fundamentals even though they do
not directly overlap on the frequency—time diagram. Also, note that

700 T T T T T T T T
—— Tibet
Kazakh Platform -

Period (s)

Figure 6. Modal quality factor, 0%, as a function of period for the fun-
damental (R() and the first higher Rayleigh (R,) modes for the Kazakh
platform and the Tibetan plateau. Crustal and mantle structure are shown in
Fig. 2, and the intrinsic Q model is 600 in the crust and reduces similarly in
both regions in the mantle.

the first higher mode Q* is larger for Tibet than for the Kazakh
platform starting at approximately a 10-s period. This is a result
of the thicker crust of Tibet, which prevents penetration of short-
period waves into the upper mantle with its lower intrinsic Q values.
Calculations of Q* for the same cross-section of Tibet but with half
the crustal thickness show that, for periods of approximately 10 s,
O is at least three times lower than for the real model.

R0 8-16 s
R18s

———————————— R112s
R116s

Figure 7. Radiation patterns of the fundamental (R ) and first higher (R 1)
Rayleigh modes for the Tibetan plateau model (Fig. 2) at periods from 8 to
16 s. Source depths and the source mechanism are indicated. Higher mode
radiation patterns are more likely to display four lobes than the fundamental
mode radiation patterns.
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Figure 8. Dependence of the spectral amplitudes of the fundamental and
first higher Rayleigh modes on source depth: (a) Kazakh platform model and
(b) Tibetan plateau model from Fig. 2. Solid lines represent the amplitudes
of the fundamental mode (R() and dashed lines are the first higher mode
(R1).

Although the absolute values of the reflection coefficients for
shear waves at the Moho and the free surface are equal to unity, the
shear velocity contrast at the Moho influences the resulting ampli-
tudes of higher modes as it determines the loss of energy leaked
into the mantle. The resulting amplitudes of the higher modes will
depend on several factors, including the structure of the medium
and the depth and mechanism of the source (Levshin ef al. 1972b,
1989). The radiation pattern of the higher modes is often quite dif-
ferent from that for fundamental modes (Fig. 7). Examples of radi-
ation patterns for an event on 1999 March 28 in southern Tibet are
shown in Fig. 7 for different source depths. The radiation pattern for
the fundamental mode between an 8- and 16-s period has only two
lobes, while the radiation pattern for the first higher Rayleigh mode
has four lobes for a source depth less than 50 km. Similar results
are obtained for other source mechanisms and crustal models. The
additional nodes in the overtone radiation pattern contribute to the
lower chance of its observation relative to fundamental modes.

Examples of spectral amplitudes as a function of source depth
for fundamental and first higher Rayleigh modes at different peri-
ods are presented in Fig. 8. The source mechanism is for the same
event in southern Tibet used to construct Fig. 7. Two structural mod-
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Figure 9. Synthetic seismograms of the vertical component of the funda-
mental (Lo, Ro) and first higher (L ;, R ) Rayleigh (a) and Love (b) modes
for the Tibetan model (Fig. 2) and source depths as indicated. The epicentral
distance is 2000 km and the relative magnification of the seismograms in-
creases by a factor of 1.5 with each depth increment. The source mechanism
is shown in Fig. 8.

els, namely, for the Tibetan plateau and for the Kazakh platform are
selected (see Fig. 2). Higher modes have significantly smaller am-
plitudes for shallow events, but their amplitudes grow quickly as
the source deepens. This is especially true for the Tibetan structure
with the thick crust. The excitation of the higher mode at the same
period is more efficient in a model with thick crust. The relative
increase in intensity of the higher Rayleigh modes with increasing
source depth is well observed on synthetic seismograms for the fun-
damental and first higher Rayleigh modes for the Tibetan model
(Fig. 9). For shallow events, the fundamental mode obscures the
overtone. With events at 30 km depth or deeper, the amplitude of
the first crustal Rayleigh overtone is commensurate with the fun-
damental mode amplitude, at least for the Tibetan structure. This
source depth dependence is different for Love waves, however.

2.4 Summary: expected observability of higher modes

In summary, we expect that the first overtone between approximately
an 8- and 18-s period will be the best target for observation and will
have the greatest relevance to crustal structure and thickness. The
exact period band will depend on local structure. These waves are
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Figure 10. Frequency-time (FTAN) diagram for an event in N Pakistan on 1992 May 10 (depth 33 km, M = 5.6) recorded at BUDO (Tibetan plateau
PASSCAL Experiment, 1991-1992, Owens et al., 1993). Epicentral distance is 1890 km. Left: raw FTAN diagram. Right: FTAN diagram for the extracted

higher mode.
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Figure 11. Same as Fig. 10, but for an event in the Hindu Kush on 2001 October 27 (depth 96 km, m}, = 4.8) recorded at HILE (Himalayan Tubet Nepal
PASSCAL Experiment, 2000-2001, Sheehan et al. 2002). Epicentral distance 1880 km.

well separated from other interfering waves. The amplitude of the
first overtone is expected to be largest in regions with thick crust
and following earthquakes that are deeper than the shallow crust.
Central Asia is an ideal location to search for these observations,
as the crust is thick and seismicity deeper than the shallow crust is
relatively plentiful.

3 OBSERVATIONS

For the reasons discussed in Section 2, we limit observations to the
Central Asian region extending between 10°-50°N and 40°—120°E.
Concentration is on obtaining group velocity dispersion curves for
the first crustal overtone starting at approximately a 5-s period and

extending to approximately 20 s. We used broad-band waveforms
following earthquakes that occurred between 1977 and 2002 in and
around Eurasia recorded at stations from global networks (Global
Seismographic network GEOSCOPE), regional networks (Kyzgyz,
Kazakh, Saudi Arabia Networks), as well as PASSCAL (Program
for the Array Studies of the Continental Lithosphere) deployments
in Tibet (Owens et al. 1993; Rapine et al. 2001) and Nepal (Sheehan
et al. 2002).

To identify higher modes, we used the same Frequency-Time Anal-
ysis (FTAN) technique that has been used previously for detecting
and measuring the dispersion of fundamental modes (e.g. Levshin
etal 1972a, 1989, 1992; Ritzwoller & Levshin 1998). Higher mode
group velocity curves from FTAN diagrams were obtained only
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Figure 12. Number of paths for the higher mode measurements as a func-
tion of period: Rayleigh (solid line); Love (dashed line).

when a distinct short-period higher mode signal was visible (e.g.
Figs 10 and 11). The percentage of such records relative to records
with distinct fundamental mode signals is small, of the order of 3 per
cent. The epicentral distances for most of observations are between
800 and 2500 km. Outliers were rejected by comparison with values
obtained by ray tracing through the group velocity maps obtained
from the model of Shapiro & Ritzwoller (2002). The number of indi-
vidual dispersion curves that withstood outlier rejection is shown in
Fig. 12. The maximum is at periods between approximately 8 and 15
s. Fig. 13 illustrates the coverage of the region for both Rayleigh and
Love first overtones. Coverage is best in western China, but at the
shorter periods extends into Iran in the west, north into Mongolia and
Kazakhstan, and east into eastern China. At the longer periods, good
path coverage is exclusive to western China and environs. This is
because by the 17-s period, for example, the first higher mode in re-
gions with thinner crust than Tibet strongly samples the mantle and
is effectively unobservable. The first crustal overtone constraint on
crustal structure, therefore, is a broader band and stronger constraint
on the Tibetan crust than on the crust in other regions.

4 DISPERSION TOMOGRAPHY FOR
THE FIRST HIGHER CRUSTAL MODE

Only data at periods between 10 and 17 s were used to produce the
Rayleigh and Love wave dispersion maps on a 1° x 1° equatorial
grid. The inversion technique, described by Barmin ez al. (2001), was
modified to account for the spatially extended frequency-dependent
sensitivity of the waves as discussed by Ritzwoller et al. (2002).
The use of extended sensitivity kernels has a minimal effect on
the estimated maps at these periods, but provides a more accurate
estimate of spatial resolution. Spatial resolution is best where data
density maximizes (Fig. 13); approximately 500 to 600 km in the
region of study. Resolution is estimated with the method described
by Barmin ez al. (2001) and is equal to the standard deviation of a
Gaussian fit to the resolution surface at each location. The spatial
resolution for fundamental modes between a 30- and 40-s period
where they are most sensitive to the crust is approximately 250 to
300 km in this region.

Because of the highly variable data distribution, each map is es-
timated relative to an input reference map. As reference maps we
used the group velocity maps for the first higher modes predicted
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from the 3-D model of Shapiro & Ritzwoller (2002). The inversion
is constrained to remain near the input map in regions with low path
density. This highlights areas where the 3-D model needs improve-
ment in the crust. Misfit statistics for both the input reference maps
and the estimated maps are listed in Table 1. The rms residual for the
reference map is typically 25-35 s, depending on period and wave
type. The residual is larger for Love than Rayleigh waves, probably
because the Love waves are more sensitive to the upper crust, which
is poorly known in the reference model. After the inversion, the rms
residuals reduce to values between 18 and 20 s. Love wave measure-
ments are fit as well as the Rayleigh wave measurements. Because
the input reference model fits the Rayleigh overtones measurements
better than the Love measurements, the variance reduction is higher
for the Love waves, averaging approximately 60 per cent, whereas
the variance reduction for the Rayleigh waves averages approxi-
mately 50 per cent. In both cases, the estimated dispersion maps
fit the data much better than the input model. The measurements
contain significant, new information about crustal structure.

The estimated dispersion maps for Rayleigh and Love waves at
various periods are shown in Fig. 14. Fig. 15 shows the difference
between the estimated map and each input reference map. Compar-
ison between Figs 13 and 15 illustrates that a perturbation in the
reference structure is introduced only when there are several paths
crossing a 2° x 2° cell. The path density constraint applied here is
much weaker than that in our fundamental mode inversions where
we require more than 50 paths to intersect a 2° x 2° cell before a
perturbation to the underlying structure is introduced. Inspection of
Fig. 15 reveals that most of the perturbations are negative; that is,
the observed waves travel slower than those predicted by the refer-
ence 3-D model in most regions and at most periods. The largest
negative perturbations are approximately —400 m s~!, which is ap-
proximately a 10 per cent perturbation in group velocity.

Fig. 14 shows that the spatial variability within each of the maps
is considerably larger than £10 per cent. Thus, the input 3-D model
prescribes the overall pattern of anomalies expected for the first
crustal overtones, but we expect that crustal velocities in the model
are, on average, too high and crustal thicknesses in some cases are
too small. The inversions in Section 5 explore this further. To a
fairly good approximation, the patterns of anomalies seen in the
continental parts of Fig. 14 result from crustal thickness variations
in which the thicker crust manifests as low first crustal mode speeds.
Tectonically deformed regions have, on average, thicker crust and
hence lower crustal overtone speeds relative to adjacent non-tectonic
continental crust. Low speeds at short periods in the Caspian and
Arabian seas and the Bay of Bengal result from thick sediments in
the model and are largely unconstrained observationally.

5 EXAMPLE INVERSIONS FOR
CRUSTAL STRUCTURE

To investigate the information contained in the crustal overtone
maps, we performed simultaneous inversions of the overtone and
fundamental mode maps at two geographical locations that have
relatively good coverage by higher modes: the northern Tien-Shan
region (42°N, 74°E) and southwestern China within the Tibetan
plateau (30°N, 100°E). The observed dispersion curves for these
two locations are shown as the solid (Rayleigh) and dashed (Love)
black lines in the left panels of Figs 16 and 17. There are four ob-
served fundamental mode curves: Rayleigh and Love group (Uy)
and phase (Cy) speed. The fundamental mode measurements ex-
tend from a 16-s period up to a 200-s period for the Rayleigh wave
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Figure 13. Path density for the first higher mode at the indicated periods: Rayleigh mode (left side) and Love mode (right side). Path density is presented as

the number of paths crossing each 2° x 2° cell.

Table 1. Rms misfit of dispersion maps to measurements.

Wave Period (s) Initial res. (s) Finalres. (s) Var. red. (per cent)

Rayleigh 10 28.8 19.6 54
Rayleigh 12 242 18.5 42
Rayleigh 14 27.4 19.1 51
Rayleigh 17 28.6 20.3 50
Love 10 29.2 18.9 58
Love 12 29.6 19.7 56
Love 14 31.8 17.6 69
Love 17 34.6 19.9 67

group speed. There are two observed first-overtone curves (U ) that
extend from a 10- to 17-s period.

The inversions are based on the Monte Carlo method of Shapiro
& Ritzwoller (2002) in which the data are the dispersion curves

taken from the dispersion maps at each specified location. 14 model
parameters describe the crust and upper mantle including the thick-
ness as well as the shear and compressional velocities in each layer
ofa three-layered crust. The model is isotropic in the crust (although
Shapiro et al. 2004 argue that part of the Tibetan crust is radially
anisotropic), but is radially anisotropic in the mantle to a depth of
approximately 200 km and structural perturbations are continuous,
being represented by B-splines. Results of the inversion for the two
chosen locations are shown in Figs 16 and 17 (right panels). At each
depth, the full range of models is displayed, defining a corridor of
allowed models. The isotropic part of the model in the mantle is
shown by taking the average of the V, and V;, components at each
depth and displaying the range of the results. The top pair of panels
in each figure shows the inversion without the higher mode con-
straint, but shows how the higher mode would be fit if the inversion
is constrained only by fundamental mode data. The bottom pair of

© 2005 RAS, GJI, 160, 961-972
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Figure 14. Group velocity maps for the first higher modes at the indicated periods: (left) Rayleigh mode and (right) Love mode.

panels in each figure shows the inversion and fit to all data from
the inversion that fits the higher mode and fundamental mode data
simultaneously.

Figs 16(a) and 17(a) demonstrate that without the overtone data
in the inversion, the overtone data are poorly fit and the range of
models in the crust is large. Including the overtone in the inversion,
as shown in Figs 16(b) and 17(b), naturally improves the fit to the
overtones but also greatly reduces the range of acceptable models in
the crust. This is most dramatic for the Tibetan inversion in which
the range of allowed crustal shear velocities and crustal thicknesses
is much narrower than if only fundamental mode data are applied.

These results imply that the inclusion of higher mode observa-
tions in inversions for crustal structure significantly improves the
crustal part of the model, which is otherwise hard to constrain. In
addition, by narrowing the range of admissible crustal models, it also
improves the mantle part of the model. It can be seen in Figs 16(b)

© 2005 RAS, GJI, 160, 961-972

and 17(b) that the range of mantle models also narrows when crustal
overtone data are introduced in the inversion. This is not because the
overtone data constrain the mantle, however. It is because the range
of admissible crustal models has been reduced, and the trade-off
between crustal and mantle structures has been ameliorated.

6 CONCLUSIONS

We have shown that when reliable measurements of higher crustal
modes can be obtained in sufficient number to justify the con-
struction of dispersion maps, they provide valuable information to
reduce the range of acceptable models of crustal velocities and
thickness, and help to resolve the trade-off between crustal and
mantle structures thereby improving uppermost mantle structures
as well. We argue that the first higher mode between approximately
an 8- and 18-s period is the principal target for reliable body wave
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Figure 15. Differential group velocity maps for the first higher modes (observed—predicted) at the indicated periods: Rayleigh mode (left) and Love mode

(right).

traveltime estimates. It is best excited by events deeper than the
shallow crust and propagates most efficiently in continental regions
where the crust is thick. For these reasons, we sought measurements
ofthe first higher mode Rayleigh and Love waves in Central Asia and
obtained a data set of measurements for approximately 500 paths
across the region. Tomographic maps of the group velocity of the
first higher modes provide new information about crustal structure
across much of Central and Southern Asia and part of the Middle
East. A Monte Carlo inversion of first higher mode and fundamen-
tal mode dispersion at several locations show that the higher modes
significantly reduce the range of acceptable crustal models and im-
prove the vertical resolution of the crust from the mantle. Further
development of the higher mode data set will permit a general 3-D
simultaneous inversion for shear velocity structure of the crust and
upper mantle in this region with better vertical resolution than in
our existing model (Shapiro & Ritzwoller 2002).

Although the application of higher modes provides powerful con-
straints on crustal structure, the method is probably not generally
applicable. The reason is that even in Central Asia the number of re-
liable higher mode measurements is approximately 30 times smaller
than reliable fundamental mode observations made on the same seis-
mic recordings. This difference is largely attributable to the fact that
the higher modes are excited less efficiently by shallow crustal events
and, for a given depth of sensitivity, the overtones are at a higher
frequency and therefore scatter more strongly from crustal inhomo-
geneities than fundamental modes. For these reasons, higher modes
are typically poorly observed. In fact, the 1 : 30 ratio of overtone to
fundamental mode measurements that we observed is anomalously
large relative to the rest of the world because of the thick Central
Asian crust. This method will probably not be feasible in continental
regions with normal crustal thickness that are devoid of deep crustal
seismicity.
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Figure 16. Example of the results of a Monte Carlo inversion of observed data for a shear velocity profile beneath the northern Tien-Shan (42°N, 74°E). Left
panels display the observed curves as solid (Rayleigh) and dashed (Love) black lines. Rayleigh and Love wave fundamental mode group (U ) and phase (Cg)
velocities are shown together with Rayleigh and Love wave first higher mode group velocities (U ). Grey dispersion curves are computed from the range of
models shown in the right panel. Right panels display the range of models that fit the data. (a, top row) Only fundamental mode data are used in the inversion.
(b, bottom row) Both fundamental and overtone data are jointly used in the inversion. The joint inversion reduces the range of acceptable models in both the
crust and the mantle and reduces the range of crustal thicknesses while fitting all data acceptably.
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Figure 17. Same as Fig. 16, but for a location in southwestern China (30°N, 100°E).
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