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Abstract In recent years, surface wave seismology has
become one of the leading directions in seismological
investigations of the Earth’s structure and seismic
sources. Various applications cover a wide spectrum of
goals, dealing with differences in sources of seismic
excitation, penetration depths, frequency ranges, and
interpretation techniques. Observed seismic data dem-
onstrates the great variability of phenomenology which
can produce difficulties in interpretation for beginners.
This tutorial review is based on the many years’ expe-
rience of authors in processing and interpretation of
seismic surface wave observations and the lectures of
one of the authors (ALL) at Workshops on Seismic
Wave Excitation, Propagation and Interpretation held
at the Abdus Salam International Center for Theoretical
Physics (Trieste, Italy) in 1990-2012. We present some
typical examples of wave patterns which could be en-
countered in different applications and which can serve
as a guide to analysis of observed seismograms.
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1 Introduction

Surface waves form the longest and strongest parts of
seismic oscillations generated by explosions, external
impacts on the Earth’s surface, and shallow earthquakes.
They also dominate in seismic ambient noise produced
by microseisms. Traversing areas with diverse geologi-
cal structures, surface waves absorb information of the
properties of these areas. This information is best
reflected in dispersion, the dependence of velocity on
frequency. The other properties of these waves—such as
polarization, frequency content, attenuation, azimuthal
variation of the amplitude and phase—are also con-
trolled by the medium between the source and receiver.
Some of these are affected by the properties of the
source and the geological conditions nearby, as well as
by the conditions around the receiver. The information
about the Earth structure and the seismic source
contained in surface waves can be extracted from seis-
mic records and applied to resolve numerous scientific
and practical problems.
We mention some of these applications here:

* Determination of regional crustal, lithospheric, and
upper mantle elastic/anelastic structure.

* Reconnaissance of sedimentary basins on land and
seas.
Survey of loose sediments and evaluation of static
corrections for seismic prospecting goals, especially
in multicomponent surveys, using PS reflections.
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* Determination of the structure and elastic/anelastic
properties of the shallow subsurface in various civil
engineering, archeological, and environmental
studies.

» Source characterization, including determination of
magnitude, moment tensor, and dynamic parameters
of the source, including size of rupture, direction,
and speed of rupture propagation.

* Discrimination of underground nuclear explosions
among various seismic events of both natural and
human origin.

* Location of seismic events using ambient noise.

More information about different applications, includ-
ing frequency ranges and depths of penetration, may be
derived from Table 1. Diversity of various applications
and corresponding frequency ranges (as well as geolog-
ical conditions and excitation sources) makes phenome-
nology of surface waves quite complicated and deserv-
ing of special consideration. We will briefly describe a
well-accepted technique for the analysis of surface wave
records and present a series of examples of surface wave
phenomenology in different applications.

2 Surface wave analysis

The dispersive properties and multi-mode character of
surface waves make one-dimensional representations of
their records in the time or frequency domain inefficient
for measurements of the main parameters of the signals.
A two-dimensional representation of the records in fre-
quency—time diagrams permits separation of desired sig-
nals from other waves, as well as noise, and also allows
measurement of their kinematic and dynamic

Table 1 Surface waves in the Earth’s studies

characteristics. The current popular measurement proce-
dures, known as FTAN (frequency-time analysis), are
based on a long history of development of surface wave
analysis (e.g., Dziewonski et al. 1969, 1972; Levshin
etal. 1972, 1992, 1994; Levshin et al. 1989; Cara 1973;
Russell et al. 1988). The recent innovation is that soft-
ware has been developed which allow measurements to
be made rapidly on relatively large volumes of data from
heterogeneous networks and a variety of source regions.
These innovations have required the development of
rational parametric and waveform database structures
and relatively rapid graphical routines for human inter-
action with the data (Ritzwoller et al. 1995; Ritzwoller
and Levshin 1998). The general form of the measure-
ment procedure is as follows: group velocity-period di-
agrams for vertical, radial, and transverse components
are constructed using a computer-simulated system of
narrow-band Gaussian filters (see Fig.1).

The analysis of these diagrams is made either in a
dialog form or by an automated algorithm based on a
dialog experience (Bensen et al. 2007, http://ciei.
colorado.edu/Products). The presumed signal is selected
by tracing the maximum amplitudes in the group time—
period plane, collapsed into an impulsive signal by
phase-matched filtering (Russell et al. 1988), then ex-
tracted from the original record by frequency—time taper-
ing, and converted to the time domain by returning the
introduced corrections to its phase spectrum. Then, am-
plitude and phase spectra of the cleaned signal are used to
determine their kinematic and dynamic characteristics. In
what follows, we discuss applications of this technique in
different surroundings and different frequency ranges.

The group velocity measurements are practically free
of problems related to the source phase (Levshin et al.
1999), polarity of instruments, etc. FTAN also provides

Frequency (Hz)  Period (s)  Wave length (km)  Phase velocity (km/s)  Penetration (km)  Applications

10-50 0.02-0.1 0.002-0.05 0.1-0.5 0.020 Static corrections, civil engineering,
ecology, archeology

0.1-0.2 5-10 7-30 2-3 5 Static corrections, loose sediments’
studies

0.03-0.1 10-35 30-100 3.0-3.5 10 Crustal studies

0.003-0.03 35-350 200-1000 4-5 300 Upper mantle’s studies

0.2-0.7 5-15 10-50 2.0-3.5 30 Epicenter’s location
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Fig. 1 The system of narrow-
band Gaussian filters used in
many versions of the frequency—
time analysis
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phase information which can be used for phase velocity
measurements, after correction for the source phase and
other phase corrections depending on the type of exper-
iment. Both types of velocities are widely used now in
various seismological studies. The advanced version of
FTAN allows polarization measurements which helps to
separate Rayleigh and Love waves, and the determina-
tion of their azimuths of approach to the receivers and
the ellipticity of the Rayleigh waves (Levshin et al.
1989, 1992).

3 Surface waves: continental scale

Due to the high average efficiency of surface wave
propagation across continents, surface wave mea-
surements can be made at periods of up to 100—
150 s for earthquakes as small as Ms=5.0 propa-
gating across the entire continent. Of course, mea-
surements can be extended to longer periods for
substantially larger events. As an example, group
velocity measurements for a single station (KEVO,
Finland) for one event (Kuril event, October 9,
1994, Ms =7.0) are shown in Fig.2 for the Rayleigh

0.2 0.4 06 0.8 1 12

Frequency (Hz)

wave (measured on the vertical and radial compo-
nents) at periods of between about 20 and 300 s and
for the Love wave at periods between about 30 and
250 s. Predictions for the spherical model PREM
(Dziewonski and Anderson 1981) are shown for
comparison.

4 Surface waves: regional scale

On a regional scale at shorter periods, smaller
events (Ms<5.0) can be analyzed similarly
(Levshin & Ritzwoller 2001). KNET (Kyrgyzian
Digital Network) (Vernon 1994), situated in a
complex tectonic setting in Central Asia and
surrounded to the East, West, and South by signif-
icant seismicity, is a natural site to focus on stud-
ies of regional scale measurements. Distances be-
tween KNET stations are less than 200 km. Due to
complexity of the region, records of KNET sta-
tions are usually quite complicated and exhibit a
great variety of wave patterns from the same event
across this array and from one event to another.
Figure 3 presents an example of an analysis of

@ Springer



522 J Seismol (2018) 22:519-537
a KEV Vertical KEV Radial KEV Transverse
7] -

—~ 5 5
¥
£
>° e PAR
'S
o
o 3 3
>
Q
3 —
C2I== 2
O

10' 2 3 4 567%01 2 3 4 10"

5 5
Q
£
< 4
2
3
T) 3
>
Q
>
O 2| fitered 2| filtered 21 filtered
O

2 3 45678102 2 3 2 3 45678102 2 3 4 5678101 2
period (sec) period (sec) period (sec)
Group Velocities: C  Waveforms: Raw and Filtered
Measured and PREM :
475 = \
SVYER s
451 Love (PREM ) ;
427 ";"’ transverse
403 ”'
3580 = AN A \ I” l‘ A
356 | F 3;3, e AN ull‘fkﬂ“{\;m Mﬂ"f\ ii‘l‘\.. .
2|} < radial “
308 |-+ 1994 278
285 KurilEvent | &
261 KEV = (| L
@ ical
0 37 75 113 151 189 226 264 302 340 378% vertica
1264 1422 1581 1739 1897 2055 213 3N 2529 2687

period (sec)

Fig. 2 Example of group velocity measurements for the funda-
mental modes of Rayleigh and Love waves across Eurasia. a Raw
and filtered FTAN diagrams. b Group velocities. ¢ Raw and

records obtained at KNET stations during the pas-
sage of surface waves from an event in the Qing-
hai Province, China on January 27, 1994 (epicen-
tral distances are ~1890 km, Ms=4.8). Rayleigh
and Love wave FTAN diagrams are shown in
Fig.3a, resulting in group velocity curves (shown
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time from origin (seconds)

filtered waveforms from the Kuril event on October 9, 1994
recorded by station KEVO (Finland) at the epicentral distance
6534 km

in Fig. 3b). The raw and filtered waveforms are
presented in Fig.3c. It appears that the Rayleigh
wave measurements are quite similar across the
array above a period ~20 s and for Love waves
above a period ~30 s for this azimuth of ap-
proach. Variations across the array at short periods
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Fig. 3 Group velocity measurements for the fundamental modes
of Rayleigh and Love waves from a regional event (Western
China, January 27, 1994, Ms=4.8) recorded by stations of the

result both from real differences for the various
wave paths near the network and from Rayleigh—
Love interference, which can be significant since
the group velocities of the two wave types are
similar in this period range.

Time from Origin (s)

KNET array (Kyrgyzstan). a Raw and filtered FTAN diagrams. b
Resulting group velocity curves obtained at 5 stations. ¢ Raw and
filtered waveforms for USP station

5 Surface waves at the ocean
Significant differences exist in surface wave prop-

agation along oceanic and continental paths. There
are at least three reasons for this:
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(1) Presence of ~4 km of water in the ocean. Love
wave (as a shear wave) ignores the water layer. The
fundamental Rayleigh mode propagates partly in
water and is significantly slowed at short periods
by this low-velocity layer. Higher Rayleigh modes
are not sensitive to water.

(2) The Earth’s crust is significantly thinner in the
oceans (5-10 km) than at continents (30-50 km)
and composed mostly by basalts (i.e., higher aver-
age velocities than in a continental crust).

(3) The oceanic lithosphere is, in general, more later-
ally homogeneous than the continental lithosphere.

Differences in kinematic characteristics of funda-
mental modes of surface waves at oceanic and continen-
tal models are shown in Fig.4.

An example of surface wave propagation across the
Pacific Ocean is shown in Fig.5. Note a strong scatter of
short-period waves (712 s) along the oceanic paths
(seen as gray spots on FTAN diagrams) and its practi-
cally being absence along the continental path (Fig.2).

Note, also, some “footprints” of Love waves at the
vertical component and Rayleigh waves at the trans-
verse component, in contradiction to the theoretical
prediction for a laterally homogeneous, isotropic Earth.
(This phenomenon will be discussed later.) Very often,
we observe waves whose paths include both continental
and oceanic parts and seas with oceanic lithosphere
structures. The observed group velocities have interme-
diate values between continental and oceanic velocities.
Due to the scattering effect of continental margins,
short-period parts of surface wave signals strongly at-
tenuate when crossing these zones.

1Y)

RO-Continent

\RO-Ocean

Group Velocity (km/s)

10 100
Period (s)

6 Surface waves in sedimentary basins

If the paths of surface waves cross significant sedi-
mentary basins, their travel times noticeably decrease
in comparison with travel times for paths which do
not cross such regions. For example, strong anoma-
lies are observed for paths crossing the Northern
Caspian Sea and the Pre-Caspian Depression
(Berteussen et al. 1983), the Barents Sea shelf
(Levshin and Berteussen 1979), the Laptev Sea
(Lander 1989b), the Tarim Basin (Levshin et al.
2005), the Mexican Gulf (Shapiro and Ritzwoller
2002), and a number of other basins. The effect of a
thick sedimentary basin on Rayleigh wave group
velocity is shown in Fig.6.

The effect of the Barents Sea sedimentary basin on
Rayleigh wave propagation from nuclear explosions at
Novaya Zemlya (NZ) is shown in Fig.7. As we see, the
group velocity for the path NZ-KEVO across the Ba-
rents Sea shelf with a thick sedimentary basin is signif-
icantly lower than for the model EUS. This fact presents
an opportunity for reconnaissance of the sediment thick-
ness preceding active seismic investigations (Levshin
and Berteussen 1979; Egorkin et al. 1988).

7 Surface waves: local scale

An interesting application of surface wave seismology is
related to the off-shore seismic prospecting for oil and
gas. In recent years, the technology of this industry has
resulted in significant changes. Instead of streamers
floating in the water near the surface, many seismic

b
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Fig. 4 Comparison of group velocity dispersion for fundamental modes of Rayleigh (a) and Love (b) waves for typical 1-D continental
model AK135 (Kennett et al. 1995) and oceanic model (Herrmann 2013)
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Fig. 5 Seismograms (a) and FTAN diagrams (b) of vertical and
transverse components of surface waves propagating across the
Pacific Ocean from the earthquake near the Balleny Islands (close

crews now use three-component bottom receivers plus
hydrophones to record seismic signals generated by air
guns. The main goal is to record converted reflected PS
waves which are less sensitive to gas saturation. The
presence of gas in rocks causes scattering and attenua-
tion of P waves but produces almost no effect on S

Period (s )

to the Antarctic) (March 25 of 1998, M =8.1), recorded by the
Global Seismic Network (GSN) at the station PTCN (Pitcairmn
Islands, Great Britain; epicentral distance 3443 km)

waves. For these reasons, seismic images obtained using
PS reflections are much more focused than standard PP
images. However, a serious difficulty in using PS waves
is the absence of information about shear velocities near
the bottom, which is needed to make static correction of
the PS travel times. There is good reason to use surface
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Fig. 6 a 1-D models: the continental platform EUS (red) and model with the thick sedimentary basin (green). b Comparison of group
velocity dispersion for fundamental mode of Rayleigh waves for two models

waves for this purpose since they can be well observed,
if the air gun is not too far from the bottom (10-15 m in
the case of a very soft bottom, or up to 50-70 m for
harder, rocky bottom floors).

Figure 8 provides an example of a record section
from a seismic survey near the Louisiana coast in the
Mexican Gulf. Records were passed through low-pass
filtering to suppress P waves and partly suppress PS
reflection. We see several groups of slow dispersive
waves which are usually called “ground roll” or, in this
case, “mud roll”. FTAN diagrams for both vertical and
horizontal components at the same range of frequencies
are shown in Fig. 9.

Theoretical group velocity curves computed from
the shallow marine model are plotted over these

T

diagrams. We can distinguish a fundamental
(Scholte) wave [, at the vertical component, and
several higher (Rayleigh) modes at the horizontal
component. Some of these (such as the first higher
mode ;) are separated in frequency—time space from
others; others interfere with so-called guided waves
G, G»; these latter are known as quasi-impulsive
nondispersive arrivals; S is the body shear wave.
Our interpretation is shown in Fig. 10 (Ritzwoller
and Levshin 2002). The resulting average profiles ob-
tained by Monte-Carlo inversion are shown in Fig. 11.
Note the extremely low velocities of shear waves in the
upper 10 m below the bottom (40-50 m/s), with Vp/Vs
ratio on the order of 30! This demonstrates how impor-
tant static corrections could be for reconciling PP and PS

(7]
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Fig. 7 a The map of Northern Europe showing the recording
station KEVO in northern Finland, and the test site at Novaya
Zemlya (NZ) with corresponding wave path. b The raw FTAN
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Fig. 8 Example of observed
seismic sections at underwater
prospecting locations in the
Mexican Gulf near the coast of
Louisiana. a Horizontal
component. b Vertical component

Fig. 9 FTAN diagrams
corresponding to a typical seismic
record from Fig.8
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Fig. 10 Interpretation of observed wave forms in terms of modes and waves. a Horizontal component. b Vertical component

images. As three-component receivers also become
common on land, applications of surface waves for
these purposes may become more and more important.

Other applications of surface wave seismology on
local scale include observations of short-period Ray-
leigh and Love waves in civil engineering for studying
properties of loose sediments and the basements using
explosions, mechanical impacts, vibrators, and ambient

@ Springer

noise (e.g., Levshin 1962; Gabriels et al. 1987; Park
et al. 1999; Xia et al. 1999; Gribler et al. 2016).
8 Higher modes in the Earth’s crust

Crustal overtones at periods below 15-20 s present
information about crustal structure that, if used together
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Fig. 13 FTAN diagrams of the

Rayleigh waves of the record of
event in N. Pakistan on May 10,
1992 (depth 33 km, Ms=5.6)
recorded at BUDO (Tibetan
Plateau). a Raw FTAN diagram. b
FTAN diagram for the extracted
higher mode

Group velocity (km/s)

with fundamental mode data, may significantly improve
estimates of the structure of the crust and resolution of
the underlying mantle. Several studies have demonstrat-
ed the observability and usefulness of crustal higher
modes (e.g., Oliver and Ewing 1957, 1958; Oliver
et al. 1959; Alexander 1962; Oliver 1962; Brune and
Dorman 1963; Crampin 1964; Kovach and Anderson
1964; Crampin 1966a, b; Nolet 1975; Crampin and
King 1977; Nolet 1977, 1978; Levshin et al. 2005).
Higher modes are relatively strong in comparison with
fundamental modes for intermediate and deep events. A
typical example is shown in Fig. 12. The record of the
Ala-Archa station (AAK) near the capital of Kyrgyzstan
in Central Asia is shown. Epicentral distance is
1560 km; the path is across the Kopet-Dag Mountains
and the Turan and Kazakh plates. The record looks quite
complicated. FTAN diagram show very clearly several
modes of surface waves and multiple late arrivals la-
beled CODA. The variability of group velocities and
amplitude spectra of all detected modes is quite evident.

Other examples (Figs.13 and 14) demonstrate how
the higher mode observations could be used for surface

Fig. 14 FTAN diagrams of the a

Period (s)

Period (s)

wave tomographic inversion together with fundamental
modes. In Fig.13a, FTAN diagram for an event in N.
Pakistan on May 10, 1992 (depth 33 km, Ms=5.6)
recorded at BUDO, at epicentral distance 1890 km.
(Tibetan Plateau PASSCAL Experiment, 1991-1992,
Owens et al. 1993). Both fundamental and first higher
modes of Rayleigh waves are shown; the diagram on the
right is the filtered diagram for the higher mode used for
dispersion measurements.

Figure 14 presents similar diagrams for the location
in Southwestern China. The joint inversion of similar
measurements 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
(Levshin et al. 2005).

9 Path deviations

As mentioned earlier, the lateral inhomogeneity of the
Earth is responsible for many complications in surface
wave propagation. One of these, well documented in

Rayleigh waves for the event in
the Hindu Kush on 2001 October
27 (depth 96 km, mb =4.8)
recorded at HILE (Himalayan
Tubet Nepal PASSCAL
Experiment, 2000-2001, Sheehan
et al. 2002). Epicentral distance
1880 km. a Raw FTAN diagram.
b FTAN diagram for the extracted
higher mode

Group velocity (km/s)
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Fig. 15 Azimuthal deviations of
Rayleigh and Love waves
propagating across Eurasia. a
Great circle paths to OBN, KIV
from Japan and MAJO, INU from
Caucasus. b Azimuthal deviations
along reciprocal paths. The upper
group of measurements
corresponds to the West-East
propagation, the lower one to the
East-West propagation. The
magnitude of deviations is
similar, but their signs are
different, indicating for both sets
of oppositely traveling waves a
deflection to the North
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seismic literature, is the deviation of the surface wave
path from the shortest (great circle) path between the
source and the receiver. There are two techniques for
detecting such deviations. One is based on measuring
travel time delays of surface wave propagation across
the array or dense local network of seismic stations
(e.g., Bungum and Capon 1974); the other is the use of
three-component records to analyze polarization of
surface waves (Lander 1989a; Paulssen et al. 1990;
Levshin et al. 1992; Levshin et al. 1994; Laske 1995).
Effects of relatively smooth lateral inhomogeneity
will manifest themselves in deviation of the vertical
plane containing Rayleigh wave particle motion from
a plane passing through the great circle epicenter-
station. Particle motion in Love waves will be orthog-
onal to this new plane. Figure 15 shows results of such
measurements of surface wave polarization using a

period (sec)

modification of FTAN called FTPAN (Frequency—
Time Polarization Analysis, Lander 1989b; Levshin
etal. 1992).

These measurements were performed for relative-
ly long periods (>60 s) to prevent Love-Rayleigh
interference from distorting the polarization picture.
Records of the Russian station (KIV) at N. Caucasus
for events near S. Honshu and records of stations in
Japan (INU and MAJO) for events at N. Caucasus
were used to compare observed anomaly along near-
ly reciprocal paths. Good agreement between mea-
surements along reciprocal paths can be seen in
Fig.15b. Observed Rayleigh and Love waves show
significant azimuthal anomalies (up to 10° to the
North) caused by an increase of velocities in the
upper mantle and thinning of the crust from South
to North across Siberia. For more northern paths
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between OBN and Japan azimuthal deviations are
less significant. It bears mention that most tomo-
graphic studies do not take this effect into account.
Such effects may be more severe for shorter periods
(i.e., shorter wavelengths) resulting in blurring and
bias in tomographic images.

10 “Looking for Love in all the wrong places”

This joke belongs to Prof. Jeff Park at Yale University.
He discovered the presence of quasi-Love waves at the
vertical components of some long-period records and
explained them as the effect of anisotropy (e.g., Park
1996; Levin and Park 1998). There are some other
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examples where Love waves appear at the wrong com-
ponent due to other reasons, such as multipathing, path
deviation (discussed above), and tectonic release.

It is also worthwhile to note that some anomalies of
polarization may be caused by anisotropy (Anderson
1961, Crampin 1975; Park 1996; Levin and Park
1998) and that there are no simple rules for discrimi-
nation between two factors (lateral inhomogeneity
and anisotropy) which influence surface wave polari-
zation. In addition to deviations of the main train of
surface waves from the shortest path, we often ob-
served another phenomenon, namely multipathing, in
which part of the surface wave energy splits from the
main train and propagates on its own, mostly tunneled
by some laterally extended low-velocity waveguide
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Fig. 17 Propagation of Rayleigh a
and Love waves from the nuclear

explosion and the earthquake

from the Lop Nor region (China)

to Hyderabad (India). a

Seismograms for nuclear

explosion. b Dispersion curves

from records of the explosion and

earthquake
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such as the foredeep of some mountain range, a sedi-
mentary basin, or the oceanic trench near the coast of a
continent. Usually, this carries only a short-period part
of the surface wave spectrum and, through some yet
unknown mechanism, consists predominantly of Love
waves. Figure 16 demonstrates such a phenomenon
for Love waves propagating from Northwestern China
to the Garm (GAR) station in Tajikistan.

The late arrival is a series of Love waves tunneled by
the Tarim Basin where thickness of sediments reaches 10—
12 km. Naturally, this Love wave train comes much later

than a direct arrival (Fig.16a, b) and has a different angle of
approach to the station than the direct arrival (Fig.16c).
Similar effects were observed in many other observations.

Multipathing also may be caused by reflections of
surface waves at some sharp discontinuities (boundaries
of crustal blocks, rifts, deep grabens) (e.g., Levshin and
Berteussen 1979; Berteussen et al. 1983), or conversion
of Love waves into Rayleigh waves at sharp
discontinuities.

Theory predicts that Love waves (as SH waves)
should not be observed in a laterally homogeneous
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Fig. 18 FTAN diagrams of Rayleigh waves obtained by analysis of ambient noise in Greenland (a) map of stations. b—f FTAN diagrams for
different pairs of stations, namely: b IVI-SUMG, ¢ NEEM-ICEGS, d ALE-NEEM, e SCO-NOR, and f NUUG-ILULIL.

Earth if the source is a center of expansion (i.e., dilata-
tion) or a vertical force. Nevertheless, there are excellent
long-period Love waves generated by nuclear explo-
sions. There are some other examples where Love
waves appear at the wrong component due to other
reasons, such as multipathing and path deviation
(discussed above) and tectonic release.

Fig. 17a shows records of vertical, radial, and trans-
verse components for the nuclear explosion at Lop Nor
(Northwestern China) obtained at the GEOSCOPE sta-
tion HYB in Central India. A strong Love wave is a
dominant feature of these records. Figure 17b demon-
strates that surface wave group velocities observed at
HYB for this explosion and for the earthquake of No-
vember 3, 1990 near Lop Nor are very similar. This
implies that Love waves from the explosion are gener-
ated very close to the source and do not result from
Rayleigh—Love coupling due to lateral structures along
the wave path. Observations at other stations, at quite
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different directions from Lop Nor, and for another set of
explosions and earthquakes are similar (Levshin and
Ritzwoller 1995; Bukchin et al. 2000).

The traditional explanation of these phenomena is
tectonic release provoked by an explosion in a
prestressed area. Numerous papers describe and explain
tectonic release (e.g., Press and Archambeau 1962;
Archambeau and Sammis 1970; Harkrider et al. 1994)
The interest in such phenomena is due to the fact that
they make it more difficult to distinguish between earth-
quakes and underground nuclear explosions using a
well-known my,:Mg discriminant (e.g., Steven and Day
1985). This discriminant is based on relative differences
between body wave and surface magnitudes for explo-
sions and earthquakes: due to the smaller size of the
source zone and the shorter duration, explosions are
“better” generators of P waves than of surface waves.
Tectonic release diminishes these differences. However,
the absence of an isotropic component in earthquake
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radiation and a very small depth of the equivalent source
of tectonic release from an explosion may help to dis-
criminate these events (Bukchin et al. 2000).

11 Surface waves extracted from ambient seismic
noise

Recently, numerous studies of ambient seismic noise,
primarily following the pioneering work by (Shapiro
etal. 2005) and a detailed description of the correspond-
ing methodology by (Bensen et al. 2007), have present-
ed numerous examples of the different phenomenology
of surface waves extracted from noise. We demonstrate
here some examples of such analysis based on record-
ings obtained by the Greenland Ice Sheet Monitoring
Network (GLISN, Clinton et al. 2014) (Fig.18).

The prevailing results characterize Rayleigh wave
propagation in the continental crust. Typical examples
are shown in Fig.18b—f. Figure 18b presents a FTAN
diagram in the period for the range of 540 s for stations
IVI-SUMG with an interstation distance of 1335 km.
The path crosses the central and southern parts of the
Greenland shield. Figure 18c comprises a similar dia-
gram for stations NEEM-ICESG with interstation dis-
tance of 998 km with paths crossing central and northern
parts of the shield. A different type of FTAN diagram is
shown in Fig. 18d-f.

The diagram for the path “ALI-NEEM”, with a
length of 603 km (Fig.18d), demonstrates a strong fun-
damental mode of Rayleigh wave with higher velocities
at long periods due to the thinner crust at the northern
rim of Greenland, as well as the first higher mode at
short periods 3—6 s. Figure 18e demonstrates a more
complicated wave pattern for the path between NOR
and SCO stations (1248 km) following along the eastern
coast of Greenland. The fundamental mode follows the
shield path but its short-period portion is much weaker
than at periods of 12-20 s.

Here, the effect of multipathing is also seen in the
strong signal at later times caused by propagation in
loose sediments under the Atlantic Ocean shelf.
Figure 18f1is for a short path between NUUG and ILULI
station (276 km) along the western coast of the island
where only short periods of the spectrum are shown.

The demonstrated examples do not cover, of
course, all possible situations which could be en-
countered in the ambient noise analysis in different
regions around the Earth.

12 Conclusions

The description of surface wave phenomenology is
based on cases encountered by the authors in their
long-term investigation of surface wave excitation,
propagation, and interpretation. It demonstrates the var-
iability of observed wave patterns across various appli-
cations and the difficulties which could challenge their
interpretation.
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