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SUMMARY
We analyse phase shifts and amplitude ratios of horizontatttical components af ~ 150s
fundamental Rayleigh waves. In the ray picture of surfaceenaropagation, it is expected
that at a single station this ratio will be constant, beingtoalled only by the seismic velocity
structure beneath the seismic station. In contrast, werebsebstantial variability in the am-
plitude ratios measured at a number of stations from the &I8bismic Network. We discuss
possible causes for the anomalous ratios, concluding llegtgrobably arise from effects as-
sociated with small scale heterogeneity distinctly distred across different tectonic domains

and having scale lengths shorter than a wavelength.

Key words: amplitude ratios — lateral heterogeneity — global seismedgraphy — Rayleigh

waves



Rayleighwave HZ ratios 3
1 INTRODUCTION

For a smooth, laterally heterogeneous and transverselsofgo Earth, one can show that at a
single station: (i) the phase shift between the horizomal zertical components of fundamen-
tal Rayleigh waves is 090°, and (ii) the spectral ratio of horizontal to vertical fumdantal
Rayleigh waves is constant for all records, being deterthinye the local structure beneath the
station (Woodhouse, 1974; Tromp & Dahlen, 1992a,b; Feri@ivwoodhouse, 2006b). This is the
prediction of surface wave ray theory, which depends fovaliglity on the scale length of lateral
heterogeneity being large compared with the wavelength.

Some studies of short period (T=10-50s) Rayleigh waves agpioited the latter property to
determine the local crustal structure at the vicinity ofragée recording station (Boore & Toksoz,
1969; Sexton et al., 1977; Munirova & Yanovskaya, 2001).sEhstudies are based on surface
wave ellipticity measurements, defined as the ratio of lootizl to vertical amplitudes, commonly
referred to ad{/V'ratio, from three-component records at a single station. Sevecaht studies
of ambient vibrations (typically between 0.1-10 Hz) alse &&V ratios to determine shallow,
local S-wave velocity structure and for estimation of sféects (e.g. Nakamura, 1989; Fah et al.,
2003; Tanimoto & Alvizuri, 2006). Since ambient vibratioase dominated by Rayleigh waves,
the H/V ratio is assumed to measure their ellipticity, which deemad the local S-wave velocity
structure.

In global seismology, most surface wave tomographic studre based only on phase mea-
surements, interpreted ray theoretically (e.g. TrampeW&odhouse, 1995, 1996; Ekstrom et al.,
1997; van Heijst & Woodhouse, 1999). In seeking further fmesthese images, other types of
data sensitive to smaller scale structure, such as pdiamnsadata and amplitudes, should become
of greater importance. A number of global tomographic stadiave incorporated polarisation
data (Laske et al., 1994; Laske & Masters, 1996; Yoshizawa.et1999; Larson & Ekstrom,
2002). However, the use of surface wave amplitudes in glababgraphy has been largely re-
stricted to attenuation studies (for a review see e.g. Romanz & Durek, 2000), for which there
remains much scope for improvement.

In this study, we analyse amplitude ratios of horizontaledical components of long period,
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T ~ 150s, fundamental Rayleigh waves recorded globally followiaggk, shallow earthquakes.
We shall refer to the amplitude ratios as HZ ratios, follogvthe nomenclature of Tanimoto &
Alvizuri (2006). We discuss possible causes for the obskvesiability of the amplitude ratios at
each station. Furthermore, we compare the HZ ratios medéuna data with those from synthet-
ics calculated using the Spectral Element Method (SEM) géemented by Komatitsch & Tromp

(2002a,b) to further interpret the observed variabilityaaiplitude ratios.

2 THEORETICAL BACKGROUND

Woodhouse (1974) introduced the concept of local modesyisigahat, asymptotically, the local
eigenfunctions at each poifare identical to those that determine the surface wave kigetions
on a spherically symmetric Earth whose properties are evlegye equal to those beneadthrhus
the predicted HZ ratio can be calculated, for a given locatlehousing a standard surface wave
or normal mode algorithm (e.g. Woodhouse, 1988). Calautgtusing the spherically symmetric
Earth model PREM (Dziewonski & Anderson, 1981) give a vallél& ratio = 0.78 for T=150s
Rayleigh waves. We shall refer to this calculated value aPREM prediction. We also carry
out calculations using the global crust model CRUST2.0 ¢Bast al., 2000) combined with
mantle model S20RTS (Ritsema et al., 1999). We shall reféhe¢se predictions a3-D local
mode predictions. The top diagram in Figure 6 shows the global distributior8dd local mode
predicted ratios for T=150s Rayleigh waves. Globally, trexmmum variation of 3-D local mode
predictions is of 29%, but if we restrict ourselves to coatits, where most of seismic stations

from global networks are located, the maximum variationredicted ratios reduces to 17%.

3 MEASURING HZ AMPLITUDE RATIOSAND PHASE SHIFTS
3.1 Data selection and processing

The data which are used in this study are long period, minotfaee-component surface wave
seismograms from the Global Seismic Network (GSN) with hsggmnal-to-noise ratio. We are

interested in fundamental-mode Rayleigh waves, so oursgdtsatisfies several criteria to reduce
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contamination from S waves and higher modes. The earthguadeshallow (deptkd 50km),
to minimise overtone contamination, and large enough tatexow-noise long period mantle
waves (/,, > 6.5). We consider only source-receiver pairs whose minor-gtadce lies in the
range50° < A < 120° to avoid near-source effects, caustics and multiple arbérlapping
wave trains. In order to avoid interference from multipleaitaneous arrivals, we discard source-
receiver pairs for which multipathing is predicted to ocde perform a systematic detection of
multipathing using the algorithm described by Ferreira & &thouse (2006b), Ferreira (2005)
and Tape (2003) applied to the global phase velocity mapsarhpert & Woodhouse (1995),
Trampert & Woodhouse (1996) and of van Heijst & Woodhous®9)3or fundamental Rayleigh
waves with period’ = 150s. We also exclude Rayleigh waves at source-receiver azsmnitdse
to nodes of the fundamental mode source amplitude radigi@tern, as they are likely to be
dominated by scattered energy. For each earthquake wdat@l¢he amplitude radiation pattern
of T'= 150s Rayleigh waves as described in Ferreira & Woodhouse (2008agxclude source-
receiver pairs at azimuths for which the amplitude is smafian half of the maximum amplitude
of the calculated radiation pattern.

Instrument response deconvolution is conducted on thensgisams and the horizontal com-
ponents are rotated into longitudinal and transverse times for each earthquake. All the seis-
mograms are filtered using a Gaussian bandpass filter cestoetid7” = 150s with a width of
1200s. A time window is selected centred on the maximum amplituidhe desired wavetrain,
with its edges at zero-crossings of the seismograms, tammseierrors in the measurements.

We have carried out the data selection and processing ustogds from stations of the GSN
for 42 earthquakes well distributed globally. In this paper shall illustrate our results for seven

stations: WMQ, FFC, GUMO, KIP, HRV, PAS and PFO.

3.2 Measurements

We carry out measurements of both phase shifts and amplrataes of horizontal to vertical
components of Rayleigh waves in the time domain. In ordeldigmdhe vertical and horizontal

component records, we apply a Hilbert transform to the lomtial component Rayleigh waves
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and compare them with the negative of the vertical comporemurds. We use two methods to

measure HZ ratios and phase shifts:

3.2.1 MethodI:

The phase shift is calculated by cross-correlation betwieervertical and horizontal component
records. The amplitude ratio HZ is approximatediy ratio ~ f;—fo, whereP; is the power in
the vertical component record ai; is the power in the horizontal component record. The power

is obtained through the sum of the squared amplitude witrerselected time window.

3.22 Method II:

A non-linear least-squares algorithm calculates the pehseand amplitude factor that best fits
the negative of the vertical component seismogram witherstflected time window to the Hilbert

transform of the horizontal component seismogram.

Figure 1 shows measurements of HZ ratios and phase shiftebethe horizontal and vertical
components of Rayleigh waves from mode summation synteetstnograms using PREM for the
source-receiver pairs selected for the seven illustrati&gons used in this paper. The seismograms
are calculated summing a large number of overtones. Theuregheamplitude ratios and phase
shifts are quite stable. The maximum deviation of the meabiiZ ratios is 0f9% from the
PREM prediction and the measured phase shifts have a maxidewiation of3.7° from 90°;

these deviations reflect errors in the measurements inducedertone contamination.

3.3 Reaults

Figure 2 shows comparisons of vertical component (bluegnsegrams with horizontal compo-
nent (red) seismograms recorded at three different sgtiollowing various earthquakes. All the
traces are bandpass filtered arodnd- 150s. We also show the selected time window for each
trace. For station WMQ, the ratios are relatively stablesfBhs considerable variability of the HZ
ratios at stations KIP and HRV. Furthermore, there is apabde variation of the HZ ratios from

station to station. For T=150s, local mode predictions evhe ratiosH Z ratio = 0.87 for
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station WMQ,H Z ratio = 0.76 for station KIP andd Z ratio = 0.84 for station HRV. It is clear
that whereas for station WMQ the local mode prediction iselto the measured ratios shown in
Figure 2, for stations KIP and HRV the deviations are larger.

Figures 3 — 5 show HZ ratios and phase shifts measured usenigvthmethods described in
section 3.2 for various earthquakes recorded at the sevéhs&ions used in this study. Figure 3
shows measurements for stations WMQ and FFC, which areddedthin the interior of the Asian
and North American continents, respectively. Figure 4 shoveasurements for stations KIP and
GUMO, which are located in ocean islands (in Hawaii and inNfagianas islands, respectively).
Finally, Figure 5 shows results for stations HRV, PAS and PWkich are located near the eastern
and western North American continental margins, respelsti’AS and PFO are nearby stations,
169 km apatrt.

The measured HZ ratios at station WMQ have moderate vaitighiiith the greatest deviation
between the maximum and minimum measured values l&i6§. The measured phase shifts lie
in the ranges0® — 92°, which is close to the expected valuesaf = 90°. For station FFC there is
larger variability in the measured HZ ratios, with the gesatdeviation bein@7%. The measured
phase shifts lie in the rangs’ — 95°.

At the ocean island stations KIP and GUMO, there is moderatability in the measured
ratios, with the greatest deviation bei2@); for KIP and19% for GUMO. The ranges of measured
phase shifts are larger than for the continental stationsW\évid FFC, being0° — 104° for station
KIP and72° — 94° for station GUMO.

HZ ratio and phase shift measurements at near continentgimstations HRV, PAS and PFO
show considerable variability. The largest deviation mtheasured HZ ratios at stations PAS, PFO
and HRV is of20%, 31% and42%, respectively. The corresponding phase shiftstafe— 107°,
820 — 99Y and84° — 120°.

Measurements for nearby earthquakes recorded at the satrensire generally consistent
(e.g., for the earthquake pair 11 — 12 recorded at WMQ); fothgaiake pair 12 —13 at KIP; for
earthquake pairs 3 — 4 at GUMO; for earthquake pair 5 — 6 at H&\garthquake pairs 1 — 3 and

7 — 8 at PAS). However, occasionally the ratios and phas¢ssiiifa single station vary signifi-



8 Ferreira and Wbodhouse

cantly even for closely spaced earthquakes. For exampsaabn FFC the amplitude ratios for
the earthquake pair 10 — 11 ak&” ratio = 0.73 andH Z ratio = 0.84, respectively. These earth-
guakes occurred within fourteen days of one another, whidsgis confidence that instrumental
response has not changed over the recording time interhial Rlayleigh wave paths connecting
these earthquakes to FFC are very similar. This suggedtadlaasource finite frequency effects
due to small scale heterogeneity may be responsible foe tesations. van der Lee (1998) also
identified amplitude anomalies of fundamental Rayleigh egaprobably related to near-source
Earth structure. Similarly, at station KIP, the ratios floe same earthquakes (earthquakes 9 and 10
in Figure 4) areH Z ratio = 0.85 and H Z ratio = 0.74, respectively. The same type of features
are found for earthquakes 7 and 8 at station HRV and the sartiggakes at station FFC (which
correspond to earthquakes 5 and 6 in Figure 3).

Examining the two nearby stations at California, PAS and RFS interesting that for some
earthquakes there is a considerable difference in thesratithe two stations. For example, for
earthquake 1, at station PAS the HZ ratioHs ratio = 0.82, whereas at PFO the ratio is
HZ ratio = 0.96. Since the Rayleigh waves travelling from the earthquakec®to the two
stations follow very similar paths, this suggests that $stdle heterogeneity effects near the re-
ceiver are the cause of the differences. A number of studisgrtace wave polarisation have also
reported anomalous waveforms due to various mechanismygtpkace near the receiver (e.g.
Paulssen et al., 1990; Levshin et al., 1992, 1994).

Comparing the observed ratios with predictions, for staldMQ, the PREM prediction un-
derestimates the measured HZ ratios, whereas the local predétion lies within the range of
observed ratios, being close to its average, which is 0.88.seme happens for station FFC. For
station GUMO, both predictions underestimate the measattexs, with the PREM prediction be-
ing closer to the measurements, whereas for station HRV giretlictions overestimate the ratios.
For the other stations, both predictions lie within the éargnge of measured ratios.

For some stations the measured HZ ratios suggest some demmendn receiver-source az-
imuth. For example, the overall pattern of HZ ratios at stadiFFC and GUMO seems to decrease

with azimuth, whereas for station HRV the pattern of HZ rats@ems to increase with azimuth.
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This suggests that the measured ratios may be influencediteyffaquency effects along the path
or by azimuthal anisotropy.

We have also examined the measured amplitude ratios ané phéts shown in Figures 3-5
not only as a function of station-source azimuth, but alsa asction of source-receiver epicen-
tral distance, as a function of time of the record and as atiomof the distance of the station to a
node in the source amplitude radiation pattern. We did ndtdisignificant relationship between
our measurements and these parameters. Furthermore, edwaved out measurements at other
periods " = 100s, T" = 80s andT = 50s) and we also observe substantial variability in the am-
plitude ratios. In order to study the frequency dependefficli@observations for shorter periods,
it would be more suitable to carry out measurements in thgugacy domain. This will be the

subject of future work.

4 DISCUSSION

In the previous section we identified finite frequency efielsy small scale heterogeneity as a
possible reason for the moderate to large range of phass sl HZ ratios of Rayleigh waves
measured at the GSN stations used in this paper. When |atmiations in Earth structure are
sharp, occurring at scale lengths smaller than the waviienig the wavefield, various complica-
tions in wave propagation may arise, such as coupling of &glylwaves with Love waves and
interference with scattered waves. As we selected the datadier to minimise the amplitudes
of overtones and multipathing effects, we discard overtmmamination and multipathing as the
main causes for the anomalous observations. Lateral ligeeity also causes ray bending, which
affects the measured ratios. Nevertheless7ter 150s the maximum reported arrival angle devi-
ation is of15Y (Laske, 1995), which would cause a variation in the ampétratios of4%, which

is much smaller than the variations we observe. Also, thexena reports of significant incorrect
alignment of the horizontal components of the seismométetfse stations we use (Laske, 1995;
Larson & Ekstrom, 2002). Anisotropy can also affect the lHas and hence it is a candidate to
explain at least part of the observed variability. This esgoes beyond the scope of this paper and

deserves further investigation.
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To further interpret our observations, we calculate HZ atage ratios and phase shifts be-
tween horizontal and vertical components of synthetiosegrams calculated using the Spectral
Element Method (SEM). This method is an accurate, purelyarigal technique for the full calcu-
lation of the seismic wavefield in realistic three-dimemsiomodels (for a review see e.g. Chaljub
et al., 2006; Komatitsch et al., 2005). We use the crustalahGRUST2.0 and mantle model
S20RTS to describe S wave velocity variations in the mamdle The P wave velocity in the man-
tle, V,, is assumed to be relateditothrough a depth-dependent scaling fadtoe dIn V; /dIn 'V,
which increases linearly from 1.3 at the surface to 3.0 attite-mantle boundary (Ritsema & van
Heijst, 2002). Figure 6 compares measured amplitude ratidsphase shifts from real data seis-
mograms with SEM predictions for the March 14, 1996, = 6.7 earthquake in Rat Islands,
Alaska recorded at the 20 stations shown in the top diagrdithédmeasurements are made using
method |, as described in section 3.2. For reference, weslsw plots comparing data with 3-D
local mode predictions. The 3-D local mode predictions rewmeich narrower range of amplitude
ratios than those measured in the data, with very littleetation between predictions and observa-
tions. SEM predictions match the character of the data ibétée do 3-D local mode predictions.
Nevertheless, overall the variation in HZ ratios is stilhs®what underpredicted. The observed
discrepancies must be due to to inaccuracies inherent WaSEM and, most importantly, to
uncertainties in the Earth model. Indeed, as is the case @st ourrent global S-wave velocity
models, S20RTS is a very smooth model, with a resolution otiahO0O0km at the Earth’s surface
(see Romanowicz, 2003, for a review and comparison of renantle models). The results of our
analysis suggest that the observed variability of ampdittatios and phase shifts may be due to
finite frequency effects by small scale heterogeneity, Wincnot yet resolved by current global
tomographic models. Potentially, the amplitude ratiosooig period Rayleigh waves provide in-
dependent information about the deep structure of the Batilth could be combined with other
types of measurements (e.g., phase measurements) to théuaen-uniqueness of Earth models
and to determine local shear wave velocity structure frommgls station. Nevertheless, this study
suggests that care should be taken when interpreting lomgdadZ ratios as being uniquely con-

trolled by local structure beneath the recording statiamtiermore, the variety of observations
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in different tectonic environments - oceanic islands, gwnital margins and continental interiors

- suggests that heterogeneity may be distributed diffgratoss such environments.

5 CONCLUSIONS

In this paper, we investigate phase shifts and amplitudesrat the horizontal to vertical compo-
nents of 7" ~ 150s fundamental Rayleigh waves recorded at seven illustratiagons from the
GSN. We observe a moderate to large variability of amplitadi@s, in contrast to what is expected
for a smooth laterally varying Earth. The analysis of thasenaalies as a function of azimuth and
for waves with similar paths, together with the comparisotin\synthetic seismograms calculated
using the Spectral Element Method for a 3-D Earth model ssigipat the most likely cause for
the anomalous observations are finite frequency effectst@senall scale heterogeneity that is
not yet imaged by current global tomographic Earth modeistiermore, this study suggests that
care should be taken when interpreting long period HZ ra®being uniquely controlled by the

local structure beneath the recording station.
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Figure 1. HZ ratios and phase shifts @f ~ 150s Rayleigh waves from mode summation synthetic seismo-

grams using PREM. The synthetics are calculated summingateumber of overtones. The measurements
are carried out at seven different stations from the GSNoviohg 42 large, shallow earthquakes. We present

two measurements, connected by a vertical line, which arédaout using the two different methods de-

scribed in section 3.2. The horizontal solid lines are PREMIjztions for fundamental’ ~ 150s Rayleigh

waves. All the measurements are shown as a function of isicrggource-receiver epicentral distance.



16 Ferreira and Woodhouse

x10°° wMQ

HZ ratio=0.96

1210968

2500 3000 3500 4000
x107°
2 HZ ratio=0.86
0 MW f\/*@/\/\f
Y 022596A
3000 3500 4000 4500

HZ ratio=0.83

e

112699G

1

2000 2500 3000 3500
Time (s)

Figure 2. Comparison of vertical (blue) and horizontal (red) compuseof long period T ~ 150s)

Rayleigh wave records at GSN stations WMQ, KIP and HRV, Wity several earthquakes. The horizontal
component records have been Hilbert transformed, beingpaced with the negative of the vertical com-
ponent record. The vertical lines (black) indicate the el time windows. The CMT code corresponding
to each earthquake is shown in the bottom right corner of e#ram. The measured HZ ratios are also
shown, which are calculated using method I, described iticge8.2. Local mode predictions using crust
model CRUST2.0 and mantle model S20RTS A& ratio = 0.87 for station WMQ,H Z ratio = 0.76

x107° KIP X 10 HRV
HZ ratio=0.85 5 HZ ratio=0.76
JOW\J W&O@@o@ )
042195K 5 0221968
1500 2000 2500 3000 1000 1500 2000 2500
x107° x10°°
HZ ratio=0.73 5 HZ ratio=0.60
M M\‘" 000000 ﬂ
050595A -5 1210968
1500 2000 2500 3000 1000 1500 2000 2500
x107° x107°
. 4
HZ ratio=0.64 HZ ratio=0.43
2
0
-2
011695D 122603B
-4
1000 1500 2000 2500 2000 2500 3000 3500

Time (s)

for station KIP andd Z ratio = 0.84 for station HRV.

Time (s)



Rayleighwave HZ ratios 17

Al
ool N - = .- 110+
77:7j7:77777777=7 aios—
o B )
= 08r aloo—
g g
N L S 95t
I 0.7 = _ _
o 90 T - T b
06 1 sl - N T _
. -
o5t 80 I
WMQ -
12 3 45 6 7 8 9101112151 12 3 4 5 6 7 8 9101112151
Earthquake # Earthquake #
Increasing azimuth Increasing azimuth
T T T T T T T T T T T T 120
i o= FFC sl FFC |
0ol 110
*_****;;***;:**x**’ 8105—
2 08 - B 8
= o
@100*
g @
N, : T :
T > - -
w 0T T T T T
0.6 I
85 =
osh 80
75
12 3 4 5 6 7 8 5 10 u 12 T2 3 4 5 6 7 8 9 10 u 1
Earthquake # Earthquake #

Figure 3. HZ ratios and phase shifts df ~ 150s Rayleigh waves measured at the continental stations
WMQ and FFC, for the earthquakes with Harvard CMT centroichteoons and focal mechanisms shown
at the top diagrams. We present two measurements, connlegtadvertical line, which are carried out
using the two different methods described in section 3.2 Adrizontal solid lines are PREM predictions,
whereas the horizontal dot-dashed lines are 3-D local mosfigiions. All the measurements are presented

as a function of increasing azimuth at the station. Notetti@tzimuth axis scale is not linear.
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Figure 6. Comparison between observed and predidted 150s HZ ratios and phase shifts for thd,, =

6.7 earthquake in Rat Islands on March 14, 1996, recorded abusustations. (Top) Great circle paths

connecting the source (star) and the considered statidasdles) superimposed on the global distribution

of 3-D local mode predictions of HZ ratios for T=150s Rayleigaves. (Bottom) Measurements on data

(Data) are compared with those from Spectral Element Meslynthetics (SEM) and with 3-D local mode

predictions.



