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Study of attenuation in the Kii segment of the Philippine Sea subduction zone
Anatoly Petukhin and Takao Kagawa, Geo-Research Institute

T4 U ENET L — FOEFABE LR T DALFLEE A MR HERICET O
ANbhyvy TR N FBIEE GDHEHERETIERT

INTRODUCTION

In this study, we use original method of attenuation tomography inversion (Petukhin et al., 2004) and esti-
mated O-value structure in Kinki region on this base. To estimate Q-value, at first step it is necessary to elimi-
nate effect of elastic attenuation (mainly geometrical spreading). Result for O-value depends on the method of
elimination used. In this study, for high-frequency range (~1Hz) we employ the ray approximation and calcu-
lated elastic attenuation using the ray-theory. For this purpose, we used the Complete Ray Tracing (CRT)
method of Cerveny et al. (1988) both for calculation of elastic attenuation and for ray tracing. Another feature of
the developed method is the using of the double-spectral ratio method in tomography inversion to reduce trade-
off between source (and/or site) effect and Q-value.

Seismicity of the studied region consists of the shallow crustal earthquakes 0-18km depth (upper crust seis-
mogenic layer) and deep subduction zone earthquakes 20-70 km depth located in the Philippine Sea subducted
plate (Philippine slab), dipping under 45° in the northwest direction under the Eurasia plate. Lower crust and
mantle wedge between them have no earthquakes (aseismic zone). Because Philippine slab is young and thin
(around 30 km), its shape is strongly distorted (undulating, wavy). Due to this, velocity structure in studied re-
gion is essentially three-dimensional. Studied area and slab location are shown in Figure 1.

3-D velocity model in Kinki region for this work
was compiled from available information: seismic-
ity data, travel-time tomography results, seismic
exploration results, gravity data and borehole meas-
urements. Data used in the inversion are the high-
frequency (1 — 10Hz) high quality data of
CEORKA and Hi-net networks (Toki et al., 1995,
Obara et al., 2000).

Generally, estimated “total” Q-values agree well
with results of other studies and with common ex-
pectations based on the tectonic structure, except of
one striking result: O-values for the lower crust and
the subducting oceanic crust become extremely low,
Qiotal ~20-307.

To interpret this result we compared estimated
Q-structure with other phenomena, related to at-
tenuation, thaF were observefi in studied region. ‘e Shingu-Maizury Depth of the
Good correlation with reflective layers (Ito et al., b reflection profile -~ Philippine slab ! -
2005) was found. 134° 135° 136° 137"

Figure 1. Map of the studied region.

METHOD OF THE Q-STRUCTURE INVERSION

Spectral inversion. To study the S-waves attenuation in high frequency range 1-10Hz, it was assumed that ob-
served amplitude Fourier spectrum is a product of four terms (i.e. Iwata and Irikura. 1988): source (S) elastic
path attenuation (g) described by the O-value inelastic path attenuation and site (G) effects.

O=S-g-exp[—7t R j-G. N
vo(s)

Frequently, to estimate path attenuation effect, Q-value is inverted under assumption that geometrical spread-
ing is spherical (true for uniform velocity model). Actually, elastic attenuation g is complex effect that includes
geometrical spreading in a non-uniform velocity model, reflection and conversion on major velocity discontinui-
ties, free-surface effect. In this study, elastic path attenuation was calculated using complete ray theory (Cerveny
et al., 1988) in 3-D velocity model. Travel times inside blocks was calculated by the 3-D ray tracing:



Double spectral ratio method. Source and site effects can be eliminated using the double spectral ratio scheme
(Chun et al., 1987). After this, O-values in blocked media were inverted from the observed double spectral ratios
DSR using tomography approach:

0,0 -
DSRi/'nm == — En & -eXp| — ”Z (Tu,i - Tl,,:, + T,’fn - T/I:l ) Lk (2)
’ Oim ’ O_jn Eim * g/u k ’ ’ Q
Or in the linear form, after reducing for the elastic attenuation term and taking Jogarithm:
log DSR),, =7 2T =T +T}, —T,f,)-é ©)
k

Here i and j - indexes of the source pair, m and n — indexes of the station pair, & ~ index of medium block
with uniform Q.

In Petukhin et al., 2004, it was shown by simple numerical simulation that the double spectral ratio method is
helpful to stabilize inversion: it reduce shift due to the trade-off with source+site effect.

Additionally, similarly to Petukhin et al. (2003), to reduce possible trade-off between Q-value in seismogenic
layer and Q-values in another blocks we used a two-step layer-stripping algorithm.

1. At the first step, only data of shallow events, whose rays pass within the upper seismogenic layer, were
used to estimate O-structure in the upper crust. Actually, results of Petukhin et al. (2004) were used for this step.

2. At the second step, data of events from the subduction zone deeper than 20 km were used. In this case, the
rays pass through both the upper crust and lower crust + mantle wedge +subducting oceanic crust + slab. To de-
termine Q in the deeper part we fixed Q in the shallow part using results of the first step of inversion.

Velocity Model and Tomography Block Model. For this study we developed 3-D velocity mode] for Kinki area
(see Figure 2). This model includes: (1) surface low-velocity layer, (2) seismogenic zone (or upper crust), (3)
lower crust, (4) subducted Philippine Sea slab. (5) subducting oceanic crust above the slab, (6) mantle wedge
(between continental crust and subducting oceanic crust) and (7) upper mantle (below slab). Based on the case
study in Petukhin et al., 2004, it was assumed that velocities inside each layer have some gradient, so that there
are no velocity discontinuity on the layer boundaries, and that in high frequency range, at a point of crossing
with velocity interface there is no reflection/conversion for upward rays.

The whole media of the wave propagation were divided into blocks with constant O-value according to the
tectonic structure (see Figure 3): upper crust (UC), lower crust (LC), mantle wedge (MW) subducting oceanic
crust (SOC) and slab (SLB). UC was subdivided into 6 smaller blocks with boundaries along main fault systems
in Kinki region. Surface low-velocity layer (LV) above the seismogenic layer was considered as one additional
block.

‘MTL ‘ATL

Figure 2. Bird’s-eye view of the velocity model Figure 3. Assumed structure of tomography blocks.
used in this study. Numerals indicate LV, UC, LC, Double arrows approximately indicate location ranges of
SLB + SOC, MW, and UM blocks respectively. the used earthquakes.
RESULTS

In our previous inversion (Petukhin et al., 2004), to stabilize results for strong-ground prediction purposes, we
combined some blocks into larger blocks. Namely, MW was combined with LC, and SLB with SOC. In this
work, limiting frequency range to higher frequencies, we inverted Q-value separately in LC, MW, SOC and
SLB blocks. Results are shown in Table 1. Analysis of the resuits of inversion shows that surprisingly low Q-



values was in LC and SOC layers, that cannot be explained by the inversion instability only.

Table 1. Results of Q-value inversion {unstable in lower frequencies /<5Hz).

Lower Crust Mantle Wedge Subducting Oceanic Crust  Philippine slab

QO-value ISfI'O ~1000 (£>6) ~30f0'6 ~2007"° (76)

oC (<3) oC (/<5)

To interpret this result, in Figure 4 we compiled phenomena, related to attenuation, that were observed in
studied region. They are: (1) seismogenic upper crust, depth 0-17km; (2) aseismic lower crust; (3) reflective
lower crust (RLC) in depth range 17-35km, and reflective layers (Reflectors) in the SOC; both are revealed by
the deep seismic exploration studies in studied region (Ito et al., 2005); (4) belt-like zone of the deep low-
frequency tremor generation (LFT, Obara, 2002). parallel to the slab, which was observed using high-sensitivity
borehole Hi-net stations: (5) a few deep low-frequency earthquakes, LFE (near Moho boundary) were observed
in central part of Kinki region, far from volcanic centers; (6) dehydration and/or partial melting in depth range
30-50km can explain the presence of liquid phase in the crust near/above Moho boundary, which in turn was
used by Katsumata and Kamaya (2003) to explain generation of the LFT and LFE.

Analysis of Figure 4 shows, that anomalously

— —

low Q-value in LC and SOC can be explained by T e e ==

two processes: (1) high intrinsic attenuation (low Seismogenic Zone/-—'——_
P (1) hig ( —C

.» value) due to presence of fluids in the lower o~ -~
chust, which are indicated by the LFE and LFT Reflective lower crust
phenomena; (2) high scattering attenuation (low Q. N O 7.3&/ Zeg
value) due to scattering on the crust heterogeneities, LFE
indicated by the RLC and Reflectors. Both phe- T T I
nomena have approximately the same depth but Partial melting
separated geometrically: main belt of LFT/LFE is and dehydration &

moved forward to the slab, while RLC is located in
somewhat backward inland area. To estimate effect
of both phenomena on the inverted Q-value we

qéhydration

should analyze ray coverage of used data set. Figure 4. Compilation of observed or supposed phenom-
ena, related to the attenuation.

DISCUSSION: ANALYSIS OF EFFECTIVE ZONE BY RAY COVERAGE AND COMPARISON WITH
OTHER PHENOMENA IN THE STUDIED REGION

Philippine sea slab is thing and is subjected to inclined subduction process in Northwest direction in the
Western Japan. Due to this complex process slab crumples into several folds one of which is Kii Peninsula seg-
ment. Simple projection of rays, earthquakes and some accompanying phenomena into single cross-section
doesn’t give clear picture to analyze. To avoid this problem we applied curvilinear projection “parallel” to the
slab. For this it was used the fact (both from observation and the simulation) that all subduction related phenom-
ena are approximately slab-parallel due to constancy of the pressure-temperature conditions along parallel lines.

The rays cover effectively UC, LC and SOC blocks, less effectively SLB and MW blocks. Normal earth-
quakes are located mostly in UC and SLB blocks. LFE/LFT zone cover SOC block on the Moho depth and sec-
ond LFE zone is in the LC block under the Osaka bay. But both these zones are mostly out of zone covered by
rays. So we can conclude that although being strong phenomena that definitely should have effect on attenuation,
in our study it cannot be used to explain low Q-values in LC and SOC blocks.

Next, we compared Q-structure with the resistivity model from the study of Kasaya et al. (2003). Observed
data can be explained by model having low resistivity in SOC, MW and LC in the part covered by rays (also
having RLC phenomenon). SLB and UC have high resistivity. Low resistivity is related to cracked medium
and/or presence of fluids. In both cases this also results in low Q-value. Proposed resistivity model agree well
with our Q-model with exception of the MW block.

Figure 5 shows reflection cross-section of the Singu-Maizuru profile (Ito et al.. 2005, see also Figure 1). This
cross-section clearly indicates reflections from the SOC layer and RLC. Our SOC upper boundary coincides
with the upper boundary of the reflections. Loses of energy should be strong: amplitude of reflected waves in



some cases several times larger than amplitude of direct waves (K.Ito, personal communication). It is considered
that such intensive reflections could be generated by a thin-layered quasi-parallel structure of alternating low-
velocity layers, rather than a single discontinuity. Obviously, such structure should also reflect energy for up-
coming rays from sources located in slab, below SOC and RLC layers. Large intensity of reflections indicates
that loses of energy due to reflections is most probable candidate to explain low Q-values.

From one side reflection loses are elastic loses, but from another side source of loses is the whole volume of
layer and the longer ray path inside reflective layer the larger these loses. For this reason it is natural to describe
them by scattering O-value. Unlike regular scattering O, Q.. of reflective layer depends on the direction of inci-
dence: become larger - if both source and receiver are located in the same side of reflective layer, and become
smaller — if they are on opposite sides.

Now we can conclude that low Q-values observed in the LC block can be explained by the RLC phenomenon.
There several mechanisms of high attenuation in this case: (1) scattering loses on the velocity inhomogenieties;
(2) intrinsic loses in cracked medium indicated by low resistivity; (3) for rays incident to the RLC from below.
additional loses are reflection loses on the thing low-velocity layers that may compose RLC.

Sp1 D p p Sp11
Y

K

50km
w—

Figure 5. Reflection cross-section of the Singu-Maizuru profile (from Ito et al., 2005). Dark areas indicate reflective layers.
Lines — boundaries of the blocks used in this study (compare with Figure 3). Notice intensive reflections in the LC and SOC
blocks.
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Power-law decay characteristic of coda envelopes
revealed from the analysis of regional earthquakes

Won Sang Lee and Haruo Sato

Department of Geophysics, Graduate School of Science, Tohoku University, Sendai, Japan [lee@zisin.geophys.tohoku.ac.jp]

1. Introduction

Coda waves are the most prominent evidence of the Earth medium heterogeneity. Their spectral
amplitude and envelope decay gradient reveal the spatial distribution of heterogeneities and attenuation.
Rautian and Khalturin [1978] studied the amplitude of coda waves for a wide range of lapse times and
period bands in central Asia, which was the pioneer work to describe the characteristics of coda envelopes
using analog seismographs. Having the necessity of bringing the work up to date, in this study, we newly
summarize the phenomenological features of seismic coda envelope decay investigating regional earthquakes
collected by IRIS digital seismic network stations.

2. Data

Broadband NS-component velocity seismograms of regional earthquakes recorded by 11 IRIS seismic
network stations distributed over the world were used in this study. We collected both the earthquakes
occurred at shallower than 50 km (118 events) and deeper than 150 km (39 events) in depth during the period
from 1988 to 2005 with epicentral distances less than 10° from individual stations (Figure 1). Their moment
magnitudes (My) range from 4.7 to 7.8.

3. Seismic Envelopes

We made band-pass filtered seismograms with applying fourth-order Butterworth filters which have pass
bands of 1/4-1/2, 1/2-1, 1-2, 2-4, 4-8, 8-16 and 16-32s. Instead of taking the RMS technique which executes
smoothing procedure, we calculate the envelope function for individual band-pass filtered seismograms.
Before envelope stacking for individual period bands, we normalized the average coda level at specific lapse
time window considering each period band to correct the source-size differences. Stacked envelopes for
individual stations are calculated by 10-15 seismic events. The summarization of coda envelopes for various
regions and wide period bands as long as 4000s in lapse time is shown in Figure 2.

4. Power-law Decay and Frequency Dependence

We found that the decay rate of coda envelopes with lapse time shows ‘straight-line’ on a log-log scale
plot. That is, seismic coda amplitude is governed by ‘power-law’ instead of the conventional description,
A@To) o« t "exp(-m/QcTc), where A, t, Tc and Q¢ are amplitude, lapse time, central period and coda Q,
respectively, and the power n depends on the geometrical spreading [Aki and Chouet, 1975], on later coda.
Moreover, in Figure 2, we can find that the coda decay gradient at shorter periods is steeper than that at
longer periods [Lee et al., 2003, 2006] for both shallow and deep focus events.

From the observation, we can conclude that the spectra amplitude of seismic coda could take the
following simple expression,

A(t,Tc) oc £ 410, (D
where o(T¢) = alogTc+b, T is in second; a; = —2.0(x0.4), b, = 4.0(20.2), and a, = —2.5(+0.5), by = 4.8(x0.5).

The indices 1 and 2 are, respectively, for before and after ScS. Figure 3 shows frequency dependence of o
value.



5. Discussion

In general, the decay rate of coda is steeper from the arrival of Sc§ except for the data of AAK and LPAZ
(Figure 2). Such a bending feature around ScS has been well explained numerically by assuming two-
horizontal-layer attenuation model [Lee et al., 2003, 2006]. It tells us that scattering occurs not only in the
lithosphere and the upper mantle but in the whole lower mantle though its scattering power is small. The
difference of decay rate around ScS provides crucial information to make a numerical scattering model based
on the radiative transfer theory for imaging the heterogeneous Earth medium much accurately. Moreover, we
showed that there is no significant difference between shallow (<50 km) and deep (=150 km) focus events on
later coda. Consequently, we are able to use both data to examine the medium heterogeneity in the deep
Earth so that it enables us to extend the spatial coverage of our study region.

6. Conclusions

Investigating coda envelopes for wide period bands with long lapse time range, we found coda envelopes
can be described by ‘power-law’, A(1,7¢) o« t 79 where T, is central period in second, and ¢ value has
frequency dependence. The simple and distinct characteristics of seismic coda envelopes could provide
reliable information to determine physical values such as attenuation parameters, and to identify the regional
difference of medium heterogeneity in the deep Earth. There is no significant difference of coda decay rate
between shallow (<50 km) and deep (=150 km) focus events, and no systematic change of coda decay rate
with lapse time was found except for once occurring around Sc§ arrival and the case of LPAZ (multiple
changes).

We will have to examine that the ‘power-law’ decay would be valid for the study of local earthquakes,
and the & value should be also studied in correlation with tectonic structure in the Earth medium.
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Figure 1. Location of 11 IRIS seismic stations (triangles) and 157 shallow and deep focus earthquakes (stars) used in
this study.
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Figure 3. ¢ and @, versus central period. & for before ScS (left), « for after ScS (right). Closed and open circles
represent for shallow and deep focus earthquakes, respectively. @ values for each station are linked by individual solid
lines.
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Shear wave polarization anisotropy in and around the focal region of the 2005 West off
Fukuoka Prefecture Earthquake
Atsushi Watanabe, (SEVO, Kyushu Univ.)
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Shear-wave splitting detected by using downhole triaxial seismic detector during dilation of
artificial subsurface fracture

Hirokazu Moriya’, Katsuro Tanaka'” and Hiroaki Niitsuma’
Graduate School of Environmental Studies, Tohoku University, Sendai 980-9579 Japan
* Currently:Electric Power Development Co.,Ltd., Tokyo, 104-8165 Japan

Abstract: A field experiment was carried out at Higashi-hachimantai Field of Tohoku
University, Japan, where an artificial single fracture had been created at 369 m by hydraulic
fracturing in intact welded tuff. P- and S-waves transmitted through the pressurized single
fracture were measured by using a downhole three-component seismic detector installed in a
borehole near the fracture. A small change in travel time of about 0.1 ms was detected by
using the cross-spectral moving window technique. In this recent study, the arrival times of
split shear-waves and the polarization directions were detected by using the wavelet transform
of a three-component signal. The travel time difference between the first and second
shear-waves was 0.05 to 0.12 ms, when the wellhead pressure was increased up to 3.4 MPa and
the incident angle of waves into the main fracture was changed from 12° to 20°. A fracture
model of a single fracture and a micro-crack zone in the vicinity of the main fracture was used
to explain the shear-wave splitting phenomenon. The width of the re-opening micro-crack
zone and the crack density were quantitatively evaluated by using the fracture model and
shear-wave splitting analysis. The best-fit theoretical curve to the observed data suggested that

the width of the re-opening zone was 0.8 m and the crack density was 0.39.
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Fig.1 Randomly distributed cracks in a rectangular bounded region. The coordinate system (X, X3) is
defined so that the X;-axis is parallel to the crack surfaces. a is the half length of the crack and ¢ is the
angle between the X;-axis and the propagation direction of the incident plane wave.

1.0 L 10 : :
(] (<]
= ¢=90 £ =45
Dos .® 0w
8 0.6 8 0.6 1
& (@]
= fnt
.© 0.4 4 .2 044 -
B a
o e
“— S
@® 2.2 @O 0.2 4 '\\ /”‘ d
o o -\ \ \\
2.0 ¥ T — - + 0.0 Y \ Y T
0.0 0.2 0.4 c.8 0.8 1.0 2.0 2.2 0.4 c.6 .8 1.0
a b
(a) ka (b) ka

Fig.2 The reflection coefficients of the crack distribution shown in Fig.1 (broken curves). The gray area
denotes the standard deviation. The solid curves are the reflection coefficients calculated for the single
anisotropic layer of ¢,3,3=0.65 «# and w=12.5a which are obtained by fitting the reflection coefficients
plotted by the broken curves in both (a) and (b) to those of a single anisotropic layer. & is the wavenumber,
4 18 the rigidity of the matrix, ¢,32; and w are the elastic constant and thickness of the anisotropic layer,
respectively. ¢=90° and 45° are assumed in (a) and (b), respectively.
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{po(L) +o(ri;, )} Jw THABNS. ZD&E, At phase 1d, WHEBEETHIBAEOMNH go(L) = kL EFIN 5D
5& o(ry;, L) WIS E) Of& L TREINS. ERES L BT 2BUSEN 22008, FRsBHETE
BUERL, 79T IVEEE (((ry, L)y EELLBBTHAD. BHFETIE, EYEEERER Ve = L/ ¢(r, L)
EERL, EHTEEELEDEEEEOTNELRT DI, EEI T N VIV = (Vg - Vo) /Vo ZBATS. HEY
VANZE

X 2: ERLICHAWEERER. FHREOKRBNZEERANZ
rEfic &, FNICEERHMZ r BET5. rEié B &
DRTHEER LT, SO NREPEGEBLUIERE L
ET5.

‘% o =B > 10 ’(’“”;j >~To _ —% when ‘%' <1, )
ERIND. 2L, BEBHE V@) = Vo ITBIT2ERE T, =L/V, 2T 5.

HHREEr, ) EHOTEBEE Uy, r) = exp{E(rL, 1)) = exp{ReZ(r., r) + iImE(r,, r)} EXRT. TOEE, EF
ReZ BXMBRBEOW S X, B ImE IO 5 FITHIETS (p = ImE). Z OERLHEE BV EEE OB
B 11 Rytov ¥ EEIEN T W3 (#1121 Ishimaru 1978; Rytov et al. 1989; Sato & Fehler, 1998). K #13 =(r,, 1) %,
E(re,n) = eE1(r, N+ E5(r,, N+ 0 DEIRHEEWSLEDRMS i ¢ KT HNEREHATET. 2h2RO) K
RAL, eD2ROEETEET S &,

021 (r.,r) 3251(’1,") 25(’1,") ., 0Z5(r,r) 3232(’1 r) 0Z1(ry,r) :
2ik —2kfZ——==90 . : =
! or * or, 2 & » 2k or M r, 2 * or, 0 ®)
/%5, X ORMEORXD, Z(L,niE
B, ) = o fdr’ wdk ar, ~ T 6
Eirnn =-o— vexpyik,ry —i—=—p— &y, 1), 6)
0 —00

E3%. V2L, Ekyr) = [ &y r)exp(-ikor)dr, THD. R(6) DT > TNEHEELE (F)=0 %552, R
©) ER (5) BEDRICRAL, y(rs,r) ZRD, ZOT 24> TINEHEE 2,

oo o0

L r r
_ ik , ., ., ik 2@r—v -1’
<‘=2(ri’L)>=_@ fdrfdr fdr ko.k_Lzexp {—%——)}fdndli(nd,r’—r")exp(-iklrm)- @)
0 0 0 —00
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@5, ZOEE, R(r,nE 7 Y AFEOBCHBEEERT. I5I1C, BEMEED X — VIR TH2E<
kay > 1, ka, > 1|, GREBVSEEDOR T —IVIZERXTRKEW L> a,,q, &% i, X oEHEzE

Bl o2 [RPL) o
I @a(rs. 1) = =7 [ iz { L }P(k 0 ®
0

ERUTHIENTES. Ery,r) OBEROBMAHDS EWCHBETEDT (0 =ImE), BERMICEES 7 MIT ¥ ALE
BONT—=ZART MVEEREK P(R (1) BR) 2HNWT

&V <p> (ImE) 2Im (_.2) sza,a,
=- ~ dk L

Yo O Tk T kL }P(atkL) )

ERTTEMTES. REL, 725 MEROEMOILAMERE, o = \Ja2cos? ¢ +a2sin ¢ BEU
a, = axaz/\/axzcosz¢+azzsin2¢ EEBTD. ZDEE, AE L BAMERBNBEORBAN riE D23 A

ETHs (K228 . Lk, AE ¢ 2 AHAE LTS
BiZ, ST NEENHIABARY MIVBETRINZHEITIE, BITR

8V re(ka,)(kay) kay \™ (1 Gat \7)_ [Ga)?\"?
s = [(1 + 16(kL)2) cos| 5 arcsin (I + W) —( AL ) . (10)

Z1B5. 517, BRAEROBE ka, > Lia, DBE, FE

5V E:Zala, f { a2k, }dki _ reta, L an
0

2a,?
EEPTES.

fc = 80Hz fc = 40Hz
4. i’}h%ﬁ’:ﬁifﬁ@ﬁ?ﬁ . o ..... ’°( 1 e ?0,',‘."5
e P N
I, BEDT bOERBEBEKEEERT. ERIEIRytoviEIKELD  £° fodo
HEEERL, BHIAREMEC L BEBSS Ial—Sa bR ﬂl

Traval Distance [m]

DIEES 7 POBEERT. BEBRIIal—Ta hoROEEES T
FOEZEREE LT, Rytov IEOBZMMEEFMET 52 ENTES. hEH
YIalb—alhoRBboEES T MOMER, RIBEEOHEA - A
HAEOHERICE B> THMT 5. s 80Hz DA 600m 1%
TBHEEITE, ANAE0,45,90 BIIRL T, HET 7 hOEIZENEN
BELE05,07, 1% RBEELRS (K3 EF). —F, HEHEKRK40Hz OB
DHEITI, FEZ T MT0.5% BELTICZ2S (K3 A7%). Rytov i,
BEHLIal—2alnbBonEES 7 NORMEERESELTY
%. LULERS, GRREBE 400m LFOHEITIE, EEEI IalL—
a S REb oL Rytov IRIC K DEIZRAZ D, BT, ARMAEN
Y EDEEI, TOENKEN. ZHE, Rytov EFOEHBRIZHBNT,
CREHSHEERICHENTHAENE WS R ERBRITEI E &, HE
BORABEREZRE LB ERAWZZ EICERT 3 EZ 250 5.

Velocity Shitt (%)
2 E=d o

Velocity Shift [%)
o o € © bl
[N g . %

Velocity Shift {%)
e g e g

3: ML T N OERBEREEE. &
RS 2 LEHE (6 = 005, a, = 80m,
a, = 40m) %, SEEEREEN80Hz (&
Fl) & 40Hz (H%1) DEEHEMNEET
BBE.



BERAMH

X417, SERREREA40, 80, 120Hz OB ICBITH2EES T FOA
HAREKEEEZRT. BED 7 NIARAEOHEKIIMHES THMT 5.
DE0, MEEROEVWANNGET A& E1EE, RhTE, #<Us 2
B3, COBRKIIEEERICE > TEENICIIEAETES. BRI
BRI EEERZERT 50T, HEAEHSENEWARNGETS E
FFLEHEREZLIOESEBLSTWL. WG ELUT, KELS
BEFTRET S Ay Ruz—T2FxhidLurbliin, &k
L, BRERTIEERAHOBREEKEFEEZHETE R, —45T,
BEEIal—Ya VIIEBEROBMRICHESTEED 7 bOEHE
mss. £, TORFEIZIOM< RS, ZOXDRARKELLE

L =520m
120Hz

] 80Hz

Velocity Shift [%]

40Hz

0
0 20 40 60 80

Rytov IEIBEL TWw3. Incident Angle [deg.]
5. BREEw 4: EES T FOARAEKENE. 525

LEBEDARY MVBENRREFR AR ~
JUHEE (PR BEEE B CHHBIREE, £ = 0.05,
a, = 80m, a, = 40m) DHH.

FHETIE, BAEEDD2RITEFET VTV AFEITBIT SR
ROEPEBREEZ, REBOMARALEREL, ERVICEH
Liz. TOHRE, EPRREREEZIRFEERL, TORAHEDHE
SINABRCEKET LI ENbho7z. INETHBEEER A
DOERELT, 79y 7RO BIREMNAE X SN TERA, FH
FRXEoTRFANEED DI UV AEEICE > THEERFIENEHNS Z ARSI N,
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SRTT VA LEEEE X EET I EEETI o ANO0—TJDERHEL
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EEgEXx (RILXE)

I

1Hz & 0 BEREEERTIX, VA7 2T 22 MERILT v LA RYEREEICLD
BT EL OB AL 2T, BIE TR ALV AHTH - THGEEREOREMN L HicZ0Kk
xR, TEHOMEEERIIEATS. FUo X LEICRBT A Na— 7RO E
X, INETAD T —KOKHA R %ﬁévw:7ﬁu&w9%4ﬁﬁmﬁ&fﬁ
%ﬂﬁéﬂf%t[&mﬂ%%ﬂmwmﬂ@%ﬂ BT, EESIZL - T, X7 VMR
BI~OIEERRA LI, 2RTEDBHITIIESTEILL DV Iab—va b D—HbREN
& @ot[mmmm&m@m$SmWMKmum%nzﬁﬁmi3&ﬁ§yﬁA%ﬁ
WEEPGETIEER = N — 7 OEGHER 2T 70T, ZhxdET5H. 2L A
RIOEEEA Y 7 280 H CHEEREE (b Ee, HBEERq) TRENDT ¥ LHIEHE
BIZAF LEEA, GEBREBEOBK L LIIEEZ. Ru—7RN D X 5B T 500
FEHTA. ZOMIE, VY AT T OREENORAEZ BRI L LToRMH-EOPE = N
0 — 7 DIEICEIOLDEEZ BND.

< a7

FERPLEDR T — NI b+ & HEEROZEMB P IEEZBRH CE 256120,
Mﬂﬂﬁ@ﬁ?Vykwﬁi%ﬂ%ﬂﬁi IR ENFTRRUCE D EEX T L. EF
DT Na—FICEBTHHEICITMEMRERV VA FRE L 2, EEREFD 2 FEL
BMS)=oRNu—T7EREw Va7 Lo TEHT A2 L TE 5. PREAFOESR,
KT v VIR

o(x,,2.1) J:d(o Hozmior m U(x,.z,0) )

TRIN, HEEXV(x)=V, (1+&(x)) £T2&, HBUE
2iky,d,U + A °U -2k’ (x)U =0 (2)

D (2L, kK =olV). ZITHEEDLEDT Y7 {E(x) | 2Ex, WEER
LT F T NERWERRETHLDLENDHbDLEEZDS. UT, #EPLET, U
7 2RO E MBI R(x)=(5(0)&(x)) =% ") cRansBEEERT S, ®
Ty VB0 2 FBEEM AR T (x20.0,)=(U(x\20) U(x,207) )ig, EO
AT HENZ DOV T 1 BED B P 5y T2

a,I', + i%AMrz +k [ A(0)- A(r,)]T, +%A(O)F2 =0 3)
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RS TRL, A(r) IdzR x,,7) and 1, =\[€ +y’) ThB. ZOROT— =L
ZHRNWT, N7 }\/V&@%EJZ SOAERE R o OBEFUTOLIICE ZLBTE S,

I’z t0)=1(zt0,) J:dc)d Ties(i=2/%) { L T, (xid,z,wc,wd)} (4-1)

X1 4=0

=p ios, (12 A
IH(zt0,) J:d(ﬁd e KH’ kujrz (XM,Z,(DC,O)d)J (4-2)

¢ -
x; ;=0

HAER (0<z<00) [ZIAND T U & LWMEEEIZT )V ZBEER O IV ZEPAE D &
WO HIREIL, [ (t0,)=1"(2,0,)=0 BLQ I/(z.t.0,)=8(t-z/V,) for z<0TH

B0, TIUEIT,(x,,2=0,0,,0,)=1LEFEZENTED. HYABACFOELEIZIL, #&

tan s, 2Vok62tM 2. 2

1 T (xd *a ) ~Ineak,*z/2

F2(Z,de,(oc,(x)d)=0r2~w= e * e il 5)
COS 8,

25 BT Y [Sreenivasiah et al. (1975)], & D IElIwandering effect (ERfPLE) %2F

T.::f,ﬂﬁxa%:%?@;gv@o,m:{;z LRSI C 1 5. BRE(5) %
o
(4-1, DICRAL, 7=V xBEHBEET L TAXY MUBEZED. 2T,
_1:_(! /)
ioR(Z,l,wc)Elﬁlt{an 4 1y ]H(z—z/Vo) (6)
81y,

, 2HEEELTEE L TCBL LEFRITHA. AL, Williamson (1972)X°Sreenivasiah et al.
(9N L > THELNTNWD AL FT—FREDT  Xu—7FDRETHDH. ZIT,

L(v.q) 22 )’ ("”/2 sin[(2n+ 1] IFHEHT—FBEETHY, 9,'(v.q)= aat‘},(v,q)f“

n=0

BB, TRERANT, EREDLEET RO ERS DML

Vit (1=21%) -,
z Ly

ity 4(-21V,)
z i

ifo(z,t,wc) = ifo(z,t,wc) =

I* (z.t.0,) (7-1)

IAZPO(z,t,coC):{P }1 *(zrw,) (7-2)

ERTZENTEDL., Zhvb%, KLIRT. AU RABOGEIZIIFHOERE, BEKEK
FEZERVOT, mo_Xa—7ERIIERICIBEECL 220, -DROFREN L, P
BOBE, CEHTMICERT DT DBEIL(/0)z AL TREL DI LNDND.
7z, xﬁk\& v 5 ORMEIIBELCETORE R TN, FORKREBOEREIIEES



[ THD z NN TEY, 7 RO OME TR AIREOEFFERHIIT x OOBELY b
KEWD, FBEEEE &2 ORBHIZHEET 5. +SICEOWRFHARET S & zl)o 0
HARMEIIA LR, ZoREUIET 5.

B2 L, SFRERPE D/ VAR T U F AREEEMEEEICAS LTS A1, BEREED
Bz 2o X 5 IR T 50 E R LTI=bDThH S, xR DBEN/NSVD
T, H3I{=HEREREL00kmIZ 38 1) 2 P D FRE DR Z L DIER R 27T, IRAFENODRN
SREEIIERFDW L EXID ANTBEZL, WA FE e 2 fFomMElL(7-1, 2) CERLE
KD 5 E# I LT E 2. BREZDNIE-> & b TWTHREFHT o7
FEHE LB LN TEABREICITREIFEEL, — DR FEDOBITICIIBELES DRE
EEZBLNTWA.

S WIZOWTHRRDERALZITO ZEMNTED. ZOHE, P EEEY S HEEICE
Wz T, PIED z fRATREE B AN S DRI TRE %2, x BRABEND SO z ik
SBENESND. F@E S ED/ VRN T v F ARBE S AR LT 5E OB E R
MEZE 2 D TEIZRT. RUEEWD S EXDOHEICIE, SEOFNP LV & FEdhik
SRR EVZ N bnS.

R ll9)

HYARIARY MV b0 3RITT V& LEMEBVE L AREEE S AR L5658,

X7 MEOMERME{LE~ L a 7EEIZESWTER L. X7 MVEOERD D
Eix, A7 —2B%E2HOCTRITICE TN TE S, PEROBE, #EPLEICL
ZEHT OZhEIL I OEIT R OBE RS IRIBIZEN DD, = O ORKIEIEIEE OHELT
FRIRGORKEREL D /NS, ZOFRFBITEW.
L, FUVHZLEEDART MVPRREFHMOGEERRIDLENEELEZDND. £
TR OB 2 B & L7256, SRR LN SN REKEOT e —T7F
ROBRHEBED, 8B THD. WIind, ZRECLHAVIab—YarzfTy, <
2 7P OREE DZ L EDRRES LB L ST 5.
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BIEBEA - ElEEX - BHAE
RIKFAFEREFARRRNEFEH

d Ll
R BB R ORE I K > THITORGEBEDHEN L D FHMEA T — IV TiIThha &SI
B0, MBHEGEOTT I EXIOBRILT A EARBENTVS. 23D, MitiiEO a4
EERETIVOMRIZEIC IHZL LO&EEKTH D, 0.1Hz 25 1Hz £ TOREEF I, M0%EH
HIEIC Iz o Tz, TORPEEF O I— XFICERIMEDFEET 5 LHPBEOHENLRBENT
Eih, FNEHTORNIEBELFBU DI ZEENGET VI SN TWiah o7, ZI THH
BT, REABEOFET 28> L BEMABETH S LMEHERE L ZICERB LT VX LG
ME%Z#EZ, Rayleigh 7% &S EHBELOR @R Born ITLUCE DV TH—MICESAL, &7V
Hy TIVEBEN SBRE ENBHEBED 3 MOEH L \O— T7OMERNEHZITY, Rayleigh W
EEDa—HWADEFE LI DOV T OREENRE 21T Iz

Born :fli X S EELIRDFRIR

YA XL OBEHICRELIAEEREZ . BRIV ALAEBEOMSREAT 5780, TNIEE
BORMMEAT —)Va EHBEOERAMCH LT, a<A<LTHBILERETS. TTTE, A
S, BEENEFNTNHEERETORAEBIUL MY —KOMTEET 5. Born g TiE, R4
HICAS UG S BELE OB A BROEHEAERE JHE LT 5<. > T, EEREDAFTE
ZEMERATICRDORME, REEOAFNKZSMAEBHEICEDOEERE, LW BRTEEREE
BRETHCENTES. e ZRIBA,,DLA Y —EDAFHTHNT 2 REKRNOEELR (RB HEL
) 3,

o) A T ] X ol el 0

ERENDB. TTThy ke, TEERBEOEBEIRETSROBEAANY MV, r IZEELE OGBS,
KR X ABEEIANR T BV L BELR OB bV & DEN 575 5 BT H % [Sato and Fehler,
1998]. %7, BirchfIBXU PEE L SIWHBROA T — V) VI 2RETHILICED, HE
D & FRIEREE DD 5 EE(x) DA TR L. X IXEITOEELOREANZ— T,
RIREERE TOMBRBELOAMMKTFIEEZRI B THS. K 1 I Rayleigh 5 P (RP) , SV
# (RV), SHiE (RH) "OZEEEELDOE A/ 2 — % Rayleigh IO E A THIBE LTz 3
DIREICDWTR LTz, Rayleigh IRICE D 2 BELOEA S Z— 1%, EHREERE (K 1@) O
BEICH, WEeHITNELAD. FEEOEEOY 1 XEHEL D HKE W21, Rayleigh
BOBEUETEENME S CEFBICMBL TOWREEICLMEC SRV EWVE . £, EOF
—FTEHET z=A/32 GRIF) & z=1/8 GFED TORGELOAMKEFESIRE S RE>TVS.
CHUIEEBEROKTE L TEOT ARY FMEOEIC X8 DT, %< %% & Rayleigh 1 TE)
IRIEDHERNC K E {2 B 728, /KT EIET % SV IEASHT IS S 2 AR BELOEA (2 —
IKEELTL 5.



IvNO—TEH
FHWZECHERR (ACE) &/837—XRT MVEERR (PSDF) L TREOIBNE IV H L
WHEEZD. RELEREENOAFTE L Z 5 OMEHE DO T RN F—HRBEONZIEEL S
TET, WOREMEREBEGRBZERTES. WD TREMMI—RICT VA LEHERZEX, #
BEREILOEROT Oy 7IcnEd5. &70y 7 hBRT ZHEEDPEVICIERENTH S
ERETHE, XTIy TIVEIRFEIC K DESEN, 1 REGELL TBRIRICEREY 320V +—#
B, BEEECTREEEHICOVWTHRRIEL S LT MS ZoR\a—728KTE%. Ehikd
& U Rayleigh DS, HRTORKKDORFNZERT 572, & 17 ©— FOBET— F2FHET
BT icixs. plIzE Rayleigh BErH Rayleigh BEAOBELED 555 MS o\ —T713,
S e fl oI e e Y L (¢fs(t Srh JdA @

R

YELCLTES. TTT, Uyld Rayleigh IWOREERE, p dEAMKE CHEAAD b5 REN
b, g®R(C)AKTEERN T A RICIESHBE X B Rayleigh IOBERE, Wr(o,) & B (0) &
Rayleigh JED8EH T X)VF—ART MIVERE L FAA 0 FRANDEF/SZ—, A LA BEEID
BELA, BEGHD SBRISE TOXKFERTHS (K2). BIANDOTIVZERIARM Ico X
n—SICEETEAMELAROZEMA N (FREELHR) 2XLTWS. EBEOT—2BRICHILT,
FOABER o, 7 Z—TMEAf DNV RIRRAT )V EZRE L. 2QRUE 2 KuoEsHmERREN
D—RBEELDOERICTZ - TV B A, HIR TR NS Rayleigh IO x)VF &, T AT
FETRIINF—D—HTH 5B LIERT 2 FHEHDH > TN 5.

M20k3ic, BE10 kmliic@—hA VT =_Fa—FM, =5OBEThEOHBEZREL, BRIE
B 50km OHF TOTYNOa—TERE, QREEGLCHE LEZET— ROERMS T \o—T%2H
BN T B L TEHE L. HRIEER P BEE 7 [kn/s), P/S EEL 3, BE 2.7[g/miE L,
REBEEE o = 2[km], K5 EDKETDRMS e£=10% DIEBEOS VXA LEERRELTZ. B3ICMST
IAN\O—7OLETERS %, (@FDEEE 2Hz DIFS, (0)0.125Hz DFFICDWTRT. /2L, T
CCRIEHE 28T 27 D2RELE— F 2 A —EAK, E&K —Rayleigh #, Rayleigh K—%1k
%, Rayleigh J—Rayleigh %D 4 ‘DLC’\ﬁL FNEFNOETEA T —IVTRLTVS. SR
HOT o N\O—7, FHCHREBMICBO T EICREREREL (SSHED Na— X FEDOF - 2BHER
THBHDICHL, BARKICXS }:B%Faﬁﬁcﬁb‘%%x@%ﬁ@@iﬁ(kttﬁﬁ% Rayleigh #[A - OBELED T
ANO—TOBRERL LTE-MT 2 X510k %. £z, REBENKEVEOD, SIEKEEZERMII
TIXEMEED B Rayleigh ADEHEEKE ER TERVESE LT3,

1 RIEHBEETIVICK B Rayleigh iF#H Sl RIDYIE

RIEODFIEAE R D 5 KA Tld Rayleigh IHOBELED, BAMK T SSEELENI—F o \n—7
KENDTEHWRENT. 28, FOLELRHEMT EMNIEEREE - BEAAZ XL L EIREIRK
#LTHD, BETIAR. 2T, Rayleigh AT OHELD 2 RIRIED 3 i OFIH SSHELE D
LREL DB, ZHEE LTz, BREBREREDHE—HRICH D 20D 1| REHELET
WORED T TR, T \a—FRIBIIMBITIICERTE, &
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Why can the Green’s function be retrieved from the cross-correlation function of a wave field? - A proof for
one-dimensional cases
Hisashi NAKAHARA (Graduate School of Science, Tohoku Univ.)
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