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 T-phaseは、海洋での海水の温度・塩分の鉛直分布から形成される低速度層に沿って遠方
まで効率よく伝搬する音波群である。海洋下や海岸に近い浅い地震において、ごく一般的

に観測される。海水の温度分布や海山による散乱といった伝搬現象は、海洋学や地震学で

これまでも数多くの研究がなされてきた（e.g., Obara and Maeda, 2009）。 
	
 これに対して励起については定量的な研究は少ない(e.g., Walker et al., 1992)。数Hz以上の
高周波T-phaseは海洋中の伝搬では非弾性減衰の影響は無視できるので、そのスペクトル特
性は励起現象、すなわち震源過程に依存する。海底の浅い部分では10Hz以上の地震波は著
しく減衰し、断層の上端が深ければ、高周波成分は低下するはずである。つまり、T-phase
のスペクトル特性は、震源の深さに依存することが予想される(e.g., Salzburg et al., 2011)。
海溝型の超巨大地震では地震モーメントの早期推定には数多くの研究があるが、用いられ

る長周期地震波の観測では震源の深さ、とりわけ津波の励起に関係する浅い部分の分解能

はない。よって、浅い震源の深さの指標としてのT-phaseのスペクトル特性に注目する。 
	
 図１左のような海底面下のQの深さ分布（ここではT-phaseを考えるので、P波の値と速度
c(z)を仮定）から、深さz0からz1まで広がる有限断層運動による海底面での振幅スペクトル
を求める： 

P(ω) = A0 exp(−ωz / 2c(z)Q(z))dz
z0

z1∫
 

長さ100 kmで傾斜30度の一様な断層面のすべりを仮定し、断層の上端の深さを変化させた
場合の、低周波数領域で規格化したスペクトル形状を、図１右に示す。上端が海底面から

少しでも離れると高周波数成分が著しく減衰し、スペクトルの傾きが大きくなる。2011年
東北沖地震でのT-phaseスペクトルは傾きが他の地震より小さく（図２）、断層が浅い海底
面付近まで達していた推定と調和的である。 

 
 
図１: Qの深さ分布モデルと、深
さが異なる断層運動からの海底

面でのスペクトル(長さ50kmの
上端部の深さを右図に示す)。 
 
 

 
	
 断層震源は励起される周波数特性は複雑であるが、概ね omega-squareモデルという, 
コーナー周波数 fcより高周波数領域で周波数の二乗に反比例した形となる。図３には図１
と同じような断層上端がが深さ1kmの長さ100km・低角30度の断層について、いくつかの
コーナー周波数での海底面でのスペクトルを示す。断層面が大きく津波が顕著な巨大地震 
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Introduction
SAIC has identified three areas where T-phases recorded at 
hydrophone stations provides information that is useful for 
tsunami warning.  They are:

Theory of the T-phase attenuation
In the solid earth, the signal loss (attenuation) is a fraction of the energy 
per wavelength (and thus frequency dependant [e.g., Lay and Wallace, 
1995]) whereas in the SOFAR channel, there is minimal attenuation in 
the 3-200 Hz frequency band [Urick, 1983].  Below 3 Hz, the SOFAR 
wave guide breaks down.   Thus, all of the observed attenuation (i.e., the 
spectral slope) in the 3-200 Hz frequency band relates to attenuation in 
the solid earth, which can be written as:
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Where, Ao is the reference amplitude, f is the frequency, x is the distance 
traveled, and Q is the fractional loss of energy per wavelength.  The 
rupture depth for this hypothetical point source can be determined by 
taking the log of both sides of equation 1, which is

Since large tsunamigenic earthquakes are typically not point sources, it is 
useful examine an extended, line source.  Assuming a two-dimensional 
solution where the observed energy in one small time window emanates 
uniformly from a variety of depths, the, then impact of the attenuation can 
be computed by integrating Equation 1 over the displacement from the 
conversion point, which is:
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Where, xmin is the minimum (shallowest) point of the rupture, and xmax is 
the deepest point of the rupture.

Applications of the technique
The hydroacoustic signals from three Indonesian events were processed using the spectral analysis 
approach, with the results shown in in  the three figures below. The first event occurred on the Dec. 26, 
2004 event produced a significant tsunami throughout the Indian Ocean. This event had significant 
high-frequency T-phase energy, as shown in the spectrum on the left.  The point and line source models 
indicate that the rupture was very shallow, with a point-source rupture depth of about 6 km.  

The second event examined occurred on March 28, 2005 and produced a smaller, but noticeable 
tsunami.  This event also had high-frequency energy, as shown in in the center, but not as much as the 
Dec. 26th event.  The rupture depth inferred from the spectral shape was about 16 km for the point 
source model.  Thus, the energy from this event appears to have been generated from a deeper source 
than the Dec. 26th event.  Furthermore, while the peak amplitude of the T-phase for this event was 
greater than the Dec. 26th event, the duration of the rupture was much shorter (200 vs. 600 seconds).  
The final event, an Mw=7.4 event occurred on Feb. 13, 2001, and did not produce any observable 
tsunami.  The T-Phase had more decay with frequency, as shown on the right, indicating an even deeper 
rupture of about 20 km.
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Parameter determinedT-Phase Observation

Estimate of source depthSpectral Content

Estimate of lateral extentDirection

Estimate of source durationDuration

In this poster, we will present examples of each of the observations, 
and the theory behind the parameters.

T-Phase duration
Extended T-phase means extended source duration

Observed(t) = Source(t) * Propagation(t)

Two events near by should have nearly the same propagation.  
Therefore, if one has a significantly longer duration. The source 
duration must be longer.

Using an aftershock as an empirical Green’s Function indicates a 
T-phase duration of 1-3 minutes for the aftershock, compared 
with 12-15 minutes for the mainshock.  
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The figures above show the T-phase from 5 events.  The upper 
figure shows events recorded at Diego Garcia from Indonesia; the
three in red produced a Tsunami, the green did not. The lower 
figure shows the T-phase from the 1964 Alaskan earthquake 
recorded at Wake Island.  Note that the tsunami events all had 
longer durations than the event that did not excite a tsunami.  

T-phase direction

Use time delays to estimate the direction of energy arrival (Frequency-
Wavenumber Processing).  For each time window in the T-phase, and 
independent estimate of direction is obtained.  By back projecting that to 
a probable T-phase conversion point, an image of the source extent and 
rupture is obtained.  

48 dB 

0 dB

The rupture history as inferred from the FK analysis is shown in the 
shaded boxes.  The numbers to the left represent the time into the 
rupture.  Note that the rupture speed slows down as the rupture 
propagates to the north.

This type of analysis (though with a different approach) is the subject of 
Catherine deGroot-Hedlin’s poster.  As such, we will not present more 
detail here.

Longitude

L
a
ti
tu

d
e

0 Minutes

2 Minutes

4 Minutes

6 Minutes

8 Minutes

10 Minutes

12 Minutes

85 90 95 100 105

-2

0

2

4

6

8

10

12

14

16

A
m

p
li
tu

d
e

 o
f 

F
K

 (
re

la
ti
v
e

 t
o

 

p
o

s
t-

t-
p

h
a

s
e

 s
ig

n
a

l 
le

v
e

ls
)

0 2 4
0

2

4

6

8

10

12

Time correction (Minutes)

T
im

e
 (

M
in

  
in

to
 T

-P
h
a

s
e

)

0 20 40 60 80 100

-0.2

-0.15

-0.1

-0.05

0

Depth

S
p
e
c
tr

a
l 
S

lo
p
e

10

2

10
3

0

5

10

15

20

25

30

Q

D
e
p
th

 (
k
m

)

0 20 40 60 80 100

0

50

100

150

200

250

Frequency (Hz)

A
m

p
li
tu

d
e

 (
d

B
 r

e
 1

 µ
P

a
)/

H
z
.

Dec. 26, 2004

Mar. 28 2005

Feb 13, 2001

Noise

T-Phase Spectral Content

We have observed that the T-phase from the Tsunamogenic 
Earthquakes recorded at IMS Hydrophones are much richer in high 
frequency (f >50 hz) than typical events, as shown below and to the 
right..  Walker et al [1992] analyzed the T-phase from 28 events in the 
Pacific region using data recorded at the Wake Island bottom mounted 
hydrophone. Using data sampled at 80 samples per second, they found 
that the T-phase from tsunamigenic earthquakes were richer in 
frequency energy than the T-phases from other events.

The high-frequency T-phase energy from 
tsunamigenic energies is somewhat 
counterintuitive, as the long source 
duration for the tsunami events should 
result in less high frequency energy 
relative to the low frequency energy.  
Walker et al explained this by invoking 
ad hoc secondary sources , such as land 
slides.

A comparison of the spectral content of the T-Phase 
for three events: Dec. 26, 2004, (above); Mar. 28, 
2005 (above right), and Feb. 13, 2001  (right).  The  
Dec. 26th and Mar. 28th events both produced well 
documented Tsunamis.  In contrast, the Feb. 13th

event was not associated with any observed 
Tsunami.  The two tsunamigenic events had 
significant signal at frequencies up to the anti-
aliasing roll off frequency, whereas, the non-
tsunamogenic event has little signal at frequencies 
above 50 Hz.
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Studies of the December 26, 2004 event show little evidence for secondary sources;  the observed tsunami wave be explained by the coseismic 
deformation associated the mega-thrust event.  Thus, secondary sources probably were not responsible for the high-frequency T-phase energy.  We 
propose an alternate hypothesis to explain the high-frequency T-phase of tsunami earthquakes:  The high frequency energy is a result of less anelastic 
attenuation because of the short solid-earth propagation path. That means that, the apparent abundance of high frequency energy relative to other 
earthquakes is because of the additional attenuation in the other signals. 

Applying this approach to a series of well-located aftershocks (depth error < 2 km) for events with 
clear T-phases and conversion in the accreationary wedge, we compare the spectral slope to the 
reported depth, shown below right.  In addition, the the blue line is the expected slope based on the 
attenuation model shown below left. 

There is a general agreement between 
the measured slopes and the Q-based 
slopes, with some scatter.  The scatter 
may result from using a uniform 
thickness of the accreationary wedge.  
As geophysical databases provide the 
sediment thickness for a given 
location, that information could be

used to provide estimates of the event depth based on spectral slope and attenuation model, and may 
provide a mechanism for obtaining real time estimates of the rupture depth.
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Summary

We have demonstrated three potential markers for 
identifying which earthquakes are likely to produce 
tsunamis.  Those markers are outlined below:

Derived ParameterMeasurement

Source DepthT-Phase spectral slope

Source ExtentT-Phase azimuth

Source DurationT-phase duration

Assimilating these terms with seismic parameters may lead to the ability to predict seafloor 
deformation in real time, yielding results shown on the right.
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図２  2012年東北地震
の太平洋Wake島のハ
イドロフォンの波

形・スペクトログラム、

およびlogスケールで
の振幅スペクトル。 

はコーナー周波数は 0.1Hz より低いので、数 Hz 以上	
 	
 	
 

の T-phase の周波数領域を考えるならば、その影響	
 	
 	
 	
 

は無視できる。つまり、通常の地震よりコーナー周波

数が異常に小さい、いわゆる「津波地震」でもそれほ

ど変わらず、やはり震源の深さでスペクトル形状が決

まる点は重要である。	
 

	
 最後に、東北沖地震では断層面の上端が海溝近くの

堆積物層においては一つの面でなく、より高角に枝分

かれした複数の小断層が運動し、大きな津波の励起に

重要な役割を果たしたと指摘されている(Tsuji	
 et	
 

al.,	
 2011)。図４右では一例として、上の例より少し

深い断層（上端が 10km）に加えて、傾斜 30 度で長さ	
 	
 	
 	
 図３	
 コーナー周波数の影響	
 	
 

20	
 km のもう１本の浅い断層が存在した場合を比較する。わずかでも浅い部分での断層運

動が加われば、T-phase の高周波成分が顕著に大きくなる。副断層の長さを半分にしても

上端の深さが同じならスペクトル形状は変わらない。図４左ではその半分 10	
 km の副断層

の上端の深さを変化させた結果を示す。津波励起に直接関係ある 10km より浅い断層運動の

有無が、高周波スペクトル形状を決定している。	
 	
 

	
 

	
 

図４	
 

浅い

副断

層の

影響	
 

	
 

	
 

	
 

	
 実際には、10Hz以上の周波数依存性、S波のよるT-phaseを励起、海底地すべりなどの事
例の影響、浅い断層分岐の複雑さ、すべり量の偏りなど複雑な要素がある。にもかかわら

ず、T-phaseのスペクトル形状は、海溝での大地震の断層上端の推定、すなわち津波の早期
予報において、従来の手法とは独立で重要な観測データとなる可能性を強く示唆している。 
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