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Observation on the Swimming Speed of Fish
in an Annular Trough -IlI

Swimming Performance of Anchoevy by Light

Makoto INOUE

Abstract:

trough, the effect of visual screen and current had been tested in the previous study.

To measure the swimming speed of anchovy Engraulis japonica in an annular

In the

present paper, the effect of light is examined both independently of the visual screen or current,

and dependently of them.

The source of light is two miniature bulbs of two watt, which are

suspended at points symmetrical with respect to the trough, and rounded at the same speed

of the visual screen.

When the light is supplemented to the visual screen and current, the rheotropic movement

of any test fish is released easily compared with the case of only visual screen or current
and even the case of the combination of the both stimuli, and a disorder of the performance

is not seen in the lapes of time.

For such a phototropic fish as anchovy this method may be

effective to measure the swimming speed in the annular trough.
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Fig. 1. Outline of the trough.
a, visual screen for outside wall; b, top view of
the through; c, side view of the trough.
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Table 1. Observation on the rounding number of anchovy by current stimulus.
q T Obser- . | :
. Body . vation ‘
Fish length Trial Rounding 1 ] 2 ‘ 3 4 5
cm | number of fish \‘ |
+ 0 ‘ 0 /s 1%/ 3%/
1 =) 41/, | 3!/4 ‘ 3 2 0
() 0 ‘ 0 0 0 0
1 11.2
+ o | 7 5Y4 1%/s
2 ) o0 | o 0 0 2
“ (:1‘?) 0 ; 0 1 0 0 0
i i + 0 i 1/, ‘ A 0 21/,
l 1 (- | 14/5 ] 2 o3y, 0 1
| (+) 0 1 0 ; 0 1%/4 0
2 10.9 S — y
CD) 3 | 1Y [ 0 /4 /s
2 (- o | |4 0 0
‘ (£ 0 0 0 0 0
(+) Yy 0 o0 0 0
1 (- [ 0 ‘ 34 ] 3/ 3 2
() YA ey, 1y 2/,
3 0.2 — ‘
+ L0 0 ] 0 0 0
\
| 2 (=) EL Vo0 1 1
{ (£ 1 1 ’ 1/5 | 1%/s 2!/2 3
+) [ 0 i 0 e 0 0
1 - ‘ 0 0 0 0 0
| | (£ /s 1 1 1Y/ 1 1Y/s
4 10.5 T
€D I 0 n
2 (-) o 3 0 0 0
| (+) 0 vy Ly ‘s 0
l + s Yoo 12 115
L - I T 0 s
9.8 | () | A 0 0
5 — - — ‘ —
) 6'/4 7|6 24/, Yy
| — —
2 } - 1 0 l /s 1/, /s
| (£) 0 0 ! 0 0 0
L

* Means a continuous observation on the rounding number of fish in every one minute for five minutes; (+)

swimming ahead against current,

45

(=) being streamed with current, and (£) being streamed against current.



MK & 5 Bt b B o il —111

PEDBIIIC UL,

KEIC P AN, KRR, 5rHIES S ¥,
WKW < b EETANEEZS # 5, KERICAR
Fefuz, TARCRICBRET 3 LIRS T, I
G0y 3B 1 BoFltabhnizdy, £hb
BHFLUCRICERYEA, Lol hF-eiHH
U, Hc & SRS 2% 28A T, REBRICHC
RAEIZSETH 3,

JSeoEERIC & BRET 2 RPRALE, HHE
BEIET 5, BB S T, 1 o LicHo
EEEE R R 2. 1 EOBEANL, T oRET
KR IIA 720 JOERERII S 6.3 [HTH 5,
Yo ElE & R OdERY FEE T, JEPIe 68D
Mg+ % &, FAOWEXRITENIILE 345, Zhidb
THOMET, BFY ) LEOKEFAOHBRICAS

Table 2.

73

&, KUY 5, £ OREHE, ROEEIZE D
Big, HoRMEL YDk bd, Hrikd s LA
BE LIPS 5, B EILL T 6 10k
DIKIERERE 2 BOE2 Mol 21T8 9,

Tiial
12 \ 2N 1t 2 3 4 s
" T o

'!;]:i’

b

T

Rounding number
N S e
£ b

y

lightecurrent X
,x—""" X

&

% -6

Fig. 2. Rounding number of anchovy by light
stimulus, and light+current stimuli for five
minutes.

Rounding number shows the difference from 6.3
times which is the rounding number of light
in one minute.

Observation on the rounding number of anchovy by light stimulus, and

light+current stimuli in every one minute for five minutes. — means the fact that
the fish swim with losing ground for one minutes.
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Fig. 3. Rounding number of anchovy by visual

screen stimulus, and visual screen-current

stimuli for five minutes.

Observation on the rounding number of anchovy by visual

screen stimulus and visual screen-current stimuli.
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Fig. 4. Rounding number of anchovy by visual
screen+light stimuli, and visual screen+current
stimuli for five minutes.

light+visual screen

stimuli and light+visual screen+current stimuli.
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Lag Joint Probability, Higher Order Covariance Function
and Higher Order Spectrum*

Yutaka NAGATA**

Abstract: Statistical distributions of records of oceanographical and geophysical phenomena
are more or less skewed and peaked. If a given time ceries is not Gaussian, its statistical
properties cannot be described completely by its power spectrum only.

As an approach to describe a non-Gaussian properties of time series, HASSELMAN et al.
(1962) studied the bispectra of ocean waves in shallow water. Trispectrum and other multi-
dimensional spectra can be defined in the similar way, but are impractical because we need
huge time for computing these multi-dimensional spectra. As a second approach, one-dimen-
sional higher order spectra can be defined by the Fourier transforms of higher order covariance
functions which are used in the analysis of turbulent field by FRENKIEL ez al. (1967) and
VAN ATTA et al. (1968). As a third approach, we define the lag joint probability density,
Po{1, 72; 7}, by the probability that the value of the time series lies between 771+%dv at a
time ¢ and lies between nzi—l‘df,' at the time t+7. This lag joint probability density gives
also good measure of non-Gaussian properties of the time series.

The basic properties of these higher order expressions of three types and their mutual
relations are discussed in this paper. The discussion is restricted to mathematical aspect of
the problem, and the practical applications of the results will appear in a separate paper.

1. Introduction

Statistical distributions of records of oceano-
graphical and geophysical phenomena are more
or less skewed and peaked because of the non-
linearity of the phenomena themselves and the
recording systems. Records of ocean waves in
shallow water, water temperature variations due
to internal waves measured at a fixed point, and
the vertical temperature gradient in the oceanic
thermocline as a function of depth (Cox et al.,
1969) are typical examples of such skewed
time series. If a given time series is not Gaus-
sian, its statistical properties cannot be described
completely by its power spectrum only.

In order to describe non-Gaussian properties
of a time series, we need to use some spectra
of higher order. As an approach to such a
non-Gaussian time series, HASSELMANN ef al.
(1962) studied the third moment and bispectra
of ocean waves in shallow water. In the similer
way trispectrum and higher multi-dimensional
spectra can be defined. In the analysis of tur-

* Received April 30, 1970
** Geophysical Institute, University of Tokyo

bulent field, FRENKIEL et al. (1967) and VAN
ATTA et al. (1968) calculated one-dimensional
higher order covariance functions. As a second
approach, one-dimensional higher order spectra
can be defined by the Fourier transforms of
these higher order covariance functions.
Another method may ke derived from ex-
panding the concept of the probability density.
We define the lag joint probability density,
Po{91,92; =}, by the probability that the value of

. . . 1 .
the time series lies between 7}1i—2—57] at a time
. 1 .
t and lies between 7}zi§57) at the time #+r.

The behavior of the joint probability density
should give a good measure of non-Gaussian
properties of the time series. It will be shown
that the lag joint probability density has close
relation with one-dimensional higher order
covariance functions.

The purpose of this paper is to study the
basic properties and mutual relations of these
higher order expressions. Gram-Charier’s and
Maclaurin’s expansions of the quantities under
consideration are assumed, a priori, to converge.
This corresponds to the assumption that the

(10
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given time series is quasi-linear and quasi-Gaus-
sian. The bispectrum for greatly skewed time
series of several models will be given in a
separate paper. I restrict the discussion in this
paper to mathematical aspects of the problem,
though this study was initiated from the analysis
of the vertical temperature gradient in the
oceanic thermocline.
of the results in this paper will also appear in
a separate paper.

The practical application

2. Lag joint probability density

We consider a stationary quasi-Gaussian time
series 7(#) with zero mean, 7(#2)=0, and denote
its probability density as Pi{»}, and lag joint
probability density at a time lag = as Pe{71, 72;7}.
By assuming ergodicity, we can define m, n-th
order covariance functions by

/2

Run@=lim 1 \" moypteeardr. (1)
The higher order covariance functions are closely
related with the lag joint probability density;

Rm,n(r)=g j Ui

—00

X Po{n, m2; chdmdyz. (2)
In particular,

Ro’o(f): S\j‘Pf)ﬁ% 72 ,L}dT]]dﬁg'—‘l < 3)
Rm,()(f) :RO, m(T)
:ng 71 P {1, 725 T)dydye

:& i Pi{ni}dyi=Mu , (4

where M, is the m-th moment of Pi{7}. Note
that My=1 and M;=0
From Eqgn. (1), we obtain the relation;

Ran =" |7 u

:A{wwn . ( 5 )
This indicates that singularity of Po{yi,72; t}
exists at =0. First, we shall check the func-
tional form of Py{7i,7%s2;7} at t=0. If we con-
sider the characteristic function P:(a, b;7);

Pya, b;o)
- S S Lo, pa; e ritomttmdy,dy,

7/: P2{771, 72, O}d?‘“d)?z

Po{n1, 7257} 0
:S S Py(a, b;o)eitan+inidadb .

(11)

we can express Ps(a, b;7) as a Maclaurin’s ex-
3
pansion;
Py(a, b;7)
oo oo 1 am+n[) (O 0: T)
m=0 n=0m!n! damab"
oo oo ( ._JZ'Z)m n

- Z Z - ARm n( )a‘mbn (7>

m=0 n=0 m!n!

m bn

because
gam,fn[,) (O O z,)
damob"
:{(—zm')me S_ s Pa{n1, 1257}

X e=2mi(an: +b'72>dmd‘qz]
. a=b=0
= (—Zm')”*"g Svi”v?Pz{m, 25T hdyidne
J
— <___2n.l'>m+an’n(,:> .
At £=0, by substituting Rm ,(r) in Eqn. (7)
by Eqn. (5), we obtains

Pyla, b;0)= 2 (= Zm?

n=0 Y

WVL<LI+ b)"

Then, from Eqn. (6), we can derive the follow.
ing relation;

Po {71, 9230}

(oo o0 oo Q
:\ S 5 T v by

J—oo ) —ocon=0 71

X e2zi(an+0n2) dadb

:gw iem 3 @-0d(a—b)

x\ oL ?m MaCa+b),

x e2is T @b d (a4 b)

=00 —72)- P1{ rl;_fz}. (8)

(—2m)"

It is noted that - —Mna" is the Maclau-

rin’s expansion of the characterlstxc function of
Pi{n}. Therefore, P:{(71,7%2; 0} has the value
only on a line » =%, and this value is equal to
that of the probability density Pi{n}. The
limiting form of Pa{n1,%2; t} for = -0 with be
discussed in the later section.

If the given time series does not include ex-
tremely low frequency components, two samples
7 and 7. taken at a large interval can be
assumed to be independent of each other. Thus,
Lo, 125 ) for r—o0 is given by
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Py, 9200} = Pi{n1} - Pi{72} .
Then, the corresponding characteristic function
Pyla,b;0) is
Py(a, by o)
= S S Pl{771}PI{7]Z}€~21:1‘(:71(L+7]Zb)d;71d772

— o0

_ % % \(7_27”)m+n

oMo+ Maambr.
m=0n=0 m.n.

Comparing this formula with Eqn. (7), we have
Ry n(00)=Mpn-Mn (m,n=0,1,2 ...) (9)
Therefore, all of higher order covariance func-
tions tend to approach constant values as r—oo0,
unless the time series contains very low frequency

components.

3. Gram-Charier’s expansion of the lag joint

probability density

The expansion form of Py(a, b;7) in Eqn. (7)
is not convenient because Fourier transform of
each term does not give a continuous function.
It is possible to rearrange the expression as a
sum of two-dimensional Hermite polynomials.
Since Fourier transform of infinite series of
Hermite polynomials gives infinite series of
Hermite polynomials, such rearrangement means
that the original lag joint probability density
Po{m,72; ¢} is expanded in two-dimensional
Gram-Charier’s series.

[} oo C”’ T)
Pl =3 2 oo, g0, 10

m=0 n=0 M.N.
where

1
o, ) = ¢ 2g2 (11372, an

2na®

P (0, 75)
J— Mm+n 7}1 772 7 ]
=(=1)m+*H, - H, - ey, m2)  (12)

and

02:j S 7P {71, 1257} dd,

oo S
25 S BP{n1, ot} dmdys
-

— oo

Then, coefficients Cn »(z) are obtained from the
orthogonality of Hermite polynomials with a

weighted function e 2,2 (71°+72%)
C n () =(—=1)m+n
X gmwSWEM<%1*>Hn< T; >P2(7711 De;ydmdn.
13

The coefficients up to the fourth order are as
follows;

Coo(x)=1 C1,0(T>:0, C(),1(T)=O (14

R
Coo(0) = 2’(:2(2-— 1=0
Ci1(@) =Ry 1(x) /0 (15)
Co,2(t) =0
Cs,0(t)=—Rs o(2) /o= —7
Co,1(r) = —Ra1(z) /0®
C2,1(T) =—R;(z)/a? 16)
Co,3(t) = —Ro 3(z) /0®
C‘*,O:\R‘i’i&-}* —3=0

G
C = M»_g&’,lg

BT g O 2
R o (r

Cz)»z: 773;'4(4), —1 (17)
Cis= Rl’i(r) 3 Rl,lz(T)/ ’

o o
C0,4:ﬁ:4(7) e

where y=M,/0® is the skewness of Pi{7} and

M, . .
s=-= 44 —3 is the excess of the kurtosis compared
g

to Gaussian process.

The expansion form in Eqn. (10) is not con-
venient to investigate the characteristics of the
lag joint probability density near =0, and to
discuss the lag joint probability density for
Gaussian case. Considering the form of P{7,
79;0} in Eqn. (8), we introduce a new co-
ordinate system (%+,7%-) defined by

1
7e=" (1t72)
18
:—L(T '—72)
1-=5Un
and the coresponding joint probability density

P+, 157}
P+, 13 9)dnudn-= o Pals, asm)dipdpe.

Then, the Gram-Charlier’s expansion of {7,
7-;7} is given by
PZ* {v+’ ﬂ— ;T}
e o OG0

m=0n=0 m!n!

g (e, 7-57), (19

where

(12)
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S, -3 *) i
7- \%
,,,e zR a.(r) <m(?)')J
27f(7+
(20)
([)(m,n)(-,/+ 7;7>:<_1)m+n

<ol Y 5 paamneio @

and

w@=|" " nrrapa

1 (72 771+772>
= dt
}E&TS m( 2

33[02+R1,1(7)] 22

() = Sf S°_° gr,apgedmdﬁ_

1 {772 7/1—7/2>2
=l ( < dt
JE?OT., ~772 2

:EEGZ*RLl(T)] . (23)

The coefficients C¥, ,(r) can be obtained by
Cr (@) =(=1)m*n

() panan. e

Since 7+=7-=0 from 7:1=7=0, it is clear that
Ceo(r)=1 and C¥ ()=C¥§ . (r)=0. (25)
we define higher order covariance functions

R% .(z) for the new coordinate by

R,*.(D)
:S S 05t P+, n-s7}dn+dy-

1 (772 771+772> (771—772>" e
=1 X IR e, (26
TiooTS T/2< 2 2 (26)

where 71 =9(¢) and 7.=7(¢+t). Then the second
order coefficients are

R

Fo(t) = —1=0
R E@) @0
0. 2(7) 2 ( ) —1=0
and
Cl* 1(7)
_ RLG®
T o+(v)o_(r)

IS SR T LS“ (Lﬂ)(iﬂ)dt
T 0u(0)o-(7) 7moo T} —112 2 2

L i (" reypar=0. 28
T 46.4(t)o-(7) TT&O?j—T/Z(m—% T

Therefore, the expansion in the new coordinate
system includes no second order terms. Instead,
the standard deviations along 7.~ and 7p--axis
are the function of the lag . Comparing Eqns.
(22) and (23), we can interpret that the auto-
covariance function Ry 1(r) is a measure of
exchange of the second moment between 7.-axis
and 7--axis.
When t—0, ¢%(z)—¢? and ¢2(r)—0,

lim ¢ (74, 7-37)
()

= -L—H(l)\/ZTL' 0_+e 20,2 \/27! U_e 2,
742
:5(7/0@?6‘ Tt . @9

This result agrees with the expression (8) for
the Gaussian Process. Using the relations (18)
and (19), Eqn. (20) can be rewritten as

¢+, 750

_ 1
T 2262 (1—R2,/g*) /e

Xe"p[ 20— Rl/o‘*){(y]?)
—9R11<)“’” ( )H 30

Eqn. (30) shows that the basic weight function
turns out to be the lag joint probability density
for Gaussian process (F. N. FRENKIEL et al.,
1967). Therefore, the Gram-Charlier’s expansion
in (19) is much more convenient than that in

(10).

4. Third order covariance function, third
order spectrum and bispectrum

The third order coefficients of the expansion
(19) can be calculated from Eqns. (24) and (26);

C¥()=—R3 o(r) /% (7)

== ( )[asf—deol(r)]
CH (D) =—R5 (@) /0% (Do-(2)]
1
T 4 (Do() Qe1(®) GD

C¥(t)=—R} v(‘r)/ [o+(0)a2(D)]
== 40+<T)0 @ [o%r —38S21(2)]
C (o= —R§ $(2)/ ()

Q21(>’

s (r)

(13)
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where
S24() =5 [Reu(D+R1a(0]

1 (32
Qz,l(f):E[R2,1(t)—R1,z(f)] )
The cross terms of the third order coefficient
cannot be eliminated by rotating the axes, un-
like for the case of the second order. Therefore,
the lag joint probability density up to the third
order cannot ke expressed by a product of two
one-dimensional probability densities.

In Eqn. (31), C#,(x) and C¥.(r) include
Se,i(z) only, and C¥,(z) and Cg.(c) include
2,1(r) only. So, we can divide third order
terms into two parts; symmetrical part as a
function of Sz 1(r) and asymmetrical part as a
function of Qs 1(z). Sz,1(z) and Qe 1(¢) can
be interpreted as measures of exchange of the
third order moments between C§ ((¢) and C¥ ,(z)
and between C¥.(z) and C¥ (), respectively.

It should be noted that, in Eqn. (31) we have
only two independent third order covariance
functions Sz 1(z) and Qs :1(z). I we define
the third order spectrum Fi i(w) by

F (0)= ﬂ Ry 1(D)e~i2odr

= \OO Sz, 1(t)cos 2rwrdr

+ig Q:,1()sin 2rwrdr ,  (32)

F> 1(w) dw should be interpreted as the contribu-

tion to the mean cube 7® from the frequency

range <w—~?1jdw,(u+%dw>. Since Sz, 1(0) =a’y
and Q2 1(0)=0, the effective contribution to the
mean cube 7 comes only from the real and
symmetrical part.

The third moment or the skewness of a time
series generally results from the second order
interaction among three frequency components
whose {frequencies, w1, ws and w;, satisfy the
interaction relation wi+ws+ws=0. Since there
are two independent frequencies in this interac-
tion, the one-dimensional spectrum F3 1(w) can
give only limited informations about the second
order interactions. The more complete informa-
tion is given by the bispectrum B(wi, w2) (HAS-
SELMANN et al., 1962);

B, @2)
:S:r S(e1, ea)e-2irit o) drydr,
S(er, 7 (33)
- [ MJMOOB@I, op)ereilor it oD dido .

where S(z1,72) is the mean third order product
and

S(z1,72)
" T/2
~lim ﬂ ECUCENTICESTANCD

Since R, 1(z)=5(0,7)=S(z,0), we obtain the
relation between the third order spectrum and
the bispectrum;

Fo 1(0) = (w Blw, odo (35)

.

Therefore, the cne-dimensional third order
spectrum represents the integrated bispectrum
along a frequency line. As seen in Eqn. (32),
the third order spectrum is complex and it con-
tains all the independent third order covariance
functions Sy, 1(z) and Qs 1(z). Therefore, an-
other one-dimensional third order spectrum which
may be defined as the integration of the bispect-
rum along another line in w1, wy-plane cannot be
independent of the third order spectrum defined
in Eqn. (32). Unfortunately the real part of
B(w:, wy) is not positive definite unlike the power
spectrum. Even if Fy (w) is very small for a
certain frequency o, we cannot conclude that
the frequency component of o does not play
an important role in constructing the skewness.
For example, a large positive contribution from
some frequency pair (@, ®}) can be canceled out
by very small negative bispectral values along
w1=wo except at the point (wo, ®f).

Though the one-dimentional third order spect-
rum gives much less information than the
bispectrum, the third order spectrum is quite
useful for practical applications because the time
necessary for computing the third order spect-
rum is much smaller than that for the bispect-
rum. When the power spectrum of a given
time series contains several prominent peaks,
the third order spectrum is particularly helpful
to check whether or not the interactions be-
tween the peaks exist or to check if wave
components of peak frequencies are independent

(14)
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of each other. Also, the imaginary part of the
third order spectrum can he used to detect the
asymmetricity and non-stationarity of the given
time series.

5. Fourth order covariance function, fourth
order spectrum and trispectrum

The fourth order coefficients of the (20) can
also be calculated from Eqns. (24) and (26);

1
ol (D)

Coy()= . —é—[]\ﬁ +4Ss,1(7)
+38,2(c)]—3

CH (D=2 | 72 |

L (Do ()
Cruo= - Ly
(0= A (DA (e) 8-t (36)
_S‘2,2<T>]—1
1 1
CH = 5ty 2 |
(0= ;il@ %[M—m, ()

+3S2,2(x)]1—-3 ,

where S5 1(z) and S;2(c) are independent
fourth order symmetrical covariance functions
and Qs 1(z) is the fourth order asymmetrical
covariance function;

Sy, 1() :%[Rg,mr) +Ri ()]

Qs1(5) = [ Ry, 1(5) = Ry ()] G0

Sz,2<7> = Rz,a(T)

Thus, coefficients C#,(z) and Cf ;(z) repre-
sent asymmetrical parts of the lag joint pro-
bability density of the fourth order, and Q3 1(7)
is a measure of the exchange of the fourth
moment between these two coefficients. Ss,1(0),
which appears only in C¥(z) and C¥ (2), is a
measure of the exchange of the fourth moment
between Cf,(z) and C§.(z). The role of
Ss, 1(7) s, therefore, somewhat similar to that
of Ry1(r) in the second order coefficients,
which is a measure of the exchange of the
second moment between coefficients along 7.-
and 7--axis. Another symmetrical covariance
function Sp 2(z) is a measure of more compli-
cated exchange among three coefficient C# ,(z),
C&u(@) and C¥,(z). When Sz 2(r) increase,
Cfo(z) and C¥.(r) gain the fourth moment

2o =

while C§,(z) loses the fourth moment.

For the fourth order, we have three indepen-
dent covariance functions. Using these fourth
order covariance functions and the lower order
covariance functions, we can construct the lag
joint probability density to the fourth order
This means that, if we consider
spectra of real numbers, there are only three
(or one complex and one real) one-dimensional

accuracy.

fourth order spectra which are independent
of each other. The fourth order spectrum of
complex numbers can be defined in the same
way as the third order spectrum.

ng 1((0) — gm R3’1(7)e_27rimrdr

= S Ss, 1(x)cos 2nwr de

+igw Qs 1(Dsin 2rwr de (38)
and

Fa. o(a) :Sw

R2’2<T>672niwrd7
f=e)

n

= \ Se,2(t)cos 2rwrdr . 39
Since Rs,s(r)=.S2,2(z) is symmetrical, F3,2(w)
has the real part only.

The fourth moments or the kurtosis of a
time series generally results from the third order
interactions among four frequency components,
whose frequencies, w1, wz, ws and oy, satisfy the
interaction relation wi+w2+ws+ws=0. We need
to calculate the trispectrum to represent the
contribution to the fourth moment from each
set of the interacting frequency components. The
trispectrum  D(wi, w2, ws) and the mean fourth
order products 7'(zy, s, 75) are defined as;

D(wi, w2, 3)
:§ g—g T(z1,72,13)

X (,’_2’“.(“’””""272+‘””3)d‘[1d‘[2d1‘3

T(z1, 72, 73) 40
ZS S S Dlw1, w2, 3)
><6271’5(011?1+wzfz+w31‘s)dw1dwzdm3
and
T(zy,72,73)
. N
:hm—g nir(t—o)p(e—ronm(t—rs)dt  (41)
T=c1 ) -T2

(159
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From these definitions, we have the following
relations;

Rs,1(0)=T(z,0,0)=T(0,7,0)

=7(0,0,7) (42)
Ro,o(t)=T(z,7,0)=T(z,0,7)
=T,7,7). (43)

We can obtain the relation hetween Fj, 1(w)
and D(w1, w2, ws) from Eqns. (38), (40) and (42);

F3,1<w>:g°j Sf Dio. o', o/ Ndw'de’, (44)

where D(w, @, 0'") can be replaced by D(e’, 0, ")
or D(o’,w”,w). Thus one of the fourth order
spectra, F3,;1(wo), represents the trispectrum in-
tegrated on the plane wi=wo, w2=wo Or Wz3=ws.
According to Eqn. (44), Fs,1(w) can be interpreted
as the contribution to the mean fourth power 7*

from the frequency range <w—%dw, w+ 1?dw)

In the same way as for the third order spectrum
Fy,i(w), the net contribution to 7* from the
imaginary part of Fy,q is zero, because Qs,1(0)=0.

Though Sw R(F;,1(0)}dw(=7%) must be posi-

tive, the real part of Fy,i(w) can be negative
for some frequencies.
time series is Gussian, then FY () =230%F1,1(w)
>0 as will be discussed in the next section.
Therefore, if the time series is quasi-Gaussian,
F,,1(®) may be assumed positive for the entire

However, if a given

frequency range.

Another independent fourth order spectrum
Fs,2(w) has the real part only and is positive
definite, since this is the power spectrum of the
time series 7%(¢). From Eqns. (39), (40) and
(43), we have

Fo,o(wi+wz)

=77 Lo widn—vido,. @)

Therefore, Fy,2(wy) represents the integrated
trispectrum on the plane @;+w;=w,. From the
symmetrical properties of the trispectrum, inte-
grations on the planes wi+w;=wo 0or we+w3=wo
give the same fourth order spectrum Fy,2(wo).
The representation of the trispectrum for quasi-
Gaussian and quasi-linear process is given in
Appendix I. If the time series is exactly Gaus-
sian, D(wy, we, w;) has the real part only, and
its value appears only on the three planes
o1+ =0, we+w;=0 and w;+w;=0. Even if

the time series is not Gaussian, the contributions
to the trispectrum from the first order interac-
tions between the second order terms and be-
tween the first order and the third order terms
appear only on these three planes. The other
part of the trispectrum represents purely the
third order interactions among the four first
order terms. As discussed above, Fg,o(w) is
given by the integration of the trispectrum on
the plane which is paralell to one of the specific
planes wi+w:=0, w2+w;=0 or wz+w=0.
Since Fs,5(w) is independent of Fy,1(w), some
structure of the three-dimensional trispectrum
may be detected by comparing Fj,1(w) and

s 2 (0).

6. Gaussian process, excess covariance func-

tions and excess higher order spectra

As discussed in Section 2, the lag joint pro-
bability density Py {7+, y-; z} for a random
Gaussian process is expressed by

1 NN 2

727?}7(77)70?(;52 25.2() 20.2(7)
and all the coefficients C¥ ,(z) except C§,(z)
in the expansion (19) must be zero. For the
third order coefficients, we have the following
relations from Eqn. (31)

a3 % +355 . (x)=0 }

Pi{ne, -3t} =

QF.(2)=0
%% =355 ,(z)=0
and so
=0, S§.(x)=0 and Q¢ ,(z)=0, (46)
where the superscript G indicates the Gaussian
case. Therefore, all the third order covariance
functions for the Gaussian process are zero. If
a non-zero value exists, it comes from the non-
Gaussian part of the time series.
For the fourth order coefficients, from Eqn.
(36), we have
MG +4 85 (t)+3 85§ 4(r) =6(62+ Ry,1(z))?

M¢ — 5§ 3(r)=2(6% — R1,1(7))(a?+ Ry,1(7))
ME—4 5§ 1(t)+ 355 o(z) =6(6%— Ry,1(7))?
Qf i(7) =0
and so
M¢ =3t

S§ 1(£) =30%Ry,1(7)

S§ (T)=2R3, (7)) —ot

Q§,(r)=0 .
Therefore, the fourth order spectra for the

D

(16)
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Gaussian process are given as functions of the
standard deviation ¢ and the power spectrum
Fi,1(w) as follows;

Ff (0)=30%F1,1(0)

o
Fz‘fz(w):ZS Foa@)Fogo—a)des | (48)
— 0
+atd(w)
These relations can also be derived from the
integration of the trispectrum for the Gaussian
process (See Appendix I).

If we want to discuss the deviation from the
Gaussian process, it is convenient to define the
excess fourth order covariance functions and the
excess fourth order spectra, as follows;

'fl(f):S?,,l(T)'— gl(f)

SE (€)= Sa,a(e) =S¢ (2) } (49)
™ ()= By — B2 @)

3F:10): 3,1(0) — f160

FE (@)= Fa ()~ F2 o(@) } (50

If the time series is Gaussian, all the fifth
order covariance functions are zero. If the time
series is skewed and the third order covariance
functions are not zero, the fifth order covariance
functions are not zero and can be divided into
two parts; the part dependent on the third
order covariance functions and the part indepen-
dent of the third order covariance functions.
If the lag joint probability density P*{7.,7-;t}
can be expressed exactly by . the expansion up
to the fourth order;

P¥{n+,m-;7}
2

— 1 _ s ,_,ﬂi,l‘l_l_% 1 (W* )
T 2rgpel P Zon'(3=n)! =l

4

Ctou®| 6D

=0 nl(4—n)! =
then the corresponding fifth order covariance
functions are given by Eqgns. (24) and (26).
The results do not depend on the fourth order
terms and

M =100%
St.(0)y = QLR
=60%Se,1(t) +4 % Ri,1(7)
2 (o) = Ko Rule)
=g° sc
=0°r+30 bz.féRl’I@Sm(T) -
Qo) :_IQLI(T):)‘__MQ

=40%Q02,1(c) +2R1,1()Q2,1(7)
QP J(0)= ESQ;@LS@)N

=3R1,1(1)Q2,1(7) ’

where the superscript D indicates the part de-
pendent on the lower-order covariance functions.
Therefore, we can difine the excess fifth order
covariance functions by

S0 =8,1(0) =807 )
S5 o(7)=S3,2(t) =57 5(7)
* 53
0% ()= Qen(r) — 08 (2) o2
QF o(t) = Qs,2(t) — Q2 o(7)
Using the same technique, we can divide any
higher order covariance function into two parts;

R, n(t) =R, (1) + R, () GLY)

where R2 .(v) depends on the lower order
covariance functions and RZ ,(z) is the excess
higher order covariance functions which are
independent of any of the lower order covari-
ance functions. These excess higher order covari-
ance functions, or their Fourier transforms, z.e.
the excess higher order spectra would give a
good measure of the higher order interactions.

7. Limiting form of P*{y., y-; t} as r—0

We showed in Section 1 that the lag joint
probability density for t=0 can be represented by

1 ,
P¥{n+, m-; 0} 235(77—>~P1(7/+) .

In this section, we will discuss how the lag
joint probability density becomes this form when ¢
approaches zero, and check whether the lag joint
probability density for finite values of = can be
expressed by a simple product of two one-
dimensional probability densities as that for 7=0.

By using the results in Appendix II, we can
expand RZ¥ ,(z) to the fourth order in the Mac-
laurin’s series;

R (r)=0%(2)

=g? +iA272 +£A4T4 +0(z%

4
R (v)=d(7) (55)
I SYITT S 6
= 4 Azf 48A4L "FO(‘L' )
R¥ (r)=0

(17D
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third product and the mean fourth product,

3
R3 o(t) =M+ 83272+_B4 ++0(f) respectively. So, t—0,
R¥(0)= 1 831' + Bsf +0(z7) R o), R de)—Ma, RE e)—M
' (56) and all the other covariance functions becomes
1 Zero.
R¥,(xr)= —=B 72‘~%B 4 +0(<")
s g " 96" However, the behavior of the coefficients
RF (c)= ——1~B3T3—»—1—B-z'5+0(r7) C¥ .(r) near =0 is more complicated because
' 8 160 many of them have the denominator ¢-(z) which
. 1, also becomes zero as t—0. After some trouble-
R "(T)_‘?W“_EDﬂ some calculations, we obtain the third and fourth
1.1 . . order coefficients to the second order accuracy
+(48D4+64E4>T +0() of ¢ as follows:
¥ — ~1_ 3 L . ~5 7 ;Wg 3 132 /1
R} (7)= 24D3, +480 5%+ 0(7) Croo)=— o \:1+§< A —‘Gg> ]
e e Lpoelopo w =l B
R o(r)= MDZ + o( F“T +0(%) G Ci 1(v)ﬁ1202\/A2 i
RE ()= — 2 Dyed— = Dyes 40(c") Clal) = (60
24 480 B: [1+<i§4 1 A A“)ﬁ]
1, T 20A 12B: 8 o A
R¥ (o)= ——D +—FE, )t 2 2 2
0, 4(T> < 48 4 64I 4>T Cg(_ 3(7):
1 1 3 B, 1B 3A
+={ —~=—D +—E> 8+0(z® B i SR 2]
6!( g Dotg oo Jo+ 0 (V’Az){”(zo B, 2 A)T
where and
_ ot M, 1/ Dy A,
Az—[ el Rl,l(ﬂl: Folr)= pr {14‘?(@_?)?]_3
o 1 D
B=|-2_ ~ L)y
t [ art Rz’l@lzo ChO=—15500 4,7
o 1 D
:l: P Sz, T2>:|r1:72: C¥, )= _Efo'{:;
! (58) 1 E 14 A
el (A
! 5ol Ls 1(1) ’: X 14+ 8 D, i A, 1
o' 1 D. ~
[ ari T(TL e 3)]T1=72=T3=0 Cl* 3(?)23 ;(VIZ j3 <bl>
. ' 1D; 1 A2 3 A,
E= Ropo(xy| 0 X|1Hlz=mw e — |2
) [ 7 2,2(1)1:0 X[l+<20D3 S 2 A2>f ]
and in particular *(0)= _j;‘ Dy AZF“
4
E2:§D2 4D6—3Ea_ _];—_zflj 8D,—7E,
. 3604; 14 A, A
E4=6[m Therefore, only C¥(z) and Cf.(r) becomes zero
2 as t—0.
X Tz1, T2, 13)} 0—§D4 (59 Limiting values of these coefficients as z—0 are
Ty=Ta=Tg=
66 * _ ‘M3 — .
Eo= 10[ PR O
CZ* (7)—0 1 RI0)
X T(ry, 7o, 73)] —2Ds * . At
ci=emea=0 G5 RO
where S(ry,72) and 7T(r1,7s,73) are the mean C¥ (v)——RIN(0)/ (R (0))*72

(18 )
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M,

ot

Cx, oT)—

C¥ ((r)—0

—1 RI0)
% —l K
2, f(T)— 352 Rl//1(0)
1 R(0)
= L /)
(/1> 3(T>—> 30 (R{,’ 1<0))3/2
4 (R0~ TRIN0) _
7 (RY7(0))*
So, if the time series is not Gaussian, the lag
joint probability density usually has cross terms
of 7+ and 7- for any small value of . It can

be written in a simple product only at ¢=0.

—3=0

I
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Appendix I

Trispectrum of quasi-linear, quasi-Gaussian process

We consider a stationary random process as
a function of time, 7(¢), which can be expressed
in terms of the component dz(w) of the Fourier-
Stieltjes representation;

2=\ dstoeie (1
The spectrum Fl@), bispectrum B, ws) and the
trispectrum D(wi, ws, w3) are defined as the con-
tributions to 7%, 7* and %* from the two, three
and four Fourier components, respectively, whose
resultant frequencies are zero,

<dz(a)1)dz(coz) >= F(col)dan if wi+we=0

=0 if wi+we#0 (2)
<dz(w)dz(wz)dz(ws) >
= Blw, we)dwidws if wi+we+w;=0
=0 if o1+wetws#0 (3)

<dz(w1)dz(w2)dz(ws)dz(ws) >
= D(w1, we, ws)dwidwedws
if o1+wetws+ws=0
=0 if oi+we+ws+aws#0. (4)
Here, we limit our discussion to the quasi-
linear, quasi-Gaussian process that can be ex-

panded in a series of a perturbation parameter ¢;

(&) =70+ 7P+ PO+ 7P+, (5)
where 7™ () =0(¢”) and 7w =0.
We assume that the first order term 7V(2) is
Gaussian and that the higher order terms can
be expressed in terms of the first order term as;

t L
77(”)0"):& S G(n)(t—tl, t—tz.'“t-tn)
—0c0 [ele]

XDt (t) - (tp)dty-dtn  (6)
By using the Fourier-Stieltjes representation
7 (¢) = S dz™(w)erot (7))

We can transform Eqn. (7) to

dz(“)(a)):g ~~~~~ R K™ (o1, @2, -, wn)
01te: tor=w

X dz V() dz (@) -dzP(wn), (8)

where K™ is the Fourier transform of G™(G™
is set to zero for negative arguments).

The bispectrum to the fourth perturbation
order is discussed by HASSELMANN ez a/. (1962):

(19)
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It was shown that, for a quasi-nonlinear, quasi-
Gaussian process, the bispectrum is a direct
measure of the second-order interaction coeffici-
ents.

Here, we consider the spectrum up to the
fourth perturbation order and the trispectrum
up to the sixth perturbation order. Since 7 is
Gaussian and since we assumed that the higher
order terms can be expressed by Eqn. (6), odd
order terms in the expansions of the spectrum
and trispectrum vanish. Then, we can expand
the spectrum and the trispectrum as follows;

Flo)do=F®wdo+F®(@do+-- (9)
D(w1, w2, ws)

= D (w1, w2, w3)dwrdwedws

+ D® (w1, ws, ws)dordwsdws+--- (10)

The first term F®(w)dw of the expansion in

(9) is given by
Fowdo= <dzV(@)dzP(—w)> A1)
and represents the power spectrum of Gaussian
part. The second term F“®(w)dw can be divided
into three parts;
F®(w)do=F%?(w)do
+ FU¥(@)do+ FOP(w)do, (12)
where
FeO(@ydo= <dz®(w)dz®(—w)>
FYD(@)do= <dzP(0)dz®(—w)>
F3Y(@)do=<dz®(0)dzV(—w)>. (13
Therefore, the spectrum of the fourth pertur-
bation order results from the first order interac-
tions between second order components and be-
tween first and third order components.

The first term D (w1, ws, w2)dordwsdw; in the
expansion (10) is given by

D™ (w1, we, ws)dwidwedws

= <dzP(w1)dz P (we)
X dzV(wg)dzV(— w1 —we—wg)>.  (14)
The right side average of the equation has non-
zero value only when wi4+w2=0, we+w;=0, or
ws+w1=0, Then, we have

D (w1, wg, ws)

= (w1 +2) F® (1) F®(w3)

+ 0(we + @3) F®(w2) F*®(wy)

+6{ws+ o) FP(a) F*®(w2)  (15)
D™(wy, w2, ws) represents the contribution to the
trispectrum from the Gaussian part.

The second term D (wi, w2, ws)dmdwedws in

(10) may be divided into two part as

D®(wy, wg, ws)
= DUL2D(g @, ws)dwrdosdas
+ DY () wa, ws)dandwedws ,  (16)

where

D122 (g w9 wg)dondwedws
= <dx(w1)dz P (W2)dz® ()
X dz®(— 01— 03— 0g) >
+ <dzV(01)dz® (02)dz " (ws)
X dz®(— w1 — wg—ws) >
+ <dz®(0)dz P (w2)dz (@)
X dzP(—w—we—ans) >
+ <dz™®(w1)dz P (w2)dz® (ws)
X d2 D (— @1 —wg— ) >
+ <dz®(w1)dz P (w2)dz? (ws)
X dz ™ (— oy — 0z —v3) >
+ <dz®(0)dz®(02)dz " (03)
XdzP(—or—wy—w)>  (17)
and

DOLED (g 9. w3)dwrdwedes
= <dzP(01)dz P (w2)dz " (w3)
X Az (— o1 —wg—wz) >
+ <d2®(w1)dz P (ws)dz (cs)
X dzP(— w1 — ws—w3)>
+<dz<”(a)1)d2(8)(0)2)d2(1)(®3)
X dzV(— w1 —ws—wz)>
+ <dz®(@1)dz P (02)dz " (ws)
XdzP(—w1—we—w3)>. (18)

First, we consider the first term of D@12
a’a)ldwzda)g.

<dz P (w)dz P (w2)dz P (w3)d 2 ® (— w1 — w2 — wg) >
=< g SK‘”(Q}A, wp) K (w4 0p")dz (1)

wAtoB=ws
wA +oB =—w1—w2—-03

X dzD(02)dz ™ (@,)dz P (0)
xdzP(ws)dz(ws)>  (19)

Since no solusion exists for the following equa-
tions

Wa+ D=3

w4 +op'=—o1—wr—w;

w1+ws=0

w2+w4 =0

wg+wg’ =0
this term has non-zero value only when w1 +w2=0.
Then, we have

< dz V(@) d2 P (09)dz® (ws)
XAz (— w1 —wg—ws) >

(20)
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— <dz(1’(co1)dz(“(a)g)> . <dz(2)(a)3)
Xd2P(— o1 — w2 —w3) >
=6(w1 +w2) F® () <dz®(ws)d =P (—ws) >
=0(w1+w2) F®(0) F*®(w,) . (20)
From the symmetricity of Eqn. (17), we can
represent DHL22 5.

D122y, wpy w3)
=0(w1+w2) LF® (1) F 2 (a)
+ PO (0 FED(0)]
+0(w2+ wa) [F®(w2) F2? (w;)
+F‘2’(w1)F(2'2’(a)2)]
+ (w3 + 1) [ F®(03) F2(w3)
+ F®(0g) F28 ()] . @n
Next, we consider the first term of DGLLS
(w1, w2, w3)dwidwedws in (18). The first term is

<dzVPw1)d 2P (we)d 2P (ws)dz®( — w1 — we —ws) >

= <\ \ K® (w4, 00p, 00)dzV(01)dz (w2)
vateBtoc=—01—02—ws

X dzV(ws)dz P (w4)dz P (wp)dzV(we)>. (22)
The right side of this equation includes six first
order components. Non-zero contributions are
obtained only when these six components can
be divided into three pair and their frequencies
in each pair satisfy the interaction condition
o+’ =0. We have the solutions of two types;
(A) each pair contains one of the fixed frequen-
cies w1, w2, w3, and (B) one of the pairs consists
from two of the fixed frequencies.

For Case A, by substituting ws=—ai, wp=—
w2 and wg= —ws in the representation (22), we
have

<dzP(w1)dz P (w2)dzV(ws)dz®(— w1 — we — w3) >

= <K®(—ay, —w2, —ws) dz'V(w)dz"(ws)
X dzP(w3)dz P (—w1)d2 P (— wg)dz™P(—ws) >
= F® () F® (002) F2(3) K (— o, — 03, — 03)
X dordwedws .

Then, from the symmetricity of Eqn. (18), we
have

D 818 (a0, we, ws)
=F® () F® (w3) F®(w3) K®(— w1, — w2, —®3)
+ F® (@) F® (@) F®(— w1 — w2 — w3)
X K®(—aw1, — e, 01+ we+w3)
+ FP () F®(— w1 — w0 — w3) F®(w3)
X K®(—wy, w1+ w2+ ws, —w3)
+ FO(— oy — g — 05) P2 (09) F )
XK‘3>(w1+a)2+a)3, —ws, —®@3) , (23)
where D, bU3 (@, we, ws) is the contribution to

the bispectrum from Case A.

For Case B, we have the solution for o;+ws
=0, w2t+w3=0 and w3+w;=0. Then the repre-
sentation (22) becomes.

<dzV(w1)dzV(w9)d 2V (03)d 2 (— w1 — w2 — wg) >
=0(w1+ w2) <d=zV(w1)dzV(—wy)
X dzV(ws5)dz®(—ws) >
+5(a>2+a>3)<dz“)(a)g)dz“>(—cog)
X d2 V() dz®(—wy) >
+ 0w+ w1) <dzP(ws)dz P (—ws)
X dz P (wg)dz®(—wg) >
= {01 +w2) F®(w1) F 3 (w3)
+ 6(we + @g) F 2 () F3 (wy)
+ (w3 + 1) FD (03) F3 (w9) Y dovs dwsdws .
From the symmetricity of Eqn. (18), we have
the
DB(1,1,1,3)(601,(02’ a)3)
=001+ 0n) (FO(0)[FU(0) + FO(a)]
+ F®(a)[F40 (o) + FV(01)])
~+ 6(we + w3) {FP (@) [ F 3 (wy) + F3 Y (@y)]
+F(Z)(a)l)[F(l,:i)(a)?)+F(3,1)(w2)]}
0@y +0n) (F® (@) FI(@n) + FO(0)]
+ F®(n)[F4P(09)+ F&D0)]).  (24)

As seen in expresions (15), (21) and (24),
D(4)(a)1, we, 603), D(1,1,2,2)(a)1, Wz, (03) and DB(LLIB)
(w1, w2, w3) are completely determined by power
spectrum, and their contributions to the tri-
spectrum appear only on three planes w;+w2=0,
w2+w3=0 and ws+w;=0. From Eqns. (9) and
(12), we have the relation

F(@n) Flan) = [F® () + @)+ -]
X [F®(we)+ F*®(we)+ -]
= F® () F® (@) + F® (@) [ F22 ()
4 FO () F3D(gog) ]
+F(2)((L)2)[:F(2'2>(CO1)+F(Lg)(wl)
+ FBD ()] 4.
So, the total contribution D%(wi, ws, ws) from
these three terms can be represented simply by
DS (w1, ws, w3)
= D (w1, we, w3) + DU (w4, @z, 03)
4+ Dp 8w we, wy)
= d(a1+ w2) Flw) Flws) + 0(w2 + 03) Flas) Floy)
+0(w3 + 1) Flws) Flws) - (25
Since we can replace F®(w) in the expresion
(23) by Flw) within the accuracy of six per-
turbation order, we have the final representation
of the trispectrum for the quasi-linear quasi-
Gaussian process as follows;

(21)
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D(wi, w2, w3)
= d(w1 +w2) Flws) Fws) 4 (s +ws) Flws) Fw:)
~+ 0(ws + w1) Flws) Flwg)
+ Flw) Flo) Flag) K®(— o1, — oz, —w3)
+ Flan) Flwz) F( — w1 — o — w3)
X K®(—aqy, —w2, 01+ w2+ ws)
+ Flan) F — 01— 0y — o) Flws)
X K®(— a1, w1 +we+ w3, —w3)
+ I — w1 — w2 — w3) Flws) Flws)
X K® (o1 + we + w3, — w2, —w3)
+0(eb) . (26)
Unlike the bispectrum (HASSELMANN et al.,
1962), trispectral values are influenced from the
lower order spectrum. However, this influence
appears only three planes wi+we=0, ws+w3=0
and ws+w1=0. Therafore, we can easily obtain
the direct measure of the third order interactions
except on these three planes. Or, if the power
spectrum is known up to the fourth perturbation
accuracy, we can eliminate the influence of the
power spectrum from the trispectrum. Like the
bispectrum, only the combination of the third
order interaction coefficient K®(wj,ws,ws) can
be determined from the trispectrum because of
the symmetry conditions in the trispectrum.
In the end of this appendix, we shall estimate
the contributions F?,(w) and F? () to the one-
dimensional fourth order spectra Fj3 (o) and

Fy o(w) from power spectrum Fi1(w). From Eqn.
(25), we have
Ff o) = SOO SOO DS((AM, W2, w3)dwadws
=\ Fon oy + Fay Flon
+020(w3 -+ 1) Flwy) |dws
=302 Flw;) @0

and
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oo

1 s
2Ds
2

o1+w2 wr—o2
2 7 2

B xwl):g

22

—oo

s 503>

Xdw dws

= %S Ss(wﬂF( >F(a>3)dco1da)z

1 g 5 5<91,:a321293>

+ —
2
X F(a)@F(T—-)dandwg

W1 — D3

s

2
1+ w2

1 w1+ w2+ 2w w1+ g
ol [{
+zgg< 2 >F< 2 )
x F< @1 —w2>da)1dco2 . 28)

If we transfer the coordinate system in the first
and second terms in Eqn. (28) by

D4=01
12

wp=— 2

[Ofs==X (I}

and in the third term by

w4/ =0

,  witag
@Dp — 5
' =ws

then we have
F (o)

= g g Ld(@a) Flwg) Floe)
+0(wp+ae) Flog) Floi—oz) ldosdoc

+ S Sa(wn,+COCI)F(COB/)F(CDA,—a)B/)dC’)BldCO(]/

:(;“5(501)+2j‘Oc Ko Flo—ao')do' . 29

Of course, if a time series is Gaussian,

Y (w) and F? ,(w) give the fourth order spectra
for the Gaussian process themselves.

22)
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Appendix II

Maclaurin’s expansion of mean Higher order products

and higher order covariance functions

1. Mean higher order products

We consider a stationary time series 7(%)
nomalized as <7(#£)>=0. The auto-covariance
function, the mean third product, and the mean
fourth product are defined as follows;

R@  =<g@®5t+0> (1

S(ci,t9) =<t nt+T1)-nt+c2)> (2)

T(z1, T2, T3) = <7(8) - 7t +71)

Xp(t+te) - p(t+15)>, (3)
where <> denotes time average.

Maclaurin’s expansion of the covariance func-
tion R(7) is

R(D) =3, = R™(0) 7", (1)
n=0 7.
where
an
R(O)=] 5R@ |
am
= <(D)- atnﬁ(t)>. (5)

Since we are considering a stationary time series,
we have the symmetry relation for the auto-
covariance function;

R@)=<p@®) - n(t+o)>
=<pt—0)-p(O>=R(—7) (6)

and so
R(0)=R"0)=-+=R®@-V()=---=0.
We obtain
<py'>=<py'>=--

:<7],7/(2m—1)>20 (7)
or, generally we have
<7/(2m).7](2n+1)>20
for m,n=0,1,2,3,- . (8)
This is because we can replace 7 by its higher
derivatives in (7).
Two-dimensional Maclaurin’s expansion of the
mean third product S(zi, 72) is

S(zi, t2)
=3

m=0 n

1
o m!n!

S0, 0)erec,  (9)

M8

where

S(m,n)a), O)
ofm+n)
= [W Sz, Tz):l

am. an
=<n(8)- 3717]@)'%7}@)>- 10

From the stationarity of the time series, we have

<O -+t p(t+re)>
= <) n(t+te) - p(t+T)>
=<ylt—t0) @) p(t+re—) > (1)

t1=T2=0

Therefore, the symmetry relations for the
mean third product are

S(z1, 72) =522, 1) =S(—71, T2—171). (12)

These symmetry relations imply that all of
the coefficients are not independent of each other.
By putting Eqn. (9) into Eqn. (12), we have
the following relations;

SEmI(0, 0) =SSm0, 0) 13
and

SEO0,00=0

S@ 0 (0) O) — _25(1,1)(0’ 0)

SB00, 0) = —2521(0, 0)

SE00, 0) = —2531(0, 0) =252 (0, 0)

SE00, 0) = —254(0, 0)=10832(0, 0) .

14

Thus, the expansion of S(zi,72) to the fifth
order is

Sty 72)
o 1
=S500,0) +§S‘“’(O, O (t—1ie+7d)
1.
+§~5(‘3'°’ (0, 0)(z}—3cire—3riTi+1d)
1. .
+FAS“'°)(O, 0)(ri—12zice+ 1203 — 120128+ ¢f)

1 .
+ ESW” (0,0) (r3—60ci{re+ 1273+ 120373
—60T1T3+73). (15

Using Eqn. (10), Eqn. (13) can be rewritten as
follows;

23)
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<oy’ >=0
<oy >=—=2<y- (' )*>
<Py >==2n >
<Ry >= =2y > =<y (7" P>
<> = =2y >
=10<y- "7 >. (16

The three-dimensional Maclaurin’s expansion of
T(t1, T2, T3) 18

co 0o o0

> -

=0 m=0 n=0 m
% T(l,m,n)(O, O, O)Z-iz-;nz‘;l, (17)

T(t1,72,73) =
!

where

Temn(0,0,00=]

al+m+ n
otioTrocy

X T(t1, T2, T3)

Ty=72=73=0
:<7]_7](l),7](m)_77(n)>. (18)
The fourth-covariance function has the following
symmetry relation;
T(Z'l, T, ’[3) = T(Z‘l, T3, 7,'2) = T(TZ, T1, T-’%)
=T(—z,vo—t,cs—7). (19
From Eqns. (17) and (19), we have
’1'(l<m1n)(0, O’ 0) — 'IW(l,n,m) (o, O’ O)
— T(m.l.n)(o, 0, O) = '1‘“""”””(0, 0, O)
— T(n,l,m)(o, 0, 0) — T('mm.l}(o, 0, O), (20)
T80 (0,0, 0) =0
T@000,0,0) = — 3T, 0,0)
T30 (0, 0,0) = — 372190, 0, 0)
=37T41(0,0, 0), @D
and
T, 0,0)+3TH(0,0,00=0
’1‘(3’]’0)(0, 0, O) + T<2,2,0>(07 0, ())
F2TID(0,0,00=0.  (22)
As seen in Eqn. (22), we need two independent
coefficients to represent the fourth order terms
in the expansion. If we choose T®9(0,0,0)
and T¢229(0,0,0) as these two coefficients, the
expansion of T'(ti, 7e, t3) to the fourth order is;

T(t1, T2, Ts)
=T(0,0,0) +%7‘<2’0v0><o, 0,0 (3(ci i+ 22
—2(T1T2+Tots+T3T1) )
+ é-vaOvm(o, 0, 0) (ci4 T3+ Ti— cira— ity
— Ty —Tir1 — tie — e+ 201 TaTs)

1
+5,T40(0,0,0) (et et

4 , ; . , .
Y (Thro+tive+Tirs +Tiv1 +Tit +Tite)
+2(titary+TiraTi+TiriTe) }
1
+—4—T‘2’2'°)(0, 0, O {riti+ics+oict
—titety—titst1 — tinice}.  (24)
Eqns. (21) and (22) can be rewritten by Eqn.
(18
<7*7>=0
<Py >=—=3<g% (7' )*>
<Py >= =3ty - > =3<(y")¥>
gy > =3Py >
<Py >4 <P (7 )P>
+2<y-(y )% 9" >=0. (25)
For discussing the limiting form of PF {7+,
7-;7} as t—0, we need the sixth order expansion
coefficients of 71'(z1,72,73). Eqn. (20) holds for
any order of coefficients. Additional relations

among the sixth order coefficients are derived
from similar but troublesome calculations;

100, 0,0) = —%TWW)(O, 0,0)
T@200(0 0, 0) =—T3000, 0, 0)
TLD,0,0) :%_T(&0,0)(O, 0,0)

_%T(S:&O)(O’ 0, O)

T®2000,0,0)=0
T<2,2,2>(0’ 0, o) = —1_1871(6100)(0’ 0,0

1
+5 1(0,0,0). 26)

It should be noted that we have only two in-
dependent coefficients among 25 sixth-order co-
efficients.

The above relations can be written in terms
of the fourth-order products of % and their
derivatives. The following relation would be
most interesting;

<n-y'yey">=0. @n

2. Higher order covariance functions

Higher order covariance functions are defined

by
Ruyn(0) =< -pn(t+0)> .  (28)

So, their Maclaurin’s expansions are

(24)
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Run(@®=3] 1 RO.O-¢, (29

where
o o'
I3 —
Rm,n(0> _[ a'Cl Rm,n(f)]‘r:d (30)

Here, we need expansions of the first six cova-
riance functions, Ri,1(7), Re,i(t), Ri,s(t), Rs,1(7),
Ro,5(7), and Ry,3(c). Coefficients of expansion of
these covariance functions can be represented by
R™(0), Smn3(0,0), and T¢m™n(0,0,0) which
were given in the previous section. For sim-
plicity, we denote these as R{™, S{™™, and
Tym», Then, we have

RQ(0)=R GBD
ot
RQO =| o< ntes 0> |
— <77 .v(l)> __Sn(z,o) -
al
RO =] 5o <yriero> |

al
= sr<ute—or0> | _
S > =~ DS (32)
RGO = <0 o> |
:<7] W(l>> T 000 -
RA(0) :—-[——\<>y<t> P> |
:(_ )<773,7/(l)>_( )lTél'O*O). (33)

If neither of m and » are one, calculation of
coefficients for Rm,n(7) is more complicated.
Here we calculate only Rg,(z). By using the
Taylor’s expansion of 7%(¢t—1), we have

R0 =] o <p0 741> |

r=

( 25

d 2
= {"’a‘;f <" [7/2 2y ok oy 'y )T
1
+/(67/-7}”+27/-7]”)r3
(6)7// 7}”+87/, 17 +27/7]////)Z_4

b o) "
Then, we obtain
R, (0)=<p*>=Tp
R; L0y =23 "> = 2T =()
RY0) =2 (2> +2 <5y >
=2 Tém’“) + ZrIvgz,o,o) — il_ ng,o,o)
3

Ré,’z,(o) :6<772 . 7// . 7}//> +2<7]3 . 72///>
=6T P04+ 2TE00 =()
R (0)=6p?(n" > +8<p-q 9" ">
+2<7/3_7}////>
= 67152,2,0) + 8T0(3,1,0) + 2T[§4’0’0)

— 6 Téz,z,o) - % Tga,o,t))

Rg(g(o) :20<02 . 7]/// . 77///> + 30<772 . 77// . 7]11//>
+12<p2 ey P> +2<p° 0>
:20T§3,3,n)+ 30T§4’2’O)+ 12 Tés.1,0)+2'11§6,0,0)
= — 107§ — 2T (35)

R$) is obviously zero from the symmetrical pro-
perty of Rs,e(z). Thus, we can expand Ra,»(7)
to the sixth order as follows;

Ro,o(t)=M,— i[ Tg0 jlzg

4 ! [ T(z 2,0) __ 3 ’1‘54,0,0) :IZA

3
—é[lo’l’é“"”—2'1’5‘“"“‘°>Jz6+0(r8) (36)
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WAIE T 5 EMT &, EEOMBIL 2 fOMICE S
F7/fﬁ@70ﬁ%ﬁﬂﬁ&@ﬂ%ﬁﬁﬂk&,ﬁl
MAEOER A, OB OFM TR NBE A
R, Z0HFER LI, RREZF 10 va—70H4E
YN X 2FED, V) YORBICE 20N ARHTS
%, COXEBIMELNS, BREORBLEYPE—a v
MEBBEBIC X ANEMRAPTENIER R FER L
Hbh b,

2) BEAAMGIKPYFHFRY Kby FoFlAs
KR L B OER & 23k, B¥ o -7 0ER
Bk £ TEZ, Eon —7 2800 7o/~ o B F
BAKE LICFE» 2 TELS FRTH L, COFRDOES
MHTEREE CR2RD) 20T, bhbhidiixk3
HEHEBROWEE T > TN b, 2OFEIHL, o—7
8mm fifld 4 7 va—7. 1,500~2,000m, #ERL 7
SRERE 1,340m. K& 200 R Y =5 L UEICET
A AN SO 58, 2F 38 20kg T 5 HICHHT
% E/NBIMC B 1 B A TIBEN RS Th 5, Ko +
50/ F7 aEAFIHL, FHiIKHEBs D, Eiica—
A A R {1V B R T N =
AN T S, #iZz0ftho BEre B EicEs 3 7Kkg
EHEK 70 kg QWA HD A1) =720 i IEICE BT
%5

CORPTFFZODBIFSLHLTCLEBER S
, LHbEMTHs, v+DFNEMEAERTT L+
A F R F v3— (Sterling # v F+=FHE Y F) 13Kl
W% I A KNAUSS® pERHRMEORE & Y R
e 7 23w +0 0.9 LT, A EY = F
L UHRIE 016 S 50T H D,

3. BELOAROH
1D RmEEE AR pimoskthy & HFREEHET 28
W& FOFRAERELIc, 2020 FAREKER
450 kg OERI AR EMM 200 H, BKEE 2,000m @
HEWCHE L, HEEEICKDREINBIR%EHN
CELDERTLUTCELEIRLIETEHDTHS, &
x DO FOFRAMIZK 2,750 DHF V) T, A
@ﬁ 2 ZLBIWTH 780kg DENNELNE, 3,
RZDBICEBARLILHDT, ILTFTAB30%0D
o@ﬁfthV7&M@L<éd,Wﬁiﬁﬁﬁht
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PRESSURE EQUALIZING OIL FILLER
BELLOWS AIR RELEASE
\ 2 T
A\ TRIGGER
\ J \a. /.

i
SETTING SCREW SOLENOID COIL
TRIGGER RECESS

yd
WEIGHT HUNGER

FIN BELOHROMBKERE

Bal FE L0 TROMBIBEE.
T NO.I TIMER
ql D NO.2 TIMER 1 o
s*oppsa /é
'sm_m«z ‘ ) \D
I D

s finz

Noz sv,;NAL
NO.I SIGNAL
10,30,50,100,200 3 ormore
e T
o days 5-6h  days r 1
T 3m cr ] |
Nz ,,mlh, _ L ?RV CELL |
SIGNAL Mt

H5N EEEEEHENSESEROER,
RET M) A—D1kb 65N Tin 5, FHEREENDDIES
BRTY VUV /A FIAvOFLBEIENT I #—2
BENs EEFZRTIOEEE O BEITND

R I H 5 L@ SR (5K 200 HD
DBT B EBREBD A VICELESERE, 5~6
BRHER L T OB IRER 1 51758, 2 kb v
—FAEHA %D, BH5ICRT LD B, h o, 24
v F, B, T—2—%2EG0RKETH5,

B e AEEERBRARR DR L 2%, /K& 50m T
BOT LEEREOW T, BELRABRETE - CTHNED

99

FLOATING

| anTENNA

i
I2m
|
TIMER
RELEASER TRASMITTER
i SUBSURFACE
’ suUOY
|
| ‘
| |
! : !
1000m : ‘
APPROX. :

; ; TEST PIECE

ﬁGﬂ m~7%ﬁbﬁ¢g%LhTf

Y274 ARB

BBEFLRT—-FVT - Tq .

BT ~av kO EBESRKTEE LD FR,
OYEBARER LTS, £D%/KE1,000m OERTIIE
E%%Of:o

RICEEHITRT L8 —T 2O L TKFY +
AR &L FRERE L, KPPy +F3BEHA7A ¥
n—7ARAZ50F ERRBREBECIDn -7 AR
HUTHELTARE L0 v X 0D, BB ICIIHRE
B, BREE, SELER BE BOLLr 7125
Wl KT AT EEEHE TS, 3E0RE LV AFREE
B, BEOTHRBRTIE ) £ {IEF LS, AERTIR
FLE¥EBICERAPEBRL, 3 BRIKHEBLILPRRET
&9, HREEIXZIEE LD HROBKOKRER KR
L7,

2) AU VHOFEBESHIKEE EOAFRY B®
7T RICRLECOHROE S HENR, BEOF—Y ¥
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100 5 & 8%k H25 (1970); BILEHEYL

— 30M-79MM CHAIN
27M-6:2MM 3X 19 WIRE ROPE
475 KG BUOYANCY

[ 2]
FLOTATION o

i75m

RELEASE

MECHANISM
450 M————|

WEIGHT _

¥ J. A. KNAUSS O x DR,
&2 MM 3 X 19 WIRE ROPE

3N0M

Q:ZK'UGNT
—/ RADAR REFLECTOR

HEO M~ ———|
UPPER PART: ALUMINUM
LOWER PART: STEEL
R 1300 M ~—
o '
-
METER

PLASTIC BALL FLOATS

ACOUSTICAL RELEASE

18O M - 14 3 BRAIDED NYLON

CABLE PARTIAL SIDE VIEW
SOM-98 MM CHAN

| M DIA DAMPENING PLATE

580 KG CONCRE TE CLUMP \ 18 XG DANFORTH ANCHORS

CABLE

) TIMER RELEASES - ARRAY D

SUBSURFACE BUOY WITH A RADAR REFLECTOR AND TWO # B . i I stk
TIMER RELEASES CONTROLLING A CABLE DRUM. WHILE THE SUB- # 10 US Naval Oceanographic Office DY %i&
SURFACE FLOAT IS RISING, THE CABLE 1S REELED OFF THE DRUM.

#9 Gerold SIEDLER D% F U FR,
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7LV NLE OTEAS FLIE &M PERH AT C d & 3, IR %

éﬁﬂ%%ﬁ%ﬂﬁf%gow:~rwwiﬁéﬁ
SEMPORED, BETLEF: =22 —pon—~T%
BOHBLTyFRBEICE LTS, 9+ DBENRES

AL, KEZER XZWR, BIEK, SEA M ED
BREY —ZXF 5 v —TouFEhoREINSGEEFRE
BABEMUODDEAL Ty %425/ T 5,

3) J.A. KNauss O & E0 R #H 8 1T Geo-
dyne D7 7 ZERY F LI #R B E A SR alE T ILD
7 TIEBHRMECEN LR LV FRTH L, <0
FRRCEEE 1 140 B AN OF sk SN Bl RRT 5 &
KIEAFKEETHIT 5 R TH S

4) Gerold SIEDLER DE & 0O FRD 1967 F F 4
@ Meteor ST & 4 B K EEDHELFHEIC S N THNL
SN SEE 3RV b v Vincete i 5 5 D /K 4
2,450 m OHBAICEE &N, FE LD EERIEIXIC
RY L DICKE 300m RINICALE S 5K F IR
BEER E 300m On—7 %% W F 7 a0 Ts
D, bUbNDORIEE 2SR EIFABOFRTH S

BWEIREII S VA e —a v HEKAYFEKPY FE
%é D 1FIEEEEE B v F, G, Ko

L7 LAA, WIEABCEbEia -7 TERR
?ZTTT%

@ﬁmszwm~m%ﬁiﬁofﬁmokﬁgﬁw

I BO—DEFIOKIKTRT, BEL Y FEHEDITNNE
HRAERY, BRBICEALLB LD LEORERE 510K
B IADIDICHEE Lm OHEHAE T T 5, [
KB LU CEEBREREA Y DEET 72H1C Ocean Research
Equipment £ 210BT BIFEBHAE S & 2 BIKEE

AT SNT 203, TOMOBEEEIC &ﬁ@ﬁmk
BT S, TR UBBEER 2 HON TR0
FEF L THHBITNE I U TR BAE B ILLTH
%o UL, BRRIIREEICMmEBRICERT 5K
S05D, COBHBEESERYARANY F— vtk
U, 3 &) 0L BHEAMAAAER U0, HEIKE
1,240 m O#EIR T TERK L CEE O FEMEEICD -5
o TIEE » T,

4, EMSESICLIBNEBOEEED

Mﬁ%% 3, B& EOFRCRAARDEETH 508
K Y FHAT KRB FmiCES 2 BEOMmE, R
ZOMOEBESFLIES 50l rl e —~7, K

D2y VN 101

T Ky F, T &R T 0k & 2R 0 B ]
U788 30cid, WIERE B2 0 L CEIE RS
L5 OREEERANONEESELD 5,

Ratd 2 O IEBEOBAIC L D ZEEMsRET
TEBY S % MR 355 13 UL@W@k97~ﬁﬁ7$of”
EE A RIE R ICTTR D C LT & AT 5
MHb, N Th %h%CJ%%ﬁﬁﬁﬂﬁiﬁﬂh
CNBRDEFTLOARERETEASD, TAY AT
Ocean Research Equipment Corp. (ORE) M hifttm
HEBAFTELY, ChoOEEDEBEEIREOEE
THHI D0 TOBMICERD > T, HANILMBES
I DETICEIBEBIET R ETHEONERI

YN —HBFTLTLE) REELRERZED — > Th
%o Woods Hole #ERFFEHT R. H. HEINMILLER Z &
B E R NICBIT 2 e ohicE 1 KB LUFELN
WRT KB T —205% %

ORE DR ED %mvi%£%ﬁﬁ,§%%
BE, ESERREOERPLIRYD, COERIE-T
77 wva=y O KRERALE S, KIRITK
LCHBRBRENS, EBICKELCB T FMrICE
LT3R EBEORIRIEBIREBIZE 1 BICRT &8
DT, 23 ZHSWEOIE L, 11 BBRLE»-
7o Stns. 195, 231 IIIGMREEREIC K28, Stns. 214,
216 HAYBK S IODDRD BT AL 2
RKIBI MBI L DFK, Stos. 254, 258a, MIT (& &£ 2
b YO Y S DRI S o BRI L D Rk
ULEBESICLIFEHIZI T IT-T5, LinLStns.
234, 235 B F W — 3 VREDBEYIELTH -7z &
MIERINTED, ZDHEIIFRIEHORBOEHINT
H7%, %72 Stns. 193, 251, 252b, 258b 13 HHIEEIC L
BRBOC R IE USRI KRB T L 2 EIRLTW 5
Stn. 255 I3 A[E & 5 54 % - 72 ICHRRL, Stn. 257 134

200 ( e BN 7“«\ /‘ \ 20
"5 m N
] T ‘ \ [ oo
B I A
; i i /
R }( DEPTH RECORD no. 2 \\ ‘,r'/" \\1 ' %0
| [ '
. L
A \ J/ | U S
e | NS
swr) ) . C
e N SN | S
: N merease Fines ? TESTI TR
800~ 800

WAL AR S UTHIR U 7o i
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102 5

K B8E H2%5 (1970); HLWHEFELE

%1% Woods Hole MB¥HIEATTHRE L7 34 DR HLE OMBCEE OMEFIRET,

Station Location Days Surface or Release Response
at sea subsurface ‘Command Timer . Notes
179 D 27 SS 13 yes —
183 D 2 SS 17 yes —
184 D 56 SS 17 ves —
189 D 56 SS 17 yes —
192 D 43 SS 16 yes —
193 D 139 S 28 no yes
195 J 77 S 28 — yes
201 D 32 S 32 yes —
203 D 67 SS 32 yes —
205 H 44 SS 30 yes —
208 D 2 S 40 ves —
210 D 38 S 30 yes —_
212 D 61 SS 43 yes —
214 D 2 S 49 ves —  Release fitted with wrong sling rings
216 D S 47 yes — ys 'y ' v » .
220 D 59 S 47 yes —
231 D 1 S 49 — yes
234 G a 55) SS 17 no —  Beacon signal indicates mooring intact
ost
235 H 54 SS 71 no — ’s 's 'y " "
(lost)
239 SS1 50 S 69 yves —
242 D 50 S 69 yes —
243 D 51 SS 72 yes —
244 SS3 9 S 49 yes —
246 H 51 SS 77 no no
249 D 8 SS 47 yes —
250 D 8 SS 78 yes —
251 D 8 SS 79 no yes
252 D 8 SS 81 no no (Two releases on mooring)
82 no yes
254 D 7 SS 79 no no Piston o-rings reversed
255 D 1 SS 82 yes —  Took numerous tries to fire
257 Gulf of Maine 1 S 80 yves —  Refused to fire until hauled up just
under ship
258 D 1 S 80 no no (Two releases on moorings)
82 no yes O-rings reversed
M.I.T. “Anchor Drop Exp. #1” no —  O-rings reversed
M.I.T. “Anchor Drop Exp. $#2” yes —  O-rings reversed
DZRFE T ELT TR LR LT A, THEBTZEBECEL B EEBE BRI 9% m

Wi a4 % BT ancmMpORETHBI LT LT - 724
LTI, 1967TETF v v — 7 BIEICEE Lokbh oy 4
Kb O, FURIBKRICF T 7 & - TEIK L BEE
BOEEHORHE, GERORELRLIZEDTH D,
HMOARBRBREEZRL, HBOREyF126ME, LT
OEEHOMBIE 130m Thb, B RALOERETHE
HEBESESH LTy F13KEE TRE U, 4 BRHES
BCIBOTY 1 EN%E, 2 BEKDO-HEHAEER

FHICH BT E%ERT, DEBNTY F3KEE TEL
Lichs, TRRBARLUIZY FNKELLIZDTHS, E
B Fs L EEE L BHER RS, THEES
BRI EEER - TND, COEENR N/ ICED
E E N s E, AT 2oy FKRBITERDE
{, WELAETFRCOBRICE NSy 7 T4 2CLD
LDOTHD, ZOWEPRICEELIES S/ m N
GRS
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Mg 5 IO E DL Lol X H IR D S
muﬁ%k&%*%%<aﬁfhéc&wbﬁwak@
T, ZOH%A—H—D0b M E B E LT Woods
Hole MR TIE, BB, REMELREETD
FMEEZ TR PV EEBET o/, B UDIKFE
L@ﬁﬁ@ﬂﬁ%%ﬁkw N & RAERRKIIC

RO EBE PR INICEELEZLLICLETH
50

X ik
D tErKRERE, EOE— (1966): EEEBHROUE
2N T AD. TH A, 4(1), 48-58.
2) HerARKEBHE, BAK— (1967): EEEBHROEL
Bl DNWT TH 4], 5(1), 67-75.

YU A 103

3) J.A.KNAuss (1965): A technique for measuring
deep ocean currents close to the bottom with an
unattached current meter and some preliminary
reports. Jour. Mar. Res., 23(3), 237-245.

4) P W Qo68):  MEFEBRTEIH By A DT
BEFE, 11D, 123-135.

5) Gerold SIEDLER (1967):
in the Western Atlantic. Transactions 2nd Inter-
national Buoy Technology Symposium, 77-83.

6) Louis A. BANCHERO (1967): Deep ocean mooring
of temperature and current measuring systems.
ibid, 37-55.

7) R. H. HEIMMILLER (1968):
Systems. Woods Hole Oceanographic Institution
Reference No. 68-48, 1-19.

Mooring systems used

Acoustic Release

3. g LvhFXuzonT

% I

ﬂ:{*

Récupération par déclencheur

Masashi YASUI

BB RIS 8EE T HEELT, BAEK
EHELTDTAZEL hEMCL o T20HRDH

ABNB, LO5B, TARBHMROHEE B LT
CEEBHVAR LERCEET R, COEBLEME

AT 0O TIRENICE S, HEZITEB U ER &
real time TRELOHEMTIEL v 2 ~~KEDIEI LN

ABIEMIHIEOB AR, T4 FRICEL 552150
B, W FRD 2NN DOFEEBLKICONTIHLTE
<O
74 F R | B 50 KA
1 1) MBOMES \ KRZBECHMABA

B TR Llwb A DI LA O BT,
Ml cpnzocrl w#oszhAsbEn,
| DED B w)ﬁﬁﬁm@ﬂ@ L ¥ X1
& | (2) Primitive 72 5, MEDERDDIE N,
T mEosTRE @)&E-lﬂm%ﬁ@m<it
HATINES, | BEBRBRORMAE L,

GRS E BB A% ASH Maizura Marine

Observatory, present address: Meteorological College

“ 7 4 5 A

(1) 74 BRI fe

7#—%29)73)07‘“::&

( ) @U%‘%@f\[ﬁ%f@mf%?
L, ADHELE REERNK &1, (Acoustic
, O EXWHICH AT | transponder A H(D F1F
kab\ c& KO R BE G L T
(2) ZmiEy Hﬁ‘“}ﬂ@fé\ HED o
g, {HL%C/)IC‘ (2) BRITHET 5 Mo &L
A BrkED, O, BMTBEOLOEE
1 (3) B - BRUCHT | T5o
K& BB | (9) LA ERICIET B 4
BifAET 5, ENH 5.

|
|
|
|
I

WI BT 4 FREFSHNOHFRER, FFESHEK
B LB,

Ok BEFET A A —FEEEICE S DO EH
BT H BN, cmm@§5m07xuﬁmwf@,ﬁﬂ
IR E BB FROFRRED, Tbhb, BEHND
FROBIRER 75 % EEbNTHLDEL, 7475
RTIT 45 % KT XN EEDHN TS (BRADNER K
ORIEIC L D), HELEDOWBICINE, 7E Y FHH
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104 5

FENOBMM R.D. 2 v 7 » FHREBOTHE, €AY

DBBEEMC-BOEEH RO HTRCLD,
WEEBHBOLEBLE -0, BEBEA L -72D L
T 508, 76BIELD TEPLUC KK L 72D 1 Flicd &7,
ZO 1P ETFHARBERICES 5DTH -7,

CU)?:TK%C&%*%%UJJZ\%%% , (1) Ygﬁﬁﬁi (2) #&
WHRAEUEE, Q) & £%<> WEEE,
(6) FALFEFLEEE IR E D \gfé %o

BHRE—BMERZ VD, 4DECAHH T AR, T
WIBEDLND Y, S5, KEDOENEATHEH
TAHREAIE, V) YERBIELRY) ZF L VRS
BT LA BKERIZEBANENT NS,

FEYORLLEBEE LT, doLUDEDIHTO
HEEESEZHA MO HHLUTWLRETEE (A-
coustic release), W L7cEFICEDE LA LOERES
N HEROERICEI DI LT HE, H o0 UDERIC
EDHOHNIRKED Mg DHOHEAKPGTOEAEFA LT
—E MBI 0 13753 %E (Electro chemical timer),
BEOWRAEE U THEALZOBRICXDEENICHE
M 2 FEONENTAINTED, RBICREED
e sadeE i, =L T3,

NBRAEERALAT U SHETIIO, BRI EE
RTRAZMNC EICRKNT 2 AZBRERO KL 2DIT,
W LB ICBERORER T RICERERENY

DT, RETHERUZLNEEEDADICHHAEN S,

MEBRREE S LTT, BLBoMEOAE L #R R
WS H S T DB 5% (Radio beacon trans-
mitter) & X F K7 7y v, (Xenon flasher) 25FIA
INTinsd,

FRFRREEE LTE, 2ENBIKRDAS S/
BEBREEORENS IEEEVEACIVWHYSH
£ (Beam direction finder) %3, ¥ 7P < NS
FHRTHROEAIIIA B (Pulse beacon direction
finder) LT 5,

U SAERALT, TXA)AKBNTE

real time @O

A 8% 2B (1970), B{LEHrait

B LS UIROTRIE I o BRI, TEbRE,
MM S, BEREH PO IS EES X 7, BE
KW ETREHM0 R L D EBICEFERS L
TWhb,

P RiC B0 fe B ST DT, MLT.S. Bulletine,
Ocean Engmeermg, Under Sea Technology & & o
ToRERICI S SAREDHTED, O.R.E, E.M.1,
Prodelme FEOLEDE > TEERZSEIERELTED
A THBEEDIMOFRETREICELRITHRTHS
ASHRATRMD real time THL TROBHIZ, COF
HRICK 2 NETHDEER D,

FERICLTHBEIBOTE, SAEICE T ERE
BELUTHRENTNDE bDODREZRILICELNES
HEBEINTLE T, FFLOFLOWEROEREE LA
fETEEROEREPEVSRESPD G T 5 LBIC
BLEABLEIILLB6TTHE. COHELCDVTE
KT TNEHEDEES,

X ik

—HIIE D E LT

SCHICK, G. B., J. D. IsAAcs and M. H. SESSIONS
(1968): Autonomous instruments in oceanographic
research. Trans. 4th Nat. I.S. A. Marine Sc.
Inst. Symp., held at Cocoa Beach, Florida, U.S.A.,
in Jan. 21-24, 1968.

SILVERSTEIN, A. and F. G. SALTON (1964): Automatic
Instrumented diving assembly. Trans. 1964 Buoy
Tech. Symp., held at Washington, D.C., in Mar.
24-25, 1964.

BeBk78 & DIT DT

VAN DoOrN, W. G. (1953): The marine release-
delay timer. Oceanogr. Equipment Rep., No. 2,
SIO ref. 53-23.

EzeLL, G. D. (1967):
development of a deep sea ocean bottom seismo-
graph system. Trans. 3rd Ann. MTS Conf., held
at San Diego, in June 5-7, 1967.

Historical review of the
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Historique a2 Woods Hole

Kenzo TAKANO

Woods Hole #BEEFTZCATH 1960 04 K = 7 2 sk
AOBIECEFUTHL D, WEEHSEOBE LI DT
WAHNWLBIESRT 6N T &, BH o —7FaghT
B a, FERBOHSROEE TRILIDNLDIT
5, ERhO—-HEBELHBVBTFbRECE0
D, RRKHOBERER &5,

SO0 ~T R E>DK S, WY, B, X
BNrH b, BB o—T2K%E 75 2F 9 2 THAT
LT GRROMBEICEDMER S 25D BiF b, &
BUDIANFE =0 — 0I5~ AL S
KLRTLZERTEED, IBhAaEL~NZ L
BHRMETH S, WOPWICE > TRADHEN 0 —~7IC
BOEBEUMANBH, FEHT B, 196547580 [T 80
IR 2 BRI S 51212100 % Th 2 %3, 2 8%
ABHERICHELSIL D, WHANSLST BT R 75 WH
D, BEEHRZ 2EME AV ERNEE L,
BEMBHEDO 0 — IR T S ORISR, FIThH
HYHNRT 0, FRBEBOEIZET, 55035
EH200m FTREBO 0 —THFELC LN, BAOEE
BiCHhoRORNITEE L,

EHIEWHEL, BEEBRITEPINT, Kb
B &2 0EHE T 10 m A 5 200~300 m ICEkD, HIEF <
KRBV RBLEBEZ DI TELCETHs,
* HEEUKEEB IO BB BT % 77 Ocean

Research Institute, University of Tokyo

Present address: The Institute of Physical and
Chemical Research

EHRTHh, BEOEZYWO B LCEL 3, KT 2,
COHERROEDBEAD CORBTON, Hezn
LODEEED DI SRR D, 18S9 & 5
NPRONDPNES I B 7ewh, KPBREDOBH X HUNS S
2o 2CT, FTRATHFLNTH2HBROBE 40

IBENLLTH 5B,

éﬁﬁ%@n—fmﬁﬁmﬁﬁbn%éﬁ?oﬁ%m
ENDENALNERDIT, MULEAMRES 58, TO
RIKRES N, KBIEL 5 -TW SHERIDSSH 5
TR, BICBEICESEL L CE L FRTE, B
DIRFHEDEBHBRECITD, L OIREAE LR <
5o 3I0EDIT, MUDKEHERY Foer Vi3
EREE S AR Jr S AR b e A

BT AHED D — T IRRETRF Ao v o —FicE )
BRITHEM, HERPETEL,

LERIE A LT, B, B, BEOBIIE S
WSHERBELODTERONT, B A RINCHEEICHK
WU, WPk ERBICHDIB T 2 584 &
2THEZDT, WHDRES D HBEICS {BERNICEN
BEKRKERE BB,

0 — 7N B AR F S EIR S 7 N
w, v—=7 (& SR ORKENETLD &9 -
LNSTERNTYNTCDH D, BABMENED & 50%
%)jt‘a“b\i:‘%jmiﬁvbmftﬂhf&ﬁ)of:ﬁ]%33660

Yoy TR A 4 TN DNT SN AN A REBNFT
[E€ %N

¢37)



106 5 4 B8% Fo2H

5. 71— F-74 5 EBEMETDOR

(G S

(1970); HALMGHEF &3

B G

AN 7 SR CVANS

Observation séismique par la bouée mouillée (plan et préparatoire)

Magoshichi SATO et Heihachiro KOBAYASHI

(H;Lﬁ:ﬁh/k% WRIEA CHHEE L MO HER AR

Cei RN I T, ERUREMEH T OEEME
FHOBBEROEBIERAETTIS » THhic, EEETILI
WOLT ) v EEIEKRT CNICARET S EMIC D
THET 5,

HEHZEHORSDTAA5LT ) Y7 F 5L
OBS (I8 J&E 1 B3P KA DTIR, EEHE, BEOR
R, RTRDL, fEEMORES, BEMM, 4T 7D
LS a+ Z/rcBEL, oA -FaicdEnl
T, EEFTHIAVER T 5, SRR - TR, REMFEE
B RREIE x4 5,

AT vy =7 HOREE, WKOBEITIDRD
BEappkno5h, OBS Ak, 8, F.—v, 74 v—%
DOUKHOBERED 6~7 FOKRELF>T — 7R
L Ut, o—7ORHRE, BEELOLNEO, JHill
mﬂpﬁﬁﬁF@mm%w,ﬁﬁ,ﬁ%®ﬁ%ﬁ9ﬁ<
RN SAE IR ALEEE 0 — T BRT 80, F ¥
IR EIL, HEREREOS L0 —7EBUEML
7o

i ATV YTy A—ELT, HEAT v —EN0
foo BEEREEHOE->Th, BREED LI BEELMN
oo BEOMEENI, EHICKDRILED, FWOESD

* %(ﬂ}j{#f"{ 2EE The College of Marme Scxence
and Technology, Tokai University
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3fE~TREELUTHEML
TR, EBEYE A, HETA, T VA TAEER Ui,
FTAWE, 4TV S a—-F X0 OMEL RS EH
EED, TABESCHEEIAT, WAKLTS, BN
LS, BETED, 0FRHPT, FKER
DL, FERTREERS S, 71 ERONERS
DAL, K, EossHBLPT VR, REFR
Hikd, v—4&—, HABEAEE CEEPHRILKS b
DEFFH U COTA DHREBRBOkg BRE, B
1,000 kg D& DA Lic, 71 I FHERMLNUE
AN, ZHERMEELAL S
NBEEEERZOELXEORBR EEINCK > TEER
BAREL, FERICIBBEA R LS DI, FE
ML N OHEE R, BERA LD HoancE
bz, FERRERTRES Y,
FEPDISERNEREELT, AL vst—, Nye—,
ANF—, ZAF o FTay s, HRZETSHAELR,
OBS @@y, vy, L—4&—, FHiExss,
RO, ERKIE, HIZME, BRAE MY, OBS A& DFE
W &, 7 A OFADRLE A RE Ul
TARBETHIMY, KEEEEE LRRTICKE
L, BEHEOMERSIC, 74 RECRN, HMH,
BROT A OREGTLA Ul R A 2 —%%H Ui,
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6. MR -KRuvK vk T4 OBHD—H

ZIN

EC

Un exemple du mouillage d’une bouée océanographique et météorologique

Hideo AKAMATSU

L[BEITCTHMEMABEELSa Ry b« TAERBIEL,
MR 44 4F 10~11 A B L TR 45 4F 5~6 Hic B A
IR D AFSEAF DKZE 1,800 m DIF LI IEE U CHER
21T 5 72,

cOT A FNER OKR, #i, HE#) 55 Jam,
BHiE, S, SR BREEEROBRICK->TT 1Y
ZMEETEHRO D TH B, EBRMIL 3T
L BBEESSEETREIN, HBZEEECL -
TERIZF— 254 24— CREI N,

ZDOTAREIRORLTH L LI RKER 3.5m, &
T 60cm OMBED 70— A2 &L, RITIKKRY) - v

|
—

PR Jatlok 2%
\ \

™ Ja

i Y
12

1
400
>

[l

H
) }Hugg/ua
k8440 0 -
442000

¢ =Y

= =g
X 3 CoL

1 L
2o - l «‘f

I

F1 71 DHTER,
*LRIT, B 8B % R R & Meteorological

Agency, present address: Maizuru Marine Obser-

vatory

RYT 3 —LERBLTCHD, 70—+ OHRIBICIZIE
ERBBMAO d12mX1.2m ODFHBEEDO+ v & v hidh
b, 70— EMICRKRHE, L —F—Lv T L7 2 —,
EH#HTEZROMATZ2ES 2m OPCOBLY 8m Ok
49T« TYTF+FBdbd, 74 OMERHET LI =
LCHRERS b Y, REFNE35 b ThB, 710D
BETAMEIIEIH 40m/s, WE Tm, 3/ o FOUT
DWEHTHEMT2DEL, ZOHRAEOT A ETOE
HEME 1.0~15 b v ERE -7,
AEOFERTIIMICRT O ICEED o — 72 ERL
TKEE 1,800 m (EEIZIE) it LTAE 2,000m& L,
Z2a—73 1.11 THb, BEHELDTA ¥ —+» a7
350m & U, HPOBBEZFH S LI LTHb, 2D
4 0~ FREMOEBICE > ThEDAEED T
SWEHRED A LD THL, FAa v —7
(@20 mm) /¥ AL v e a—7 (¢22mm) 3 8AKLD

— -

‘\ U oo ($ tomm>

{“.yw”—-) Leram We/rot

Ve g ($20 ™M)

Zre =70 (frammy L=so™

P 2R R A IS L R 7 e

|
} Y 71 (Parmm)
S SEEm) Feors
i

X T
FAw TR

} £erk \

FAw LAy

§c20m™ Lagoo™ :
Fersk '
‘ 1
\ FAT T
%:/)("/7/’/(¢2f""')

| K#(’w")
‘ . Tk TGz, Ko (fom™)
v BECGR) 20ky S

77777 +

HL- s fomm Tt
Leze™ we3s0/g Wit

o T4 OEEMN,
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108 5

DHDTHEMWITIN6~81T vdH b, TOLWMMEr— 7%
HHT 2 H > TRGEELEIRIZE SOOI
DT AEESEAD Y v 7T vidisst, SBRlo N —
MRy T ERLTRRELORNC ET, COERIC
B Ao vBOMNEY v TV EABE L THEMHLL, &
7o, T4¥—ea—FWHANFIayera—7D 50m
NAZHEEA 1.5 I EICH T 2 DICRDF » TA2FA T A
RLOEENLT, 740 FEEICGEELPT L,
VTN LB DO DE T Utse iz, & B
0T OEGEMT AT T REEET L, Ve v I
M2 BBEODO L DHE,

RICKHBICBRIEE AT B ETNL L TA LD,
V) Tovh—(Fv7 3 —2BOEOBBOBAL » 7 L
ReTvH—THRW), F2—v (R4 b, a v
I =t Ty 7 EERLTARICE > THRHICD —
TCEELTEL, @) 1L v o—7 (JhE 0.91),
FAavea—7 (HE1.14) OJBICKT L D cHE
HLTT v FRELNRE, @) FMvv -7, v—
TN, TAY—, Fo—VOIECERKL, F—rvDOL
BIZBBEIO AT ¥ v 7 LIk, TADFEHDOT A

A H8E H25 (1970); HILEH¥LHE

IR T B0 KB — 7T VR F 2 — Y ICID R THHB
TboTMOMT 2, (@) DILOwE@AIGET Lk s 7
AR D IETICRE L, WAMECHIFT U TR & 0 B
To B) MR ZIC LR >TF 22—V, T4 ¥
—, FAnyen—=7 4Ly n—TDIEICEDH
o (6) RIK 300~400m 7' 4 3B SN S, &
MEBMETHEL, BRCHE»Y, O/, n—713H
RICBOHL, BRICF +— v, Ty h—42REELTH
fea—7EGHLTERICERTSTS, Tys — Ik F
h, 74R3Wo DB TFTHRIGEE-TL b5, 72, 754
Vv o =7 R3BHICEATONDDTRIET O
Dbo TADHBILUIEERT v —NEE LTS
5o COBEMIIWNKENORBETE S,
UETT740BHO—FAR U, FHEEEERMD
BWENDHY, TREZEZNL . ERABRDRLUTER
DFEEBOT I, S, HERPBRZNIFEH TS0
—TOREOFEERBL LTSS, CORdiclE
BULOBNCEBICONTHATS » THA L Th (S
MBHA9,

7. HEVBIHIE 74 O8Iz oL T

g

Mouillage d’une bouée pour la mesure automatique

Kinji Iwasa

1. £AME

Boli, WAOETETEEORR, FHENED TS
A XD, WEOBAT — 2 2 IE, Bl Ta
R D MERENE U T &7, MROBIMN, MEBLT
MiZER s & ic X B BN BN Ic B Y 2 BEAIC X
25DTH-T, B EORERBRO K D 78 RKHIZAL
DFE LB GAER L CTHBICHYBT ERWLIEAD TH
, ZLOANBERBBEBELT 5,

Z CTHIN D 2 SRR 78 O B SR 0 72 ) 1T
BERUA 7 A S E 75D, BRSNS 0TI,
E {“f{?kﬁ%ﬁﬁ:/kﬁﬁﬁﬁ Hydrographic Division, Mari-

time Safety Agency

BHZE. SN 5T 5,

W - ARB TR TSI DAL o B ith s o ¥ B 0 4%
HMO7 4287 L, EACELTHEDT, cionT
ADBRAIC K > TAZONBE R, BT 2
O PIEBIERIL S DT 2 OMEADIT 8 3 i R
N, NEMET S ETREND HEERA 71 0OBE DI
WDBELE L,

2. BBAXCONT
=M BN 7 4 0B iR, KU C Slack-
wire ¥ A7 4, Taut-wire ¥ X5 &, BEBEM I, H
HET, ACF AN o2y TtsEzons,
Slack-wire ¥ 27 £ EBH 1@ KRALTHDL LD

(40 )



DA

(@, g5

F 1B Slack-wire ¥ X7 4,

(), (e

e ABFBXT
~——AEHOR

K@
N sy

< of sERE TR

SEESTRED

FEFE
T OREEE &R

(@ (b

82 () Taut-wire ¥ 25 4, (b) EEEYE A,

Wi, Fr—v, B 0—7, 94 Y- EEFEHLT
WHICELEL TN 74528045 5T, BELTH
%74 OhICHEREE, BHEEESSNELTHD, 8
KHEML T2 e —7, 74 % —1CH- THEZELS
BoHITHBEDTH 2, cwﬁﬁi%ﬁf/4@§
1 UTW 3 o iiRIC X 2 EFE0EER, BogEick
27 AOENED B ENEL N LD, BEHANEH
WebELDTAOEBHEHINTH 5, %1%(®
WRLTHZ ORI HRNTH - T, Ol
LRSI OBEEFIC L B L, %EMJEEJF%WW Th
KHFH#S / » PRI OME TR o0, BB
EMTRAMES / v M EOEHTIEE 1K (b)) TR
LTHb Wﬁfﬁﬂéibm T OB 5 R I3 8 W
BHRAO T A, R LTV A—2 Y v IORERTL
7271, ﬁﬂﬁ®74”m‘@%

Taut-wire ¥ 27 & & 13H 2[_J(a) IR LTH D
WCHESEE 7, v—7, 74 v —RmEEMHILT
SRR, EEAEENB UL TAAKDICERL, K
T NEORHS T 1 23 385 ACH D, B
BHIL TS a—7, 74 % — - Tl ZE 0

i

109
#53 KR 7 A Bl
HU'C()’(O7 o COHRIBT A ZUHT 50m hi g TUD

, BIBICK2HIBIZZ LA LRI L 7citsk
%aﬂ ERIFRICEET S, LinL, BEIRICS B IRK

LD 727 1 OEEKENEALTECENDS
T A DRTRGEETET DHERD S,

COBEHFRO 7 A41%, i LT RES TR LN
LB, ZHEOKE H00m LT 200m OB
LTHh 2, FBOKEAEEBIHY 2 £ BKIREHE
SEFE DD 300 m DHAIC B TR 50m K7
A B UKD RS S 5 EEH 50, 100, 150, 200,
250m) DIKEBEETADTIC WKL TH B H A 7 Tilif
WS 20K T 19 B ENH D, H3ICE
S KR 7 1 DEEEE A, W4 XICZ ORI R L
Thb,

TR i 2

DT,

é
C

(b)) IRLTH B K HICicsk

BE, BHTEANBEL imkﬁ%ﬂﬂ—f,74?~
ZHEMUCHEE TR ISETEEL, n—7, T4V

—E BB LT - RN S T o WmIE L LT
WA T A T 5 TR THO L E LTHRIE Fo#
AcfEf &b,

T O R I OB 2 BT 5 HEY TR
U 72 /KZE 150 m O Mb i iC BEE o 4 i b B lee P Ol R Hb
B ENHL, Lrl, ol NREEMESEIICX
> TRMMEBEAKFIC I SN E EDREDH D H
5 NI BB OANBARLTHD

Hli ~, Heghkhis iuﬂﬁzkl_, B &2417\3
i U 7 T A B A BT D A TR 1 Sl e R

L, T FCHIEICEN T 5 L0 THD wﬂﬂw
Rz, =742y u6249Fbb u\viﬁj&ﬁﬁjx4 v FE
TR BT O g™ Il © OB I A 20, e L

BRI DT LB, BTN LI R URERO

(41 )



110 5 A H8EK H2F

4 F& M

WA EEFUKE Y

WS MW B oW &
BHCE ->TEREELIETHREISDTH S,
C®ﬁﬁuﬁﬁﬂj§% FOBYIEHINTWS
[BIIED 100 % LB EZBNDT, haEkBNT
DESIL SRR

3. EBICERYTBMONT
—RRICHH I RO ETH 5 2 < OFEIDB H 5905,
AT b AR (Stockless anchor) & fh>AHE (Stock
anchor % 7213 Common anchor) © 2 F¥ihidH 5., b
AR ER S EH INIBT, HoxEEBHETHD
7%, D URBIRBEEITIUR O STIEIT, BilT 2013

RIS 720 KEHIZIR E A CEP AR CTH S, e Al
OO & ZFIEPASHICIT IS, HhHABT AL

ABIEDR 25 BObOMERENLE, MEBADPA
STV, D> A I C B 2 sl A
FEoO#T (Shank) 22 IBEEO T R L,

W HEi AR AT, 2O (Crown) i1 % 97 1EIE
WWELTERAEN, 1 ARITIEHEID»A (Stock) O —
URASHEIER ICHE LA D8l (Bill % 72ld pea) D3I A 7 <

(1970) ; H{LMHF 28

RAEL 12D, & 2> A Tl E5 (Fluke % 7213 palm)
PIEICHcD DU R h X ATIREELL 5,
— R EEASIRIE A > < 12 106% ) (Holding power) &
FHoT, HOoEINEE - TN, BEOEZICE -
TELEENDE EDTH S, AiEPICE U oot
J1% P, BRI A3#OESE W, $iOMEREE 2
EFTNXERADBZ 6N B,
P=2W

CCCEARFERZE -T2 oND bOTHEDEHRK

Lo THIEPOLIIKHTI L DDA,

| B | R
A J 10

| X
B | B | B e T
9 ‘ 8 i 7.7 01 5

OB N IZRBEIL B O TR PR ZRITI D FHICK

ENCENNETH B, AHRO—HIprbEIE Tk
L, WEG 0 OFICET 2R ERBKEELETL S EHDIR
Sk ot RbImE a L9, HOERORE
BRI
W= l;f 1
THZONS, TOERICRHICAVEIZENT S

EHEO G &H %
g PR TR IR “’B’C FalBii s ic &k B iEmmsirm 7
4 (36 K, £& 1,300 mm, IE 1,000 mm, 5 X 405 mm,

TR B 7

¥6M

(42)



oy

5277400 kg) OB FITHE M LT 5 #i 13 Head Stock
anchor THIDMEIZ, AREHHE, S#HrAHMETH
D, WEER 3lke, HMEROIE B 20ke, #HHOR

X0.945m, HiBEOE X 0.565 m, M¥/IAEME 0.62 ton
Tdhb,

4. BBRICDONOT
BRCE T BRI, T4 v—a—7,
MELMC TR T A ¥ — 0 —FOWEORIEI DT
BB EICT S

— IR BT B 7 4 Y —HOERE JUREEE
ZADICHERTEREIR 74 ¥ —DERE, BUEXJ
HKHOES, YIHO=2Th%, COBEFLIEKT
DEIB LYW HOBRICONT, 7RSS XCI9A
6 DB D BRLADHIE R 2 RITIRT,

® 2 %

o -7 E

1 Wy ton

B, W }
mkg/m‘AlB‘C‘D;E‘F

6 k 0.125 1.63 L84 2. 04| 2.23 2.4
8 | 0.222 2.90 | 3.27 \3 63 8.96 | 4.28 | 4.51
120 491\6 53 7. 33\ 8.17 £8.9O | 9.64 10.14

S BB 7 AR S L ONI9ARE 6 DER D HULKAD

W KHER kg/m

Wy {RALTIWT ) ton

A: R—F U/ FRAF—

B: AT =T FR=F v }FRF—IL

C: =ANFTTIRAF—

D: 4T =T NS5 9RAF—w

E: TF+2bSA4 Vv TFN—TFTTITRAF—0

F: N4 H—Bv2F—n

1. F 7>

T A Y —ZEERD OBBRIC L o THE SN S0
@%ﬁmcmww@k@mﬁ%@ﬁ@ﬁﬁwanﬁmw
HELZDHDT S EEELSNED, il &t
kv4&—$ﬂﬁ®@%c~%ﬁﬁﬁm<ﬁ@&Wﬂm
FD eI — T OIRBEITIL D R DR & Z Z 15T
NEBSW O, T4 X —BeDEHEnv—TRICE S C
Lh -7 EF ), V=T BEEHT S ERB0H
AREEDIICRY I NEBL L EMbTHRETHD, 7

—RERICARLEY, CosERENIEMAS &
T4 Y —OWWJIEEL LTOIRT 5, #E-T, VMY
—OFEMICY > TEEICERICD . - TEIDND 5 T

YU A 111

LRI NILE S0, Bl
5. 60ton D 8mm 74 ¥—idF 7 DIR
FETIE 3.32ton TYIML7, COMREMPORTHF YV
BETIR YN0 60~70 % KT 95 &iE s

2. MOREDICHONT

PO OMWRIZ & 5 TBUSE X NV 4 Y —EETI A A
b EBRDBRE, WIICEREINO T 727 4 ¥ =%
T s&, 74Y—3ESOHFAOENDE Y ICEHET
bo MEMEINT 2 KON THERSHMT L DIE D
BOIKEZ50THY, #J]& EREOMERIZEERE
X2 DTEMEBMRIZ NS D EEZ 5D, 19456
DEROBRLAYD 8mm VA ¥ —TERUZZMAE 3R

NG I
2L, V4 Y —0%KEIR 1,520mm & L,

%3 &

| s —p 1‘ 1 JE
5I8%J) ton | [l# " GlIRTT ton | @%ﬁ&
0 0 1.6 7.07
0.2 0.40 1.8 7.27
0.4 1.02 2.0 8.3
0.6 3.10 2.2 9.02
0.8 | 424 2.4 9.03
10 5.17 2.6 9. 09
1.2 6.00 2.8 9.28
1.4 6.19 3.0 9. 30

3. Edge &2 T

7 A % —OBIERD O HFNCIEfIC Knife edge THEH:
Mz D EEHE T 4 ¥ —13 Knife edge O FEJ1EICTY)
Wrd %75 Knife edge OIRAEPRHIEIC K » THIERO O
i1 Knife edge MISWE &Il L EOEERL T 5
DEMRTHS & edge MEE 90° TRRYKIIIEH 60 %

Wbd b,
5. dHEhE
VL LB HE BIAH 7 1 ORI DTl 7S,

EROY R E TR
Yed 2 Gane ]

Fr—Y, JA4¥—, 0—7T%HLMH
ZOEERIMOTEETH 5,

Bl ic st 3 7 4 v — DR IR B MR b TR
MHTHDHI, 74 —HOUMICED 742Kk Uk

m,ﬁw1§<?ikCﬂ@@W&m%KW%@%K@
SEIERENE D SO TH LS, TORBEIC DT
4 155'6% L1 ERTDHETH 5.
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112 5 & E8%B 25 (1970); BILEHEF L

2 & X W

D Afgkal: BEBRENEEIC O, RN
F/— M2 15 (1963).

2) AEEE: HEBRENEEIC DT, KEEERN
78 5.

3 MEBINTHIEER, WRSEEIN RN O NER
KB 2 AT me & (1965).
FEERIRIT T e R, R0 I R O i 5

B9 2 AT EEHEE (1966).

4 FHEENITHIR R, HER40EERILEREEC
B9 2 BRI &= (1966).

5) MEEMTHIHEER, WM4A4EE Bt mEEe
B9 2 A uiFeas® (967).

6) FHEBURITHAEER, WM4SERE R ARICET 2
MATITRHEE (1969).

7 HEEHEFHE: MAGERSE GRE) (1953)

8. TWres & RSN I DUBIRHLER] DORE )ik

WAES* M

EF I

72**

Installation d’un séismographe au large de Tokachi et de Shakotan

Naomi SAKAZIRI, Nozomu DEN et Hiroshi HOTTA

1969 42 UMP ([ b ER N SEBHSER T ) 1< & 2 Bl
B LB B KO B[ HREMOBRTITE I H
720, L KIS W T SRR O BAEE m &
N7z, WEHERAT IS BB WA 28254 % K 1,500m
DRBICHETSCEEHNE Lz, S 5ICbEHAH
B, [mB 2 M3 F v — 2 — Ui s R 5720,
I ECOEREETE 2RI RBICT S & D Ic/N il « 1%
BTHHCENTEENI, INLAZRLUTMHERRR
SBOAR 18cm, HE 16cm, EIH 0cm, FEH
70kg OMBEIED & DAEEM L, Zordictiggst (-
TED —ksr, HiEZ, 08k, EESE2ND, MR
it CEEE WD IO E RN 85 kg L8 DK
Riydg/em® Tho, COBEMEIOAES, ERiT
R T2 ZRREIC X - THENBBEICRY RS &0
Thb,

BEMBAEE T L0 —7 - 74« v 257 238K
2L OIFEMERZHE LT 2 Il E bR 5 i o
HEEREOUS42ET, BIZZOHFRICED o/, ¥
MR AR RN « BB THZ 700, o —7 -
VAT LSEORMNSEDAELEI LB TEL GB1LRD,
AA Ve TA, STF«TA, T4 T 4OESHITK
FREORHM T MESOM S LD, HAMEEVI YT

* kS R Faculty of Science, Hokkaido
University

BT FALE I FE R Present address: The Institute
of Physical and Chemical Research

( 44

DOFREBEDLEZ SNTNE, ThIZT VA « TA%
[FEROBHMPIZIZBREM Up b Lp S8z
P TELBED D0 - e AWM FICBIR U3 hiEE S
BN & & RBEROEEAREIC LIV TH 1,

Radio buoy

WR 8¢30m

WR 8¢ 500m

Chain_9¢

Anchor ’
30Kg Seismometer

FIR BEMEIOBE Y 27 4,



v v R

MAST

%%g

CAPS

2N @&m%ﬁwﬁkﬁmﬁ%lo

1. 2mm¢ 100m D1 L va—7

2. TV h—BLUOF—v

3. 8mm¢ 30mm¢ DT A ¥ —o—7
BEHET OREMEEIE 2 ROKICED ST, B
EHEHPS 1,500m D F 4 0y 0—7FTETRT
BOMUHBAWRETY— ALY » o 7V THSD S
AP SmEINE CGE2HD, 1,500m DF A vy e
—7TREZaboldFINTN LK LTEMTE

VAN 113

D, 20—+ 722 v BLUn—7 —A@LIHE
I ® D74 %—0—-TRHERINT D, M4 4
Ve TADT A ¥ — o — FICEREINT D, BEMR
BAAKI 2 LOPHEL L > TR T — 75 - CTH
DT eKRPICTEND, ZDBIBBERZROHEE
BTICR-TIEK ©, ®, ® OMOBAEY KL,
ALY TARMDT 4 Y —0—FIEEDEFIC O DY
TFI74p5R3FTEN, 50m BE-THWEHThok
A BND, 22 TTAY—a—7E AL Ve TAK
ERIN A4 v 7ARBRMICHRY THFond, BUn
— 7O EN, Bk AL Ve TAEF ST
YD T . ZD%, a—TOED AR5 EK
TIF e TA, FAL e TAERBRUELRKT Ui, 1F
HEDOFTERHEIZ GRS AR DK IICE OB 58
200y Th o7 EEMBORRE, EE, B I B.C,
120°, 3 Thote, HEHRMN 50 THEMBMZIRD D
FVE  TAETERECEN U, 71 OE R
BIFTH A A Y e TALET V4 « TAZEHELT
Wietrd4a vy en—7 (2mmg) X7 V471 0&E
MK DI N THICTH -7, HURE LKL
TRTEIFIORESRIZ LT U,
FEFHRTIIKE 116m O KEW LIcRE Lz, 2O
Bz tﬁmmm¢@f4m/-ﬂ—7%gﬁkb4mm
LULT, T4 —a—T4 R LR, FEEMEI
T DEA E &L HETH 572,

9. WMEMRE LT -T2/ mY—

IR S N T

 H

Séismographe a fond océanique et technologie de bouée

Hideki SHIMAMURA et Toshi ASADA

1. BEHBHOEE
BEMENLEEIC B ,NT, BET O ScibE
BAEELZBBEDTHD, CORYD, T4 F27/0Y
—~OE»HANE, BEEE B0 2954800
b5 EFABIC, 74 98Ho—~70dNE, BTG
- ;Tﬁi}ﬁ;ﬁiﬁiﬁé&]s Faculty of Science, University of
Tokyo

EoTORFCBIMREERD S, ) Z20&R%
HoThd,

BERDIGEHERA I ABEO DT, ES b REh o7,
T, BHORBELHMT I MERS o1, T HOH
B0, HIERE ORE « 0L, KBOHIC -
STEZOREXETH -1,

bivbh OFEMER I,

Wit <, hEL (L
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114 5 A HeR

) T A MEND LM O LR U, b LR
BAtNBNC IS AL, WM S AT SR T L B
PABLELD L, ERREDPHRIZEDRELD <
FNHNEETH, HEOF » YANLLDT LIS
FRE R, TAF o/ uY—DWTS, B¥o—
TN S DTT D, Z DRI L BB,
DWTREEDGRE o720, TANINEDTT
LREE DD,

Flo, DNONOHREE, BETOLRSLMDIT

ZEtmindns, EIN) i, HEBHD v+
—RBMEREDOBHTY v v oh, /27—
AV a—F—ZOMD R H =y RFEBEDOILNEHEE
FTE2XIDL BN, #DH 4, BHRAEBHET LKL
EXOBEMBEOHBICEMAZ SN D LHITHLRITE T
W5, (F2RD

WIN BEME O, 58 5100 He @ H)k
oA 7 AT A0 ENT X5, EnSIHE
WKERET, HET Fe /gy iy —4210 2~
A—ExT L 7 b 0=z, iﬁ?}jul”’ V-, "E?Ll
WA THDH, HFE 14.3cm, EX 70cm O PF#
ORIEEBEID 61, gsmmumgc% 5o ME
ORI, 17 HMLBRACRETSCE8T
x5,

FoR BEMBIHOMESRS, S5, MHE 8,000
m TERE 73kg (FEH) ThH 2, Firs=2KE
Db DI FRP i CHIE L AMERS T, BRI
S0 1/3 1075 %, FRP BEET 1 OME L LT
HBHLETH A

25 (1970); H{LMEPEFL

rf#

RO DN B b IiedIiT, bIvbiiodig
EWEHE, 74 77 /0 Y- oA X
D, PRODDOEBKETHEALLLLDEEZELZTEINWER
Hibo

B, HONOLNOEEMEENL, ERkOobDE L5~
5LEBRETHY, FERTE 2 HNBGHEE 6100 Hz
FTEEL L 2TNE, TORDEDTANIOHE (B
BNHER) AL AT T2 E0TARETH D, S
TR, BEKOMWBEELZ DL K -THET
OB EET2 (F LT, 745727/ 89—0D
AHE~59) TELLTRETH S

2. BEMBHORESER
HNHONOEEMEBEII9694E 7 B, HEEYSLE
DFEEAIT & > TBIANT 1 AR, [ K
WFOETE AL oCﬁEWT"MﬁmV«n;hLLm
o572 FRMUSUI G BHECK > TREBINT
BAARBEEEDF R MBI > TR Lz,
BEIONE FrE DA 4 8RGO & ERER
B E QB ABCR, Tyh—F 74 R% &
STco (B3I KPEIZ 800 m~1,000m T
1231 TCThotc, GFa—7TES/KEDH)
BRI DN TZ T DU IS,
RO THEHENZZEA N Dpl~ 5,
ZO—2l, BEMOEAK, BicLTEHTHLL
MBS, l/~}~l/7l/7§1~f351£ﬂﬂ’ 7 A D—if
ML IBBIEETH -72DIT, T4 —7DE &5
BRI H e 2l /A RX3, 20OEMbAREZ S, &b
DTNEp stz ETH B, CNRIBEIL—<ALED 5
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covering of the ocean-bottom seismograph used
in 1966 at the Sagami-bay by M/S ‘Meiyd”.
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Fig. 2. Rope-Buoy system for mooring and re-
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Rope-Buoy system for mooring and re-
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eastern coast of Honshu.
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Fig. 16. The relationship between Cl and Pe.
Crosses for waters collected off the northeastern
coast of Honshu and circles (black and white)
for waters collected off the east coast of the
Philippine Islands. The upper straight line of
two divides circles into two groups, black and
white.
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