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Crest Configuration and Elevation of Interfacial Waves in
the Sea, induced by Steady Travelling Disturbance*

Masahide TOMINAGA**

Résumé: Nous considerons la configuration et la dénivellation de la créte des ondes internes
provoquées par l’objet flottant qui se déplace avec une vitesse constante de U. Supposons
deux couches homogénes dont les densités et les épaisseurs sont 01, % et 0s, s respectivement.
La forme de configuration dépend d’une gamme du paramétre 6’*= U?/gah’ ot A'= hihe/ (hi+ h2),
a=(0;—P1)/P: et g est [’accélération de pesanteur.

Dans le cas ot 62<1, la courbe de la créte est semblable & cela des ondes de surface

avec le point cuspidé,*** provoquées par la navire. L’énergie d’onde se ramasse prés de ce
point. Dans le cas ou 9’221, la courbe de créte se forme en courbe linéaire se prolongeant
4 Pinfini et ’énergie d’onde se diffuse le long de la courbe de créte. Il en résulte que la
fluctuation verticale de la surface entre deux couches est moins que cela dans le cas ou §"2<1.

1. Introduction

The problem of interfacial waves generated
by a ship on the surface of discontinuity of two
fluids concerns with classical deap water pheno-
mena first observed and discussed by H. NAN-
SEN (1893-1896, Arctic Expedition on board
the Fram). However, the studies of this kind
have been developed extensively since 1960,
relating waves around a moving body in a
stratified fluid, especially in a rotating fluid.
Perhaps these problems may deeply relate to
the effect on atmosphere by aeroplanes, launch-
ing of rockets, missiles and submarines in the
sea. Recent researches on these problems are
reported by LIGHTHILL (1957), PEAT and
STEVENSON (1975) and REDEKOPP (1975)
which deal with not only theoretical dis-
cussions but the experiments in laboratories.
LIGHTHILL developed a convenient method for
obtaining the curves of constant phase by simple
analysis. But the elevation cannot be evaluated
by this method.

In spite of these abundant sophisticated re-
searches already done, the objects of proposing

* Received July 15, 1977
** Department of Marine Civil Engineering, Faculty
of Engineering, Kagoshima University, 1-21-40
Koorimoto, Kagoshima, 890 Japan.
*¥% Rigoureusement dit, il fait un noeud si °<1.

present work are, (1) to help simply under-
standing of downstream wave motions behind
a moving floating body on the sea, such as a
caisson, every kind of marine structure etc., (2)
to understand the changes in physical condition
of upper ocean by a mesoscale meteorological
disturbances moving on the surface such as
thunderstorm, convective disturbance caught
by a radar as echoes, (3) to understand the
dependence of the vertical fluctuation of the
interface on thickness of two layers in the sea
and velocity of the moving disturbance.*

Mathematical model used here is simple. The
analytical method is the same with that of
classical ship waves (for example, STOKER:
Water Waves), however, approximate expansion
of physical quantities in series of small para-
meter makes it possible to analyse wave motions
covering wide range of value 6'=U/vgah'
Here, two layer model is applied, instead of
considering stratified fluid. Wave energy distri-
bution along, for example, a crest curve is
important. For this purpose, the elevation of
crest was evaluated, results of which somewhat
agree with the results of laboratory experiments
done by PEAT (1975).

* Changes in physical condition along a thermo-
cline in the sea relate deeply to changes in ecologi-
cal environment by internal wave motions.
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174 La mer, Tome 15, N° 4 (1978)

2. Basic formulation

We consider the two quiescent homogeneous
layer fluid system whose densities pi, p2 and
thickness hi, ks are constant in each layer. The
x, y coordinates are taken horizontally on the
boundary surface of the two fluids, z-axis taking
vertically upwards. Hereafter, all physical
quantities with subscripts 1 and 2 refer to the
upper and lower layer respectively.

A steady travelling disturbance which is de-

fined by an impulse with lateral scale of radius
L by

Kz, y)=Ioe~ x*+yD/L2% 2.1)

or concentrated disturbance represented by a
o-function:

Iz, y)=1d(x)0(y) 2.2)

is applied on the surface. If we assume an
irrotational motion, a velocity potential exists.
First we consider the case when an impulse

is given on the surface. The surface conditions
are

¢1= ——In, t=0, z=h (2.3)
01

and

¢1zl+g¢lz:0, t:0, z=n (24)

where ¢; is the velocity potential of the upper
layer, and ¢ the acceleration of gravity. If we
use a cylindrical coordinates (r, 0, z), Laplace’s
equations for each layer are given by

Z
Z=h
A A
T .
5
Z=~-h2

Fig. 1. Coordinate system of two fluid layers.

* The dimension of [ is ML™'T™".

190/ @ & 02
Vz,nr;: = | -
4 [r 3r<rar>+ r2a4? + 822]
X¢n=0, n=1,2.  (2.5)

On the surface =0,

01(P1.—g0) = po(d2 —90), (2.6)

where { is the elevation of the interface.

Bottom condition is
$re=0,  z=—h @.7

To solve the problem we use the Fourier

transformation and its inverse transformation

defined by
P =" emay” evenie, paa,

e~ = F(k, Ddk.

Flx, )= Z%rjwe—ilydlg _
2.8)

oo

Taking the transform to (2.1)-(2.8), we get

;z ZU Loe~ k2 +12)/4L2 } 2.9
and

i) e

B +99..=0, z=h (2.11)

— (24P + D=0, n=1,2, (2.12)

01 @1 —g0)= 0o B2 —g0), 2=0, (2.13)
P,=0:, 2=0, 2.14)

$5.=0, z=—ho. (2.15)

Solutions to (2.12) satisfying the conditions &1,
=0* on the surface and (2.15) on the bottom
are given by

@, = An¢) cosh m(z—hn), n=1,2, (2.16)

where m2=k?+2. The relation between A;(¥)
and Ax(t) is given from (2,14) by

— Ay(2) sinh mhy = As(¢) sinh mhs,

then, differentiating (2.13) with respect to ¢ and

* On the surface internal wave motions disappear.

C2)
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using {,=—¢@. we obtain

(01 coth mhy + ps coth mhe)As(2)

If we assume p1~p:, and put a=(o2—p01)/p2,
then the solution to this is given by

Ai()=Ao(z) eicmt (2.18)

where

gam
coth mh;+coth mh.

0*(m)=

(2.19)

Hereafter, only the case of the point source is
considered. Therefore, from the second equation
of (2.10) A, is decided as follows:

- Iy
A():qjl(z:h,)'—: _ (220)
01

Then, we can obtain @, from (2.16) using (2.18)
and (2.20):

0,= —ﬁcosh m(z— hy)ei?m)t

L o1 - (2.21)
.= M—l cosh m(z+ hg)eio(m)t

01 sinh mh,

Using these, { is given from (2.13) by

iloF(m)

Z elomi, (2.22)
o1 vVgam

where
F(m)=m3/? sinh mh,
X (coth mh; +coth mhz)t/?  (2.23)

In order to apply the inverse Fourier trans-
formation to (2.22), it is convenient to use mg-
variables instead using kl-variables in (2.8), as
defined by

kx+ly=m(x cos 0+y sin 8),
=mr sin (+4),
dk dl=mdm do,

ri=a2t+y?, d=tan™!'—

Then, we obtain

= i g Lo Py 2

X emimrsin 0+ ) +iot+T

,Q,,, ﬁS‘OOd SZH+AH )
4n2.01 vga ") "

X exp i[~mr sin 0+at+—§—]da* (2.24)

Let us evaluate this integral with respect to
@ asymptotically for large ¢ by means of the
Kelvin’s stationary phase method. The station-
ary point 6, is given by solving

d mr
20 ((I—-—t—sm 0) 0
. T 3
or cos =0, resulting 0015 and —2~7r By the

well known formula
2r+4 . T ;
S exp i[—mr sin 0+0t+—2~:|F\m)d0
4

~F(m)\/7/v exp z[om— mr+ ~] (2.25)

where order of the double sign follows that of
/2 and 3z/2. Inserting (2.25) into (2.24), re-
taining only the term ot—mr+3n/4**, (2.24)
is transformed to

C:’”’""’“"S Fm )\/ 2t _gi(at—mr+3n/8 g
(2.26)
To evaluate this integral asymptotically the

method of stationary phase is again used.
Putting

f(m):it(a—ﬂ>,

[4

* If we use the formula
Jol )——LSZ"H ~imrsin0 gg. 0<A<L
olmr)=7"y e A 2
we can write

C—é;p %as F(m)Jo(mr)eit dm.

** When we evaluate (2.26), if we take f(m)=
it X(e+mr/t), f(m)=0 gives o'(m)=—r/¢t, but
this has no real root because ¢'(m)>0.

3>



176 La mer, Tome

a root of f'(m)=0 gives the stationary point
mo, then

C~”,,Iﬂi . F(mo) expi
to1Vga V|0 Cmo)mor P °

X l:a(mo)t— mor+ %7:4— sgn g” -7251 2.27)
mo being the root of
——=, (2.28)

(2.27) gives the interfacial wave motion due to
a point impulse.

3. Travelling impulse

Now let us proceed to the wave motion induced
by the steady travelling disturbance directing
negative x-wards and with uniform velocity U.
The conventional approximate method applied
to the ship wave problem described in the book
by LaMB (1932) and STOKER (1957) is used
here..: While the impulse travels from Q to O
in the Figure 2, the elevation of the interface
at P is expressed by

DS
U 4 > X

Fig. 2. O: Position of the disturbance travelling
with speed U.
QO: Distance through which the dis-
turbance shifted in #.
P: A position where the elevation is
considered.

15, N° 4 (1978)

_ Ig/U S“ F(mo) expi

 movga Jo Vio"(mo)lmotr
X [a(mo_)t—mor%-ii—n—!-sgna”--ZE:Idt* @G.D

Again, the method of stationary phase is
applied, the stationary point # being the root
of the equation

FO=-% (otmo)e—mor] =0,

or 3.2)
do

t ——+0o —mor—mor=0.

dt

Therefore, asymptotic value of (3.1) is given by

_Vg/al \/27; .
G~ VOlah \J B dexpi] A
nEL B3 L A
+sgno 2—|—47r+2argz e J 3.3)
where
[ FOom)
¢(t0)—l: V]a"(mo)|tmor ]z:zo' S
The position of P is given by
2=0Q—rcosf, y=rsinf (3.5

where OQ is equal to Ute. Introducing a with

dimension of length, constant wave phase is
defined by

go
f\lfO):ZZﬁa-

(3.6)

It is easy to obtain r=U cos 8, then from (3.2)
the root ¢ is expressed by a function of U cos ¥4,
7, therefore from (3.6) r is expressed like r=a
Fy(0) and OQ=a Fy(#). Finally, (3.5) reduces to

x=a[F«0)—F(0)cos 0],
3.7
y=aF(@)sind,

which are the equations of curves of constant
phase. If we want that of the crest phase,
we have

* We multiply ¢/U to (3.1) conveniently so as &
of (3.1) to have a dimension of length.

C 4
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992 _onn— B sen o X
AT =2Nr 47r sgn o 5

——;—arg ift), N=1,2,3,... . (3.8)

Procedure of the method of stationary phase
requires the large value of |f(#)|, then @ or N
must be large for better accuracy of the equa-

tion (3.3).

4. Slow travelling impulse, d2=U?/gah<1.
The parameter 0?=U?/gah; is important to
decide the shape of the crest curve and the
distribution of the elevation along the curve.
If we first assume mh,>1(n=1,2) and hs> M

1+e2mht
COth mh1: mhl 3
coth mhs=1,

then, (2.19) reduces to

e gam _gam(l—e2mh1)
7= Tt coth mhy 2 ’

4.1

where e 2mm1 is small. In this case, the equation
(2.28) is transformed to

[*ggﬁx_ }1/2
8mhy(1— e 2hmi)

X [14(2mhy — De2mis] =§, (4.2)

which yields
mohy =moohs+c1e+co? . . .

where mqgo is the root of (4.2) without terms
multiplied by e 2mM giving

gat®
m00:_87‘2 s
and
2
eze-zmnom:exp<— gjf;t ><1. (4.3)

¢1, ¢z ... may be determined by substituting moh:
into (4.2), comparing the coefficients of &, g2,

. in both sides of the equation. Actually, if
we put k=moohi=gaht?/8r2, we obtain

Mo =Moo [1 +(4ﬁ—l)€
+26(—16k2+18c+3)e*+...] (4.4

Therefore, we have
SO =0(mo)t—mor

2
=L [1- et (3200
—T2+ 4200 4+, .. ] (4.5)

Next procedure is to obtain # from the
equation f(#)=0, namely

Cr—r)[1—e 2" +(3263 7262+ 426)e 4 +. . . ]
+4k(r —it)e 2 [ 1 — (64,3 — 19252
+ 156 —21)e 4+ ... ]=0. (4.6)

If we neglect O(e~2%), the root of (4.6) is simply
given by
2r 2r

too=——= =3
7 Ucosf’

4.7

moreover, introducing a small parameter g by

gahit?e )

Eo=€xXp ( - 472

1
:exp(~%—sz—0>=e‘1/42 (48)

with 4=0 cos 6, the approximate solution to (4.6)
is therefore given by

lo‘—‘too(l—i-dl Eo-+deeo®+. .. ) (49)
with
1 1 2

d1=—A—2, dzz—"z;-l-—jz,

Also from (4.4), the value of moh; at the
stationary point #, is given by

(mohl),z,o = _2%2- [1.. e~ 1/42

+(% + % - ﬁs—)e—wmog-a/ﬁ)} (4.10)

after some computations. Upon substituting

(4.9) into (4.5) one obtains

r 2 2
fan= 5l [1~(1+7)e~w

(Z_i_% +%>e—2/42+0(e'3/"2)], (4.11)

C5)
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and consequently obtains

a cos®d 2
- £ Y1742
2 [1+<1+ Y >e

21 4
+(1—%72 o~ As) e ¥4+ 0le ‘3”2)1
(4.12)

by taking into account of (3.6).
Now, OQ in the Fig. 2 is given by

OQ=Uti=a cos 0[l+(l—|— le;)e"l/"z

19 2 4
+<1_ i + Z:; Ae) KA 0(3_3/42)} s

therefore the equations of the crest curve (3.7) is

[ cos® @
x=al cosl— - 2—-

1 1 1) 3} 142
+{<1+ AZ)COS@ <2+A2 cosd e

+{<1__L9_+_2_£_ 1 )cos@ (1—'1—7-

Y/ 4

a . 2\ _
yz;smﬁcos?ﬂ[b}-(l—{—?)e 1/42

+(1 SRR ) 244 Ol M]

v 4
(4.13)
If we neglect O(e~1/4%), these equations agree
with those of surface ship waves in the deep
water. (See, for example STOKER: Water
Waves, 1957, p. 237). The shape of the upper
part of the curve (symmetry with respect to

%

02 b~

05 (8= o) 08 X/

Fig. 3. Crest curve when ¢°=0.4. Py: Cusp-like
point. Figures annexed show the elevation
ratio to that of #=0, figures in parenthesis
show the elevation ratio in the case of dis-
turbance with finite extension.

x-axis) is illustrated in Fig. 3 for 62=0.4. For
smaller 6%, accuracy of (4.18) is better for
small value of 6. It seems that the curve must
have a cusp near #=29.75°, in spite of the
fact that we can prove dz/df and dy/df can-
not be simultaneously zero rigorously to the

present order. Really, if we neglect terms of
O(e2/4%), we get

dx

—ap(ﬂ) sin @, i =ap(@) cos @ (4.14)

from (4.13) where

p(O)= —-H—%coszﬂ +{<—l+% 00520>
2 sin?%@

1 1
+ F<2_ cos? @ >_ {4 costd

namely, dx/df and dy/df become simultane-
ously zero when p(6)=0, or 0,=29.75° for 8%’=
0.4; this is the condition that the curve has
true mathematical cusp at this angle.

Next we look for the distribution of the
elevation along the crest curve. For this pur-
pose, (3.3) consequently f(2) and ¢(¢,) must
be evaluated. Differentiating (4.5) twice with
respect to ¢ we get

f)= ""” T2 R,

}6_1/52 cos? 0’

and
fo=I5 20 gy 9% oy, a.15)
where
o~ . 2gah,
Ft)=2r— rt)[l — exp( - ):{

gahit®, (_ 2gah;t2)
+ o (r—#t)exp g .

% is the root of f(£)=0 or F(t)=0, therefore
one obtains

Fo=22 B, (4.16)
where
F(te)=i—¥to
+ { — ittt gahyto(r— ;fs)(4r—3rt0)
_gahite® o (gahi)’to*(r—7t0)* ) '
2r? 4rs J

€6 )
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Using
7=Ucos 8
_ U?sin?0  2U%tan®d
- r - a
[1 (1+ 2 )e v e |
and

acosl 1

h="77 [1+<1+7)e_1/42+0(e—2/42)}’

(4.16) reduces, after tedious algebra, to
Fop 85 L1 (13 s 0]
46 42 J

X [3 cos? 0—2—G<e>e—1/42+o<e-2/ﬂ)j, (4.17)

where

G(6)=3 cos?0—2
1 1 2
- EZ-<H—cos2 0) + d4cos?l

Using (4.1), the second derivative of o(m)
with respect to m is

(4.18)

" (mo)= —gi( ) [14‘(2“"‘1050_8502)
gahlt 0 >:|
477

1—e2moh1 \1/2
=)

X exp (— (4.19)

and also we get

F(mo)/ Vo= mgemoh1<

= 2~1/2m006m°“h1[l + (% + 5m00h1 + 47’)1002]112)

hat?
<en( =45 )]

by (4.4). Finally we have
_ Fimy & (gah;t(ﬂ)
¢(t0) l //<m0)|m0t01_ 1‘4 X 8r2

1 gah1t02 )2}
x[l+{ ) +8( 8

y <_ gahito? ):]~ 16 ¢~ 1/24%
exp 472 T aU3cos® 0

3.6 1\ . p
S

(4.20)

It must be noticed from (4.17) that f(8) be-
comes zero when

3 cos?0—2—G(0)e 1/ 42+ O(e~2/4%) =0 ,
whose root is denoted by 6*. Therefore,
£@=0 according as 6s0*,

and along the crest curve we have

O+ sgnon Z+

+%arg if(®)=2Nr 4.21)

N being integers. As the sign of o¢”(mo) is
negative and f(#)=gaa/4U?, then from (4.21)
we get

2
o= px
ga

a2:4<2N+i> rU*
2/ ga

Consequently, from (3.3) using (4.17) and (4.21),
we have

, 0>0%.

(4.22)

sec® § exp (1/24%)
[an |3 cos?—2—G(B)e 1/4%| 12

3 5 1
1—(—+—— )e 1/42
2 & & n=1,2

iz >
[1 <1+j )e 1/A2]

where

{~

(4.23)

glo [ 2ga )‘/2
Ki=
oU* ( T J

a; and a; must be large, therefore the ratio
ai/as=1+1/4N tends to 1 because N is large.
We neglected the order of O(e~2/4%) in (4.23).
In this case the crest curve given by (4.13) has
cusp when 8=0, as stated before. But unlike
in the case of neglecting O(e”1/4%)*, #* and 6,
do not exactly coincide in this case. For §2=
0.4, 0*=24.22° and 6,=29.75°, but these points
P* and P, on the crest are very closed as
illustrated in Fig. 3. Phase difference of wave
motions in both sides of the point P* is w/2.

* When one neglects the order of O(¢71/4%), #*=
00=235.26°.

C79



180 La mer, Tome 15, N° 4 (1978)

The annexed figures along the crest curve
indicate the elevation ratio between the value
at an arbitrary point and that at §=0°. Ele-
vation increases as f varies from 0° to #* and
decreases abruptly, then again increases with §.
Mathematically, when 6 approaches to /2,
becomes infinite, because the point impulse was
exerted. More realistic impulse of finite scale
will be discussed later.

Formula (4.23) also fails when #=6*, but to
avoid this failure, following expression may be
used:

galol'(1/3) 6
Co=o=~ " 29/23n0,U |:f @ ]

X (%) exp i[ £6%) ——ﬁ (4.24)

where

f(0%=

6gaUsin®g* [ B 1
a’ cos® 0% 0% cos? *
2 1

+ 352 costf* (1 + 362 cost 0%

[1 <2+.._5_2F>e—1/52 cos? 0*] ,
(4.25)

neglecting the order of ((e™1/3%cos? ¢*),

When &2 increases and approaches to 1, the
position of cusp-like point moves away from
the origin to the upper right and the parameter
e1/8200s20 hecomes not so small already that
the procedure taken in this section cannot be
adaptable. Therefore, when 8:=U?%/gahy is
very close to 1, another approximate method
which we shall give in the following section is
needed.

5. Rapid travelling disturbance, 0*<1 or 6’221
Let as “define A’ =hihe/(hi+hs) and 3"2=U?/
gah’. Tt is evident that the relation between
0% and 0’2 when U and p=hs/hy are fixed is
oo UP _ Q4UT 14y,

5.1
gah’ ngah: 7 ©-1)

Let us consider the case where mh; and mhs

are comparatively small in the expression o2%(m)

of (2.19). Using the expansion formula
1 6 6 20
h —_— 7
coth@ 9 + 3B 945.+O(0 ), 1011
one gets

By
%= gatum” [l-l—% (mhy)?

1+7
_ d—9+9?) o 20Q—n+7—7*+9%)
45 (rmha) 945
X (mhy)S+ O(mhl)s] (5.2)

Applying this to the equation (2.28) we can
solve moh; yielding

(moh1)?= —2—8' + ;1; (A=7+9He"?4+0E’?), (5.3)

where &’ =(gah’t®/r?)'/3—
Then we have

JS=0a(mo)t—mor
1/2
- 7%(%) s/3/2[1 + 1%?(1 —n+1E/+ 06 |
5.4)

To seek the stationary point of the integral
(3.1), (3.2) must be applied giving

1/3 r 5
np| 2l 9
fo= <h1h2> '3 [z‘t 7+ 3u

« (-Z——f)a'+o<a'2>]:o (5.5)

1is a small parameter.

where t=1+¢/, p= 145<

l+7]—|—%). We can
solve (5.5) for ¢ giving

_ r -y *
0= 5, U cos®0 (1—bwe2+...) (5.6
where €} =1/6%cos?0—1<1. Therefore, one
obtains

12

fo)= ( h3h ) P e 1— dveht OED] (B.7)

* In the equation (5.5), if we neglect the order of
O(e), we get tr/t—r=0 of which root is #w=
gahr/#. To seek the more exact root of (5.5;,
we assume Zo=tgotciet oo and determine ci,
inserting # into (5.5).

¢8)
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and applying (3.6) and ga/4U?=1/4h’6"* we have

3’ cos®f

al+y)
(1—08"2cos?9)?/?

— 7 72
r= 43y [1+4vel+ O]

(5.8)

In the same manner as has been obtained in
(4.13), we can decide the crest curve as follows:

_ al+7)1—0"cos* )
T Vv 71— cos? oy LT

5’2 cos? @ 8’2 cos? 6

_ a(d+7)8"sinf cos’ &
Y= 4 V36’ (1= 0" cos?0)l

0/ cos?O 0% cos? @

5.9

[1+4u

If 6’ is slightly smaller than 1, the shape of
the curve resembles to that illustrated in Fig.
3 for 92=0.4, but is larger in size and the curve
crosses itself (a nodal point) near the point
where the curvature is maximum (see Fig. 4,
82=0.98 and 5=3).

When 6221, = and y given by (5.9) become
infinity for a critical angle fo=cos™1(1/6") and
the crest curve extends infinity as illustrated
in Fig. 5.

To obtain the elevation of the crest curve
by (8.3), we must evaluate Fto) and ¢(zo) as

Y/a
A
7rF 2.03 (N =200)
8 =5.42°
6 1.83
(1:81)
5 |- 1.38
(1.37)
4 L 114
1 (113)
3 -
2 k=
1k
U o = ) 1£0=0)|

> X
01231.5/al

Fig. 4. Crest curve when 6°=0.98. The portion
of dotted line is not exact.

before. Differentiating (5.5) with respect to ¢
and putting #=#o, one gets

70"1

f (tf’):(“,f,;;)lﬂ(ro—l)l/?[—w T

(5.10)

*
—_ % T0<TO — 1)5': + O(To — 1)2} ,

where 7o=1—c¢). Using (6.6), (5.8), #=Ucos 0
and #=U?sin?0/r we finally have

o 12U
f= gahihsa [L(ﬁ)
tan®0
+»{L(0)+§£?2 }sg+0(532)], 5.11)
25 Y.
- a

Fig.5. Crest curve when 6”?=1. Crest elevation
is given by {=[figures] X K¥/a'/?

* The procedure of derivation of (5.10) by differ-
entiation of (5.5) is somewhat complicated. The
relation resulted from (5.5)

% e
and
’ 53
%Z'g‘:—? : ‘é&r;l,;'[l+O(662)]=5[1+O(eé)]

are used. Moreover, derivative of ¢/ at t=¢; is
given by

dmrr= 2 o(15)

3 to r/.

9
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where

4 5/2
L(0)=l—§c0520+—é—cos4 0.

Differentiating (5.2) twice with respect to m,
taking the approximate expression for F(m)
defined by (2.23) to the order of (mohy)? and
using (5.6), one can obtain ¢(¢) of (3.3) in the
form:

12(1+7])1/25/2/3€62 U2
772;115/2 goa
x [1+ e+ O0E®)] ,

(zo)=
(5.12)

where
11 16 47

2——50-4’—{577 §()—’7‘= .

Final result expressing  is

{~Kgl[14 g4+ O]

goa _1 i L
g8 E i Lag sz)]

Xexpi
P 2

3572 €

+a1f{L(0>+u{L(0)+ 5 tan*4 } ’

1/2
+ 0(532):| (5.13)

where

Kn_<24>1/3<1+77>1/2 ]053/2
o T 773 pth12/3a :

|{| becomes larger as « (difference of density

of both layer) becomes small. It is also the

case || becomes larger when both of the

travelling speed of the disturbance and the ratio

of thickness of both layer 7 becomes small.
When 6* is a root of f£(@)=0 or

5tan® @

L(0)+U{L(B)+ i 57,72»—}sg+0<552):o, (5.14)

¢ becomes infinity and a formula similar to
(4.24) must be used:

e~ 1(3) s )
X (6*%) exp i{: A% — —1’%] . (5.15)

where

48 V3 Ue*™/?
(gaa)*(hihe)*?

x [Q(ﬁ*) +D{L'(0*) +

F6%)= sind* [14veo* +O(eo*?)]

315(}2"tan 6* sec? 6*}80*

+ O(Eo*z):] ,

with  eo*=[(gah't?/r*)'A—1]o=p* and

(5.16)

Q) =L"(6)+2v

— 572 —

5tan?6 ) sinfsec?d
X {L'(@) —I-*”’”"B*B","z“‘} ¢

primes indicating the derivative of L(f) and
go*=1/0"2cos? 6*—1. ¢(6*) is derived from (5.12)
giving

12677/2,%

AL 7 Ehig L1807+ OE)]

"=

Then, (5.15) is transformed to, with the
appropriate constant K*,

80*5/6[1 + <X—— —D3~—>80* + 0(80*2):]
* o K
¢ (a sin 0% RLQ(6%) Fve* H(GF) |13

X exp i [ f(ﬂ*)—%] (5.17)

where
10

HO =L+ 3572tan fsec?d .

Along the crest curve we can decide a from

oo L _9aa T _
SO T =y " 12

N: positive integer,

1%
a—4<2N~r -i"2—>-—g-a—

2NT ,

or

(5.18)

The value of a, along the crest is computed
from

gaa, T T
R ALy = iso* (n=2,1
AUT 44 2Nz, 0s0* (n=2,1),
or
2
ay = SANTCaU f T 0<0*,
T (.19)

105
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If §’2=1, these considerations are not neces-
sary because (5.14) has no root giving ai=as.
Even if 6?<1, a;~a; when N>»1. In Fig. 4,
annexed figures along the crest curves represent
ratio of { to that at #=0° with 62<1. Actual
value of { can be obtained by multiplying KU
to these figures.

The value of elevation at #=6* in the case
of 0’51 is indefinite (but finite) according as
N changes. For example, {*/{p-9=1.69, 1.81,
2.03, ... for N=50, 100, 200, ... respectively.
Generaly, we have

(:* al!/?

Toms ™ e 5 OO

for large N, namely this ratio is proportiona1
to N8 however {* itself is inversely pro-
portional to @!/3 or N!'/ as we can see from
(6.17). This means, there is a tendency that
the energy gradually concentrates near the
point §=0* along the crest as it recedes more
remote from the disturbance.

When 02z1, energy distributes along long
quasi-straight crests resulting small elevation
everywhere, as shown by the figures in Fig. 5,
with vanishing elevation for #=cos™! (1/d") or
x, =00,

6. Disturbance with finite extension.

Until now, the travelling disturbance was
assumed to be a point source. In this case,
tends to infinity when #—z/2 as we can see
from (4.23). This unrealistic singurality can be
removed if we consider the impulse exerted on
the surface of finite area.

For mathematical convenience, the expression
given in (2.1) may be admitted. Here, L is the
characteristic radius of pressure area, actually
for vxP4+9y*=2L,

e~ @P+A/12<0.018

namely, outside of the area with radius 2L,
impulse strength decreases only 2 % of that in
the centre.

From the second expression of (2.9), we have

I(mg)=IyrL2eLPmo?/t 6.1)

Upon substituting moh: given by (4.10) into

(6.1), one obtains

_ 2
I(mo)-'——.ﬁ:L2]0 eXp(- _16—1(\:)’825)

M2

where M?=L12/h,%0%

I, which is implied in K! of (4.23) must be
substituted by the expression (6.2), giving
vanishing value of { against #—7/2. Therefore,
introduction of an impulse modelied by (6.1)
eliminates the mathematical singularity which
occurs near §=r/2 in the case of a point
source.

When 6’2 is not so small, moh: given by (5.3)
must be substituted into (6.1) yielding

I(mo)=nL?l, exp(— g—]\_ﬂaﬁ)
where (6.3)
— L2 L? 1
2 — J —
M?= hip by’ B cos? B 1

Crest elevation in this case is given by (5.13)
where I implied in K is substituted by (6.3).
When 0’221, elevation along the crest curve
does not drastically decrease compared with the
case of the point source (see, annexed figures
along the curves in Fig. 4 and Fig. 5), because
(6.3) is applicable only when ¢} is small or 6
is not near ©/2. In other words, the effect of
impulse with finite lateral scale upon the crest
elevation is slight.
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Abstract:
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HEB LT 2 KE%CC LOFHEH

K OR OB T, R e =

S

Seasonal Variation in Composition and Number of
Epipelagic Chaetognaths in Sagami Bay, Japan

Sachiko NAGASAWA and Ryuzo MARUMO

A plankton sampling was carried on in Sagami Bay once monthly over the period

of one year, 1974. On the basis of analyses of 12 samples taken with a Norpac net (0.1 mm
in mesh aperture) studies were made on the yearly changes in composition and number of
epipelagic chaetognaths and population dynamics of three common and abundant species,
Sagitta nagae, S. enflata and S. minima.

D

2)

3)

4)

5)

There is a large fluctuation of chaetognath numbers ranging from 1.5/m® (in March) to
36.6/m® (in August), with one peak of abundance from July to October. The seasonal
variation in the chaetognath population was controlled by the abundance of S. nagae.

In order to describe the population biology of common species, young specimens smaller
than 5 mm long were identified based on NAGASAWA and MARUMO (1976). The majority
of them consisted of S. nagaee in June and July, S. regularis and S. neglecta in August
and September, and S. pacifica and S. minima in November.

Three genera and 18 species including 1 form of chaetognaths were identified. The species
composition in Sagami Bay was almost identical with that in the Kuroshio water.
Sagitta nagae was the most common and abundant species, followed by S. minima, S.
enflata and S. pacifica. These four species accounted for 75 % on an average. In cont-
rast, chaetognaths whose relative abundance is less than 1% on an average accounted for
10 species.

The seasonal fluctuation pattern of these three common chaetognaths coincided with that
in juvenile abundance of each corresponding species.

The graphical analysis of population structures of chaetognaths in Sagami Bay has indicated
that there are seven (or six) different cohorts of S. nagae and four different cohorts of
S. enflata which does not go through the second cycle of maturity.

%
MARUMO and NAGASAWA (1973)V 3 tEFEE
T, 1964~1965 DKo HicBr-{Eflmic Xk 5
6 3Kk F LN 196647 Hic 7 B REL-EE
I ESWT, 1000m P& oot L oRIEHRK,
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T 50 LB EOBRESCEE R ORI #XK

Rl
Sk, A CRELOREEI Dizd,

* 197747 H18HZ M
R GFUR SRR,

EAN

U e X £1-15-1

ENTWEBESEE T EHRBESH L BB
WC, 1974 i ki 2 REMR, SRoEEED
£E, TERBOBAHEEYHLMNCT S, F1,
ety L OREMR, & HZBcowT MARUMO
and NAGASAWA (1973) %R L Hh#T5,

F5v s b RBERIOCKE, ERHOTF—-5%
B I N Yo ) B KERBRBETN #E5

Bl hBHEREOMERCT L, B < B
DEXRT B, 1ok, ABRECH) @R
WicRRBRBHEER S LA REB O « 1
3B, ORI, MHEAHERFERR
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S B s DB & 18 CTiT e b e,

HEEFHE

97445 1~12 A g H1E, HEBO1LH
(34°58.2'N, 139°22.6’E) (Fig. 1) =, #H 0.1
mm @ Norpac # v F& LV, 150-0m DHRE
BRI Y BrERArbR LAY HL, BEH
EL, EEEYEELL, LiHL, Bl Ly
%<, HETEWAGE»REIC X b &tho 16~
68 % wEdtz, 12 ApthsEp i, FETE
7oAk 50 % Bk Th 7o (Fig. 2), H\W A
OB EHEBLEL CERT L0, B
BLORBEOFHRCE S B Lo FES
HGKIR, A%, 1976)P i X b, L BRIIFEE T
o RO EE Y HORAR T, KRL=av
v ¥ 2757 Model 7 ¢t LAE¥AL, 0.1
mm DA F TCIRTOERCOWTHRIEL 72,
R A DWW R 3o Lok
I EZBbE, TORIFREL L,

S Sagitta nagae, B LI EH  HBT

3Ne° 139° 10°E

ay

Fig. 1. Sampling stations.

Dotted areas A for the present study and B for
the previous study (MARUMO and NAGASAWA,
1973). Circulation patterns of the Kuroshio water
flowing into Sagami Bay through both the sides
of west (solid arrows) and east (dashed arrows)
of Oshima Island (OKADA and MIYOSHI, 1931).

% Sagitta enflata, S. minima 12>\~ TR
% THOMSON (1947)®, ALVARINO (1967)% &
SWTHEI L7z, 2h D SBOAGROKEYE
HFERAL FHTHE 7L 7= (HARDING, 19499;
CASSIE, 19549),

#w B
1. PLUAKRBOFEEHLTE
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BISIc ST A S, nagae MHEHOLEH L L <
BT,

AMFT7 e B LIE R, 1977 s Lo
AMEHEOBE, Bi#l, & (KUurRoDA, 1976)®
CRT Lo LEEROEEZE % Fig. 3Rl
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FOREICOWT, AR E BIH (19747 3 L&
KuroDA (1976)® % o ~% LB/ b, A
MEOPS I N7y BT, =2 TnER
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DI HETH B, F1o, AR TCEEEEY
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Lot UBE, B 0.33mm o % v + %
HL w5,
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8 lan. 1974

12 Feb. 1974

5 Mar. 1974

17 April 1974

7 May 1974

3 June 1974

17 July 197

Individual numbers of chaetognaths/100 m3

\ 5 Aug. 197

. I .
¢ o T T *

Body length {mm)

6 7 8 ¢ 10 1 12 13 14 5 16 7 8 18 0 0

280

260

o—o Unidentified chaetognaths
o—= Identified chaetognaths

5 Sep. 1974

1 Oct. 1974

Individual numbers of chaetognaths /100 m3
g E
\‘-\\
—

6 Nov. 1974

13 Dec. 1974

N ey —
g 9 0 1 12 13 14 15 1 17 W 19
Body length (mm)

Fig. 2. Size distribution of chaetognath individuals collected from January through December 1974

in Sagami Bay.

Shaded areas show unidentified specimens in usual method, although most

of them were able to be identified on the basis of NAGASAWAand MARUMO (1976).

TExRWRKR D 5T, LL, ThbOKET
BIREREETH D, 6 AR TRE LAKD 10% VL
T, 63ET 11~25% Tho1, FCREL
7o~ Ye L KRB 5 H I X Sagitta pseudo-
serratodentata (X EkE 3~6mm DA, S.
6, 7 Hicix S. nagae (2~5
mm), 8, 9 Attt S. nagae (2~4mm), S. regu-
laris (2~3mm), S. neglecta (3~4mm), 11 A

nagae (4~7 mm),

ik S. pacifica (3~5mm), S. minima (3~5
mm), S. regularis (2~3mm) T & -7, 5~9
AL <k 6,7 Bicit S. nagae Ei-IC/E S
ECRG LOSEBETH > 22, 11 i S
pacifica, S. minima NEBL T,
3. PLULOEEEK

HiIEEE A MARUMO and NaGAsAwA (1973)V
CHSWT, KEEL L CInE-nER ETS),
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R (EK), 2R ED), siodER M)
ZE &, 4E % X ¥ MARUMO and NAGA-
SAWA (1973)V Rz >\WT, AEOMKE S
REVIHFE TR L (Table 1), hEgE1E 28
HEL 3B ITEIBNHE L, ORI-C % v b
Aktc, RER, hER, EERC Lokl
BEHELCHBAD, KPR Tk S. decipiens &
S. neodecipiens D 2 5% 4%, 150—-0m O EHHE
HTELN AR 2 TR TEBEL L THo1,
BRI S nagae, D\~ T S. minima, S.
enflata, S. pacifica ¢, MR ETEOEBMTF
nzh 31, 22, 12, 10% <& 7= (Table 1),
HEE R X O EllREc o Tt 1964~1965 48 &
974 ETRIERILCTH D, HESIC BT 5080
DEZEERBOE/LI K E < HIuL 1965 £ 2 H
10 £ » Tt EWvx b, /NE ofEl

Table 1.

Individual numbers of chaetognaths/m>

Fig. 3.

5 & H15% B4 (1977); BILEERLE

(34
o

~
o

w
(@)

N
o

—
(=]

JFMAMIJ J
Month

Seasonal variation in

chaetognaths in Sagami Bay

A'S OND

abundance of
(+—-) (present

study), in the Kuroshio water east of Japan
(o---0) (KITOU, 1974), coastal (X), Kuroshio

(A) and offshore ([]) waters
sha, Japan (KURODA, 1976).

Chaetognath species composition, mean relative abundance of

species, and seasonal maxima in abundance in Sagami Bay.

south of Hon-

Marumo and

Author Nagasawa (1973) - Present study B
Type of net ORI C Norpac XX13
Mesh aperture (mm) 0.3 and 1.0 0.1
Mouth diameter (cm) 160 45
Year 1964-1965 1974
Species Mean percentage Months showing more than ~ Month s}}owing
of species one individual per m? the maximum
ETS Sagitta crassa f. naikaiensis 1 4 June-Sept. Aug.
S. nagae 62 31 Apr.-Oct., Dec. July
S. enflata 13 12 Aug.-Nov. Sept.
S. hexaptera 9 1 * Dec.
S. pacifica 4 10 May, July, Oct.-Nov. Nov.
EK S pseudoserratodentata 1 7 Feb., May May
S. minima 6 22 May-Dec. Aug.
Pterosagitta draco 1 2 * Oct.
Krohnitta subtilis 1 1 * Feb.
Sagitta regularis 2 5 Aug.-Sept., Nov. Sept.
S. neglecta + 1 Aug.-Sept. Sept.
S. ferox + 1 Sept. Sept.
ET &S robusta + + * Sept.
S. bedoti - + * July
S. pulchra + + * Aug.
Krohnitta pacifica + 1 * Oct.
M Sagitta decipiens 1 * Dec.
S. neodecipiens 1 * Dec.

ETS: Epipelagic species inclusive of Tokyo Bay and Sagami Bay species,
ET: Epipelagic species inclusive of tropical species,
: not collected, *: less than one individual per m*® throughout the year

clusive of Kuroshio species,
+: less than 0.4 %,

C16)

EK: Epipelagic species in-
M: Mesopelagic species
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S. regularis, S. minima, S. pseudoserratodentata,
S. pacifica DI RERETHBE (1967)Y 2 ki,
FRER T, 9, 11, 14dmm THhH b, —F, AFE
TELN-Ihb ATBOBEREEILFRFNG.2,
8.5, 8.7, 12.5mm T, i bO/NEENRLKC
5% % % &1z MARUMO and NAGASAWA (1973)
CHRTEETh -, hietl, JEREEN
FhnFx 30, 60mm (BEE, 1967)? Th b AR
H, S. nagae B X S. hexaptera T LT
MARUMO and NAGASAWA (1973)V i [T,
DitBThote, ZhizF vy OB IOORK
DREEDENC LB,

NERE, BEBRILIVEREEN AL,
BRI OACEHHEL, chbo@nERT 5
S0m PIERGKRIR, RFEEK) ok 9 Hicix 20°C
2%, ESTMo He b Tign (Fig. 4), H

197
J FMAMI ) A 'S O ND

8

0
] \\N\zz\w
J 15 1 24
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1 1% s
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Fig. 4. Seasonal vertical distribution of tempera-
ture and salinity at the sampling station.

FRELAERRE 0% fi £ 813 MARUMO and
NAGASAWA (1973)V D#ER & X < —H L, HERE
LR LEEOMERDETEE 19654
MHHIVERZEL T\ b, S. hexaptera, P. draco
B IO K. subtilis \TRE LD SAHERICE B
B+ 5EEH 5 (KURODA, 19769, 1977'9) o
T, MEREECTE 1md Hi-bh ofEEuz 1T
Diehyo itz (Table 1),

MBI R 5 T E R L S nagae, S.
enflata, S. minima V¥ H AT HEDMOMHERIC H %
< B4 %, KURODA (19769, 1977'9) 13 AMEg
FOBENLRE, WA WcrEROPL LY
WAL, A HFEAEOR CEELEEY &
WL, 20T S. nagae (LK OIEE 7t
h, S enflata T BEKDOIETHY, S. minima
EWT R OERIC B CHEEEREZ - EREL
Twb, AXEETERRINAL IEORU LK
DWT, AEHEOBEERBRIT L., 2L, S
nagae TOWTHEEEI DI 1, 2,3 H, B
JEGENIL- &) LB TE 10 0RE
LOWTR I O xiTebh T, hEDea s
F ADHZE R LT (Fig. 6), 11 At S. nagae
NEREINED o Totedd, HEDOLERAFF S AR
RiFCub, S. enflata, S. minima OFERLF
nENn8~114, T~11Hc W0 T, nbof
DFEBHC O TEEERE G O BT 2 A%, L
L, RBERI/NE L, RENESLH L S. minima

7 (@)

N w ~ w o

Individual numbers of chaetognaths/m?

1 1

ol

JFM 3 2o ° 0
AMJITASOND JTAS O N
Month

J ASON

Fig. 5. Seasonal variation in abundance of juve-
niles (¢—-¢) and maturity stage IV animals (+—-)
of Sagitta nagae (a), Sagitta enflata (b) and
Sagitta minima (c).
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190 5 & HB15% 4w (1977); BIEFESRE

T EAGBEEEORITL, AMENX5cH 1A
OBRETIRETH S Z L¥bh oz,

(1) 8. nagae

ik & VIO A O ZE B %R LT (Fig. 5-2),
EETRTRIEE A IV HiEl{A (REIFER) W 5~8 Arc gk
1I6~9 A Z 5Tz, Zhik 5~8 BT S. nagae
DENEENNSONEEL T, PErEz 52 &

4

8 Jan. 197 (——l—’_“ . kz
S N 0

tz

12 Feb 1574 1 —m o
6

4

5 March 197 2
‘ 0

10

8

6

17 April 197 4
2

0

15

7 May 1974 10

o o

3 & 3R

3 June 1971;’;"F

o
L

o«

5
o
sebeu gy!fes jo siaqunu Jenplalpu]

N
i=}

17 July 1974

5 Aug. 1974

5 Sep 1974 J ] | e
furs l-]"’rr‘—ﬂ_k‘l—‘]_x_) [o
1 Oct \9714|:r—\ ,——“_\_J_‘ ro
L ) .
10
13 Dec 1974 .
2 4 6 .8 10 122 14 16 18 20

Body length (mm)

Fig. 6. Size frequency of Sagitta nagae collected
in different months. Superimposed normal
distribution fitted as described in text. Analysis
of January, February, March and October
samples of this chaetognath were not made
based on the method of HARDING (1949) and
CASSIE (1954).

ZERT S, FHORBIZS 5\ =2D B
B S ne (Fig. 6), 1, 2 AcizfkE 12mm
VI kofEdkir, 3, 9 At 13 mm Pl o @i,
12 Az 4 mm P EofETBEI - o,
HOFEBETIZIND ORI Z0RkEEHH Wit
ZhP EoRESIOEERFEINLTHS, Lo
L, 9,12, 1, 2, 3 Hcix S. nagae DEHERITLZ
b TNSW GRiR, Hi%, RER), Do,
9, 12 HLii oo BNBOFEETHER X 2,
FEZOBRNEITFREIhR L { bThic FERR
DbNIDHETH D, 5~8 AR\ D DEINEH
DEETHZ EEFBRL T KBHOFHEE Y B
THIEL LD, IEXELCLE2Da~F~—FA,
B,C,D,E,F,G oFEM M EE SN, 2D b,
E, F, GEOFMI TN T, 8, SACEDH LR
7223, 9~3 HIZBA R I T gD T
SFEHERENRAIL 72, HEFEER A BT & fds
otze LL, ABRLRARENTAZ &0 b,
EB I2HEENFCREL, BE#E2 4 Aaim
LTwb o Enb, F, GBI 3 AEITENIR
wETSEHEEL, RET AR TRLE (Fig. 7,
AR 12 Aegml, J4E0s5 He CHyAEA
CHWET 5, CBAL7 Hic EREZHEA CHEBT 5.
E#twa A#atA 12 AENET S LHET 2
L, A C EBIBTRERCHS, B4 AR
EERML LY AELWOT, 4 HVRICET hizk
Exzbhb, BLTOFENBEYEALDOTH
55, BEHL6 HE DEaAHA CHEL, DER

H ?}f | s @ﬁ
/ /O /o o

Body length {mm)
o ® 3 =

»

FPopulation A

»
pd
2
E
g
H
°o

0

wontn

Fig. 7. Monthly variation in mean length of unit
groups of Sagitta nagae. Seven populations
A,B,C,D,E, F and G of this species are
shown. A center of the circle shows mean
length of each unit group. The diameter shows
percentage of mixed populations.
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8 HZ F B A Tl 5., GBadahcF B
LRI ehd, BELTFRK L »
TRESND I b eE2 %L B, D, Ffx
HFBEGfcH %, A, B, C, D BoHFamirrns
n6, 4,3 30HTHY, E, FREOEMLFNE
6,8 hHEHESH,

5~9 He w54tk v~ 213C, D, E, F, G
B, 2REDO/RNIWE— 2713 ARkt 3 &
PRIt (Figs. 5, )y &2 —+— F ORRA,
HBEERENC TR 50T, REME, R
BRI ZLT 5,

(2 S. enflata

AR L EFEET L2, LrbBEEbd
T, 8~11 He®\, gk, I~1V H o/
BET I He B £<, 10, L1HCRED, BRoOME
A RBABEEE CL CUTWB, = I Clghik,
IV @k o £ 8% R Uiz (Fig. 5-b), 8~11Ho
S. enflata \ I N TR O DBAREN S (Fig.
8), JFHGEAYERTHLS8, 9, 11 Hra —&—
DA, 8, 10, 11 Hi =t — ik — + D P EE
»bhi (Fig. 9), ¥, #hE 16mmicET5
IV #IR&E 30 ¢(Fig. 8), K 8~15 mm
Thote, 2RO IV K Iz B
Yok, BoRBEHEEbR LAk D
DTHETH 12, T, HEL TEE—R A

5 Aug. 1974

)
<

u]

N o
[

5 Sep. 197

[N
=1

pjejjus eyibes JO Sisquinu |enpiAlp

e

N O
[=1

1 0ct. 1974

o

N
o
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ezt

=

2 4 6 8 [ A A
Body length (mm)
Fig.8, Size frequency of Sagitta enflata collected
in different months. Superimposed normal
distribution fitted as described in text.

JBHID S. enflata 7% T~11 Hic gL, = o
oD% 22—+~ F 3GEET S (Fig. 9),

S. enflata D IV B O th B13 E—REJIH
A& T 10 mm, 25 R BJHH o [k TH 16 mm
Td %5 (ALVARINO, 1967)9, * = % G, S.
enflata s —H Ojic 1 BILL EORBSEHY Lo o
Lk g, BGFAPEPE (FURNESTIN, 1957)10),
Miami #' (OWRE, 1960)!?), California It (AL-
VARINO, 1963)'® b Civ%, #7-, STONE
(1969)' 11 Port Elizabeth ORI D
BRENKRE L, BHOII I - BULFili
OB TRBSAHD S. enflata & THAREL -,
HALH Tl S. enflata DB O Lk O°
FRAAC BT 2 ER F o HAESRTWL
18 ZNRDORMO ST AFE TR » + O
BE L, REDOKES. enflata R EIRT
W W DR TE e o 1o,
(3) S. minima

AR LEFHRET AR, S. enflata + BRI
EDHLERECEEDLD TR, T~11 Hiefu-,
Z O K1 B RAB B O MBS gk, 1, 11
AR CHER TR T 5, Teb b, 88
CRL£<, 9 HE®gby, 10 AcBHomt 5.,
EESRTTRE 7 IV MMBA B 7, 8, 9 Hic—& ¢, 10

12

1 /
’ ’
10 S ,
ks ,,
’ ’
, .
/ /
’ ’
, /
/ / /!
’ ’
, d
‘
Population A O

[ec]

Body length (mm)
[=2]

4 Population B Population D
Population C

2

0

M J J A S o] N D
Month

Fig. 9. Monthly variation in mean length of
unit groups of Sagitta enflata. Four popu-
lations A, B, C and D of this species are
shown. A center of the circle shows mean
length of each unit group. The diameter
shows percentage of mixed populations.
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Hegbh, MAhTreiEmnt = (Fig. 5-¢),

z B

1. FOPELLUORE

FE Q9571 1Rt Lo FREL KIS0
BRI O>W T K EThHbH E L, STONE (1969)14
LELENCH LOSMEHORBESAHAL, B

LU LODBIFRBETD L WFEN It Wb AET
7o, WHPE L OB 8 &S &R R T\ %, STONE
(1969 X % & 8. minima WEBEORK LY
B gk s E=nFin 91.8, 8.2% Th -1,
LAL, ShizEBEOMEEMREZRL TR LT,
FETE D o 7R SRl L OKEBIEER S
minima TEIR W EHE L, 7o, ABRE

Table 2. Chaetognath species recorded from different areas.

Area Pacific Ocean Indian Atlantic

Ocean Ocean

Seto Inland Tokyo Bay Kuroshio Sagami off South off Miami

Sea near bottom Bay Africa 350—0

Hauling depth (m) 50—0 -0 150—0 150—0 0~110 7310

Author Murakami Murakami  Kuroda Present Stone Owre

(1959*) (1957%) (1976) study (1969*) (1960)
1. Sagitta bedoti @) + 1
2. S. bipunctata O O O + O O 2
3. S crassa O O 3
4. S. crassa f. naikaiensis O O O O 4
5. S. decipiens O O O O O O 5
6. S. enflata O O O O O O 6
7. S. ferox @] O O O 7
8. S. Sriderici @ 8
9. S. helenae O 9
10. S. hexaptera O O O O O 10
1. S. hispida o 1
12. S. lyra O O + O O 12
13. S. macrocephala + O 13
14. S. mazxima O 14
15. S. minima O O O O O O 15
16. S. nagae O @) O O O 16
17. S. neglecta O @) @) @) O 17
18. S. neodecipiens O O 18
19. S. pacifica O O O O O 19
20. S. planctonis O O 20
21. S. pseudoserratodentata O O O O 21
22. S. pulchra O O O O O 22
23. S. regularis O O O O @) 23
24, S. robusta O O @) O O 24
25. S. serratodentata O O 25
26. S. zetesios @] -+ 26
27. Krohnitta pacifica O O O O O 27
28. K. subtilis O O O O O 28
29. Pterosagitta draco O O O O O 29
30. Eukrohnia fowleri + 30
31. E. hamata O =+ O O 31

*: Sagitta bedoti described by Murakami (1957, 1959) and Stone (1969) are treated as Sagitta nagae.

O: present, +: record by other authors
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S. regularis L S. neglecta, S. robusta, - S.
ferox X% K. subtilis + K. pacifica “CULER
hoRE, BIIEGTHHH, XLHD2H0O
LR TSRO RIECHE 2 b - 7= (STONE,
19699, £ @ te, hb 2T ThZh 28
KBS, 0LF LD UTHE L, EED
bENRL LOREDREE S LR TE 2,
ERELS OBENERT AR T, 0LOo0H
BOBREGRELHLPICT 50102, HoR
GLOREFELELT D L0 R TH D EH
21 TLTIRBICBEBREORFHC LY, Hu
R LORBANAECESLZ LR L Ok
W, AE, 19767, At o o Flhce ik suw
T, BHWRULEREL, REO/NSWEKEE
LR LHELYR->TB, CZTHALLR v
FofER 0.1mm Thb, fhoBEE (HE,
195719, 1959'%); OWRE, 1960'?; GRICE and
HART, 1962'"; STONE, 1969'#) ML 7-%
vy POMB LN, BBNE G, T, EREN
INSWEERA TR FEL TCHB EEZBRS,

2. dPLLoWYHE

AR BT 508 LOBEM R Y i 5
(Table 2),

1947~ 1949 S IR 2 H R E TOHER TH
B IELTRE 1 Mo LA, 1953~1957 45
T 50—0m DHEE CHEEPIECIIIE 15/ 1
BoORG ULBHEL Wk, 19579, 1959160)
WHEE T S. crassa f. naikaiensis 2B,
Moo XL S.minima, S. nagae, S. crassa T
Dot WRENETYS S. crassa f. naikaiensis 3
B L, Zofic S enflata, S. minima, S.
nagae, S. crassa 735 < B L1, MR TIIAN
EBR S. crassa f. naikaiensis BT, ZhiB
R, AR (REE LR »Ainb s,

1966~ 1972 4F 1z Bl ¢ 150—0m D3R,
LD, Zd3lEE S 4 )8 218 1 Moy L
2, HRZUAFER»SLIE20E 1MoL LA
FE S h, B @EBRRLo2MEchote
(KURODA, 1976)®, Eizit S. enflata 73 d &
ML, S.regularis, S. minima H>\~TEW, &
nEeH L, £ S minima, S. enflata, S.

pacifica D3 HE L,

B KBOEM F 7203 Ao —H 5 5 MBS
ClATAEL, B H, =% (193D KA
HREAKDIERDO A%~ v EHR LI, TREES
W, MABRKO T oDEADIE R 2 — v O
Bs % Fig. LItk L7, ThIC X % ERAT % EE
DEFEPNTROBE T, AMFROFELS X
" MARUMO and NAGASAWA (1973)Y o &
Bur BEKOEERE DD TRE W, BEEND
L 150-0m DEHT, 3B ITE 1B L
NEIEIN, IBFERE S. nagae & & 12 S. minima,
S. enflata HMELE LT,

Table 21 X % LA (H E, 1959)19), &
F (B, 1957)'), MBSO BRI B
(KURODA, 1976)® & 2:37ch X< PITWB, Ls
L, BEFANECIIOEE, MRS HET 54858
D5 b, EEREEOHLA 50m DIFECH HE
B GKkiR, RRE), S. hexaptera, S. lyra, S.
neodecipiens, K. subtilis 13 EE I T 7ok, S,
Jriderici ¥ S. crassa OEFREC¢ California ¥
W& Peru ¥ ¥ (BIERI, 1959)19, g7 7 ) » ik
fE o HE# (STONE, 196914, #hiriyg (PEARRE,
197429, 1976*) w453 55, Miami HicizH
HL g (OWRE, 1960)'» % 7-, Indo-Pacific
O ¥ L (TOKIOKA, 1952)2%, S. bedoti, S.
ferox, S. nagae, S. neglecta, S. pacifica, S.
pulchra, S. regularis, S. robusta, S. pseudo-
serratodentata 3. Miami Wbz & BEIN
7o\~ (Table 2), S. bipunctata, S. decipiens, S.
enflata, S. hexaptera, S.lyra, S. macrocephala,
S. minima, S. planctonis, K. pacifica, K. sub-
tilis, P. draco (L E B DH T bETHD
(TOKIOKA, 19522 ; ALVARINO, 1965%)) oG,
KEBAFORHS TR ORI S 1 B 3% (Table
2), S. helenae, S. hispida, S. mazima (3K
HrDHEIh-BETH 5,

RS HE T 500 LOBERZ VR, 0
HOZ S DROBEOBENSED KI5 % &
b, RYOBEIRL LHECESTsR Iz X
DT/INZI W, 72 & 2 1E, S. nagae (31%), S.
minima (22 %), S. enflata (12%), S. pacifica
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A0 %) n3&tko 756% &, BFRYISELIED
b, 10 1% YT Thob, Bk a Rk
OWRE (1960)'» % STONE (1969 1= X » T3
BB TWA, Miami if'o Florida #ikicit 4 /8
16RO LNHETL (Table 2), Zo\EEOH
fll, ThbbiB R EWE & TIX S enflata
(54.5 %), S. serratodentata (19.9 %) 7 74.4 %
%, B, 3 7cd B A O E Tk S. serratodentata
(54.0%), S. enflata (14.7%) 7% 68.7% * &5
® % (OWRE, 1960)'?, 7r¥ks, & OWHEK TO T EM
3 EEE 2 o i i Tl S. minima, P. draco,
WA T P. draco Thb, ¥ 1z, BE T8
T, WETRTE M 1% &L, STONE
(196D T X hiE, 1 v FEEEHROE 77 Y #H
HEAERROERICIL 4 B 2IBOH LAAMEL
(Table 2), B3 Tix S. enflata & S. friderici
HNELEL, 66% Y EET S, ZhiexdL, W&
Tt S. enflata, S. serratodentata, P. draco 1
L X S. hexaptera (B S. bipunctata) H% <,
2RO 68% PbEHED, L0 3IRLECE
HL T\, R LAKRD 1% i fs WK
BETEE~11HE, MAETRT~11 B RS,

BRI BT HPB LoREROYSY, HH
FEh U EOMBERBEC WA ED B XL TS
T C, DRORECHENHED R REA LT
Wh, ALt LEENMEEOBO BRI £
ENBTEEEKRT D, o T, LU LAEOH
FIMEBROERE (key species) B 5 A L W
WRRETH B,

3. BH#BOEHED

FBEHES Tt LEHE I 4 b i 5 R 0 4
EENE, 2R S. nagae OEEREEH L X U
T\, GRICE and HART (1962)'7 3 KPEEED
Montauk Point %5 Bermuda @ ZEAHED 5 b,
WEAKERKRT AL LBECEHEN, £
TOEMRE S. elegans & S. serratodentata D%
Blc X EASND EREL TWD, MEEOE
FEIFMOEHME(L TN T OBDOHRDOELD
Rp—v X PUTws (Fig. 5), T7bb, S
nagae “Ci¥ 6~8 QT BEENE <, YKD& Ok
BBkt s, S. enflata O FE¥ T 8~104

K<, YHEERTH S, GROMEkED 1
8~10 Hiz£<, 9 HEAR®FT, S. minima
T8 ARKEW, 10 HL/ NS WE— 285D,
EOMEEFEIBHC R K TH 5, S bic S.
nagae, S. enflata it IV MK & $hik D ZEBhH
b X <MT w5 (Fig. 5-a, b), S. enflata 1%
Miami # (OWRE, 1960)'? Ci3E I, F§7 QR
(STONE, 1969 i3 H ~Fic £\, S. minima
* Miami 7 (OWRE, 1960)!2 %8 A, 7
D (STONE, 1969 Tt B It & b &\,
Miami #izit S. nagae (THE Lisp, BE7 O
R DBHEL, B, &, Lol T 5
(STONE, 1969)'%, DI R~ 7-Buit-zh-Eh
KEZE, KUGEE, 4 v FETHY, HEMCHEh
TW52, KHEHERETHZh B #, Florida
#gif, Agulhas ¥EiEOREEY 517 C, HERBLE
BEThh, NFEBOWEI LN TNOWHOB X
LMY B, MBI B, BEROBEN
XLV IENDHREEL, ThixB#Ho%S, &
WANDRACEH /o ERD B L ERNBL T
W5, A4 v FER R CLE Agulhas YE DR EAN
DFWANBDT BRI EIAEBIERPHIC R T
75 (STONE, 1969)14),

S. enflata, S. minima |3 E#E, Florida ¥k,
Agulhas ¥glifiic @D, FTEECTHH, MEBDOE
ER R L ORHEEIERY LTI IERE U
T, ENDLRCENL, EEERERCT S,

8’4 B
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Exemples numériques de la dispersion de la pollution
dans un océan mondial*

Kenzo TAKANO** et M™® Sawa MATSUYAMA***

Résumé: Un modéle numérique donne plusieurs exemples de la dispersion de la pollution
régie par ’advection et la diffusion dans un océan mondial & fond horizontal. Les sources
sont placées soit & la surface soit au fond. La dispersion en fonction du temps dépend con-

sidérablement d’ou se trouve la source.

1. Modéle

La présente note a pour objet de montrer
plusieurs exemples numériques de la dispersion
d’une pollution déchargée par la surface ou le
fond dans un océan mondial.

On suppose que la pollution n’affecte pas la
densité de ’eau et qu’elle est libre de la réaction
chimique et biologique. La dispersion est alors
régie par ’advection et la diffusion turbulente.
A T’heure actuelle, on ne connait suffisamment
ni la vitesse moyenne de l’ean qui intervient
dans ’advection ni la variation de la vitesse en
temps qui intervient dans la diffusion turbulente.
Récemment on a confirmé la présence perma-
nente des tourbillons intenses en échelle inter-
médiaire. Le réle qu’ils devraient jouer dans
la dispersion est toutefois inconnu. Il est donc
prématuré de se proposer de construire un
modéle numérique de la dispersion bien appro-
chant de la réalité.

Cela n’empéche tout de méme pas de faire
un calcul préliminaire pour prendre un apergu
global comme premier étape vers un modéle
moins grossier, en se servant d’un résultat
obtenu par un modéle numérique de la circu-
lation générale actuellement disponible pour le
champ de vitesse.

Il convient de décrire ici en bref ce dernier,
alors qu’un fragment du résultat est présenté
dans une note précédente (TAKANO, 1976).
L’océan mondial 4 fond horizontal s’étend de

* Manuscrit regu le 22 juillet
** Rikagaku Kenkyusho, Wako-shi, 351 Japon
**¥*¥ Centre de Calcul, Université de Hbései, Koganei-
shi, 184 Japon

65°S a 75°N. La densité de I’eau est une
fonction de la température seule. Le coefficient
de dilatation est constant. La salinité et la
glace de mer sont négligées. La circulation est
établie par le flux de chaleur de surface et la
force d’entrainement du vent.

La force d’entrainement du vent est désignée
en fonction de la latitude. Le flux de chaleur
de surface est calculé dans I’hypothése qu’il est
proportionnel & la différence entre la tempéra-
ture de ’eau de surface qui est une variable
dépendante et la température atmosphérique
dite {de référence) qui est donnée a priori en
fonction de la latitude. Le coefficient de pro-
portionalité est quelque peu arbitraire. On
suppose qu’il est 40 cal/°C/cm?/jour. La force
d’entrainement du vent et la température
atmosphérique de référence ne varient pas avec
le temps.

La grille est grossiére. La distance de grille
est 5° en longitude et latitude. Cing couches
sont arrangées en verticale de sorte que les
composantes horizontales de la vitesse et la
température sont définies & 20 m, 120 m, 640 m,
1280m et 2760m de profondeur et que la
composante verticale de la vitesse est définie a
70 m, 380 m, 960 m et 2020m de profondeur.
La profondeur du fond est 4000 m partout.
L’épaisseur de chaque couche est alors 70m,
310 m, 580 m, 1060 m et 1980 m.

Compte tenu de la distance de grille, il faut
prendre les coefficients de turbulence suffisam-
ment grands pour supprimer un bruit spatial
erroné (double pas de grille) dans la solution
numérique des équations aux différences finies.
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Le coefficient de diffusion horizontale est 10%cm?/s
pour la force vive et 10%cm?/s pour la chaleur.
Le coefficient de diffusion verticale est 1cm?/s
pour la force vive et la chaleur.

Partant d’un état initial, I’intégration numé-
rique en temps des équations pour la force vive
et la chaleur a été effectuée pour 102568 jours,
ce qui a permis d’obtenir un champ de vitesse
presque permanent. Malgré la grille grossiére
et les hypothéses simplificatrices, ’aspect général
de la circulation générale observée est en gros
reproduit, comme cela étant montré dans la
note précitée.

Une pollution quelconque est déchargée en
flux vertical & la surface ou au fond & cing
points arbitrairement choisis: point A a 140°E,
35°N, point B a 180°E, 65°S, point C a 75°W,
35°N, point D a 15°W, 15°S et point E a 70°E,
0°N. La dispersion est calculée par l’intég-
ration en temps de ’équation de concentration,
identique en forme a celle de chaleur. Le
champ de vitesse déla obtenu de la maniére
décrite plus haut intervient dans l’advection.
La méthode de calcul de la concentration est
pratiquement la méme que celle pour la tempé-
rature sauf qu’il y a I’interaction bilatérale entre
la température et le champ de vitesse par
I’intermédiaire de la pression, variable avec la
densité qui dépend & son tour de la température,
tandis qu’il n’y en a pas dans le cas ot il s’agit
de la pollution qui ne change pas la densité.

2. Sources a la surface

Dans le cas I la pollution est déchargée par
la surface. La condition a la surface s’écrit
alors pour sa concentration c:

dc
"o T ‘v

ol k est le coefficient de diffusion (1 cm?/s), =
est positive vers le haut et le flux Q est nul
except aux points A a E.

Le flux Q est supposé 0,1 en C.G.S. aux
points A a E.

La condition au fond s’écrit:

dc
/z—a;—O. (2)

Il n’y a pas de flux horizontal a travers les
frontiéres latérales.

Les figures 1 4 3 montrent les isopléthes aux
trois couches supérieures au 7673° jour aprés le
commencement de la décharge. La dispersion
de toutes les cing sources est simultanément
calculée pour faire une économie de temps de
calcul. La concentration a la surface est naturel-
lement la plus haute au point ot est déchargée
la pollution. La valeur maximum dépend de
Pintensité des courants environnants. Elle est
d’autant plus grande que les courants d’alentour
sont faibles. Le point D se fait marquer par
la plus haute concentration et les isopléthes
presque concentriques, car il est situé en plein
océan et n’est pas baigné dans des courants
forts. A 120m de profondeur, la pollution
partant du point D se concentre toujours dans
le méme endroit au-dessous de D. C’est aussi
le cas du point E. Cependant, dans les cas des
points A et C, la concentration maximum se
déplace au loin du point de la décharge; au
coin du nord-est dans ’océan Pacifique du Nord
et 4 la cote d’est dans I'océan Atlantique du
Nord, ce qui réfléchit I'advection puissante du
Kuroshio et du Gulf Stream. L’effet de I’ad-
vection, bien que moins puissant, se manifeste
dans ’océan Antarctique. La valeur maximum
se trouve a l'est du point B en conséquence
du courant circumpolaire Antarctique se diri-
geant vers l’est.

La concentration a4 640m est de ’ordre de
’unité, un-dixiéme prés de celle & 120 m dans
le cas de D. Par contre, elle n’est pas si faible
dans ’océan Pacifique du Nord et I’océan Atlan-
tigue du Nord. Elle est a peu prés du méme
ordre que celle-d 120 m, alors que cette derniére
est 4 son tour trés faible auprés de la concen-
tration a la surface. Tout cela provient de ce
que la pollution déchargée & A et C se disperse
au loin par ’advection horizontale puissante et
I’advection verticale considérable qui s’associe
plus ou moins avec I’advection horizontale puis-
sante, tandis gqu’elle demeure, dans le cas du
point D, en couche superficielle dans I’espace
beaucoup moins étendu.

Les deux couches inférieures ne sont pratique-
ment pas encore affectées.

Les figures 4 4 7 montrent le résultat au
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30173° jour. Il y a'trés peu de change dansla
couche de surface, ce qui indique que 1’alimen-
tation de la source est déja équilibrée par la
dispersion. La concentration est quelque peu
augmentée dans les couches inférieures. La
distribution des isopléthes est toutefois pareille
a celle au 7673° jour.

A 1280 m, la valeur maximum est inférieure
a un-dixiéme de celle a4 la surface. La couche
la plus basse est toujours hors d’atteinte a
I’exception de ’océan Atlantique du Nord ou
il existe des courans descendants forts dans la
région la plus au nord.

L’équation de la concentration permet d’esti-
mer les temps caractéristiques de la dispersion.
Il vient de la:

tav=H/W, tpy=H?/k, tpn=L%/A,

ol 4y, tpy et tpy représentent les temps cara-
ctéristiques déterminés par I’advection verticale,
la diffusion verticale et la diffusion horizontale,
H, L et W représentent les valeurs caracté-
ristiques de la profondeur, de la longueur hori-
zontale et de la composante verticale de la
vitesse, et A est le coefficient de diffusion
horizontale de la chaleur.

Si 'on prend, a titre d’indication, H=2x10°
em, L=4x10°cm et W=10"%cm/s en plein
océan, on a:

tav= 2%x109s=2400 jours,
tpy= 4x10'%=4700 jours, (3)
tpp=16x10%=18500 jours.

1l faut donc plus que plusieurs années pour
un parcours vertical de 2000 m et un parcours
horizontal de 4x10°cm par Padvection et la
diffusion en plein océan, ce qui est justement
de l'ordre de grandeur suggéré par les figures
3, 6 et 7.

L’estime (3) de z4p est basée sur la valeur
de W en plein océan. Le parcours vertical est
bien accéléré dans la région frontiére prés de la
cote ol la composante verticale de la vitesse
est beaucoup plus grande. C’est par ce courant
descendant fort et le courant horizontal traver-
sant le bassin océanique de 'ouest a l'est que
la concentration devient grande a 120m et a
640 m dans les régions du nord-est des océans

Pacifique et Atlantique.
La région du nord-est de l’océan Indien est
presque exempte de pollution.

3. Sources au fond

Dans le cas II ou la pollution est déchargée
par le fond, la condition au fond est donnée par
(1) et la condition & la surface est donnée par
(2). Les cinq points A & E sont placés dans
les mémes endroits que dans le cas I. Le flux
Q y est supposé —0,1 en C.G.S.

Les figures 8 et 9 montrent le résultat au
11173° jour aprés le commencement de la dé-
charge. Etant donné que la couche la plus
basse a 1060 m d’épaisseur a co6té de la couche
de surface épaisse de 70 m ou sont placées les
sources dans le cas I, la concentration a 2760m
dans la couche la plus basse est sensiblement
inférieure a la concentration de surface dans
le cas I. D’ailleurs, la dispersion est moins
directionnelle que dans le cas I, puisque dans
les couches profondes il n’existe pas de courants
étroits intenses tels que le Kuroshio et le Gulf
Stream. Les isopléthes sont plus ou moins
circulaires sauf dans I’océan Antarctique ou le
courant circumpolaire se dirige vers l’est en
toute la profondeur.

Les figures 10 & 14 montrent la dispersion au
47173° jour. La comparaison avec le cas 1
n’est pas facile, parce que la dispersion est
figurée aux dates différentes de celles dans le
cas I. De plus, il résulte de D’intégration
simultanée pour les cing sources A a E pour
I’économie de temps de calcul comme signalé
plus haut que la pollution originaire des sources
B, D et E intervient tout ensemble & 640m,
120m et 20m dans ’océan Antarctique. La
pollution y est & peine bien identifiée. Il est
tout de méme évident qu’elle est considérable-
ment différente ’une de I'autre. Dans la couche
la plus basse ou sont placées les sources, la
concentration ne cesse d’augmenter avec le
temps, mais elle change trés peu dans le cas I
entre les jours 7673 et 30173 dans la couche de
surface ot sont placées les sources. Les iso-
pléthes sont aussi différemment distribués. Par
exemple, 4 1280m dans l’océan Pacifique du
Nord et I’océan Atlantique du Nord, la pollution
est la plus concentrée toujours dans la région
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frontiére d’ouest. Cependant, dans [’océan
Atlantique du Sud, elle I’est au large de la cote
afrique au loin de la source D.

La région du nord-est de 1’océan Indien est
un coin presque exempt de pollution soit que
la source se trouve au fond, soit qu’elle se
trouve a la surface.

La directivité de la dispersion est faible dans
I’océan Antarctique. Le courant circumpolaire
Antarctique est un grand courant d’ouest mais
ne peut produire une dispersion bien dirigée,
car le vent d’ouest fort porte ’eau de surface
vers le nord et la descente d’une grande masse
d’eau vers le fond pousse ’eau de fond vers
le nord, elle aussi. En outre, ’océan Antarc-
tique est largement ouvert au nord. Tout cela

Distribution a 20 m au 47173 jour dans le cas 11

fait la pollution divergente.

Comme précisé plus haut, I’océan ne se divise
pas en cing couches d’égale épaisseur. La couche
la plus basse est épaisse de 1980 m et les quatre
couches supérieures sont épaisses de 2020 m. Le
bassin se divise donc en deux moitiés de presque
égale épaisseur; la moitié supérieure constituée
par les quatre couches supérieures et la moitié
inférieure constituée par la seule couche de fond.
Dans le cas I, 82,2 % de la pollution déchargée
par la surface pendant les premiers 30098 jours
reste dans la moitié supérieure et 17,8% est
dispersé dans la moitié inférieure. Dans le cas
I1, 79,2 9% de la pollution déchargée par le fond
pendant les premiers 30098 jours reste dans la
moitié inférieure et 20,8 9% est dispersé dansla

(31)



204 La mer, Tome 15, N°® 4 (1977)

moitié supérieure. On ne peut étre sr que la
différence entre les deux chiffres 82,2% et
79,2 % est signifiante, parce qu’elle deviendra
encore plus petite si 'on tient compte de la
différence de ’épaisseur entre les deux moitiés.
Il s’ensuit, en toute réserve, que la dispersion
verticale a partir du fond ne soit pas plus rapide
que la dispersion verticale & partir de la surface,
bien que la vitesse verticale se dirige vers le
haut dans la plupart des couches profondes.
Le champ de vitesse et le mécanisme de la
diffusion dans le présent calcul sont certaine-
ment loin d’étre réels. L’emploi des grands
coefficients de diffusion résultant de la maille

grossiére supprime tous les processus en échelle
intermédiaire qui joueraient un réle important
dans la dispersion en grande échelle. La vari-
ation de la vitesse en temps est tout négligée.
A cet égard le présent calcul n’est qu’une
expérience pour débuter a I’étude approfondie
a4 venir. L’effet des tourbillons en échelle
intermédiaire sera montré dans des notes pro-
chaines.
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Field Test of Iron-Made Fish Reefs (continued)

Yunosuke IITAKA, Ryohei TSUDA,
Tsutomu MORINAGA and Shigeru SERA,

Abstract:

Since the previous report (1974)", the same field tests of iron-made fish reefs off

Kochi followed periodically on, until most reefs were dragged or broken down by maybe

some commercial seine trawlers (June, 1975).

From May, 1974 to May, 1975 a successive

observation for benthic animals near or off the reefs was carried out in order to check the
merit of set reefs. At the survey of May, 1975 a part of reefs was taken up from bottom
and then its grade in erosion progress was measured. The aquatic organisms adhered to

reefs were also looked over.

1) The fish and fish school gathered to or around the reefs were increasing in species and

quantity as before. The school of groupers,

leather fish, stripey, painted sweetlips and three-

line grunts were always observed at each time (Table 1, Figs. 1, 2). This was additionally
confirmed by the both some records of fish sounder (Fig. 3) and catch statistics by fishermen

jigging around the reefs (Table 2).

2) In summer season, the benthic animals became much more near the reefs than off, in

both the species and quantity (Table 3, Fig. 5).

Speaking from the composition by species,

the percentage of Crustacea was higher, on the contrary Polychaeta lower near the reefs

(Fig. 6).

3) As an aquatic organisms adhered to the reefs, Crustacea in which Balanus amphitrite

tessalatus appeared abundant especially (Table 4).

The loss in quantity of erosion was 0.5 mm

for 3 years in diameter, which exhibited less than 0.24 mm/year expected before (Fig. 7).
4) 1In the result, it seems hopeful to make a man-made aquatic life environment in waters

with iron-made fish reefs.
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Table 1. List of the species found around or in the experimental reefs at each observation
time. Solid circle means the species found at the surveys after May, 1974. Open is one
reported before. Parenthesized shows a scientific name. Mark*, is an English name,
named newly by SHIINO®.

Observation time

1972 1973 1974 1975

Species of fish (month) 8 12 3 5 6 7 9 1 5 8 11 2

5

Months after setting

(Sparus sarba)

34)

2 6 9 11 12 13 15 19 23 26 29 32 35

1. Japanese parrot fish, ‘‘Ishidai’’ o O O O O O @ e @
(Oplegnathus fasciatus)

2. Beard grunt*, ‘“‘Higedai’”’ o O O O o O e o o
(Hapalogenys nigripinnis)

3. Yellow-spot grunt, ‘‘Koshyodai’’ O O O 0O 0O O O O e e o
(Plectorhynchus cictus)

4. Barface cardinalfish®, ‘‘Nenbutsudai” @) O o o
(Apogon semilineatus)

5. File fish, “Umazurahagi’’ O 0O O 0O O O 0O 0O @ e e °
(Navodon modestus)

6. Goldstriped amberjack*, ‘“‘Hiramasa’’ O O e 9
(Seriola aureovittata)

7. Moray eel, ““Utsubo” O o O ) [ )
(Gymnothorox kidako)

8. Groupers, ‘‘Hata-ka” O O O O O 0O 0O 0O © © o o o
(Epinephelinae spp.)

9. Horse mackerel, ‘“‘Maaji’’ O O O O O O o o
(Trachurus japonicus)

10. Scarbreast tuskfish*, ‘‘Ira’ O O ©C O
(Choerodon azurio)

11. Lion fish, ‘““Minokasago” O O © O e o o
(Pterois lunulata)

12. Pennant coralfish, ‘“‘Hatatatedai’ O O e o
(Heniochus acuminatus)

13. Spotted parrot fish, ‘‘Ishigakidai’’ C O O
(Oplegnathus punctatus)

14. Bigeyes, ‘‘Kintokidai-ka’ O O O O
(Priacanthidae spp.)

15. Goatfishes, ‘‘Himeji-ka” O 0O 0O 0O 0O O 0O e e o
(Mullidal spp.)

16. Trevally, ‘“‘Kaiwari-zoku” O O o O
(Caranz sp.)

17. Leather fish, “‘Kawahagi”’ O O O O O O 0O © @@ @ o @
(Stephanolepis cirrhifer)

18. Batfish, ‘“Tubameuo’ O O O O O O
(Platax pinnatus)

19. Stripey, ‘‘Kagokakidai’ O O © O C C o o © o e
(Microcanthus strigatus)

20. Painted sweetlips, ‘‘Korodai’’ O O O O @ @ © o @
(Plector hynchus pictus)

21. Yellow tail, ‘‘Buri”’ O C e e
(Seriola quinqueradiata)

22. Threeline grunt*, “Isaki’’ O O O O O e @ o o o
(Parapristipoma trilineatum)

23. Pinecone fish, ‘“Matsukasauo’ O O (@) C e °
(Monocentris japonicus)

24. Silver bream, ‘‘Hedai’’ O O
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(Continued)

Observation time

Species of fish (month)

1972 1973 1974 1975

8§ 12 3 5 6 7 9 1 5 8 11 2 5

Months after
12 13 15

setting

19 23 26 29 32 35

25. Rosy grubfish, ‘“Toragisu’’

(Cilias pulchella)

Hawkfishes, “Gonbei-ka”
(Cirrhitidae sp.)

Blackstriped snapper, ‘‘Yokosujihuedai’
(Lutjanus vitta)

Offshore ponyfish, ‘‘Okihiiragi’’
(Leiognathus rivulatus)

Cornetfish, ‘“Yagara-zoku”’
(Fistularia sp.)

Olive flounder*, ‘“‘Hirame”’
(Poralicthys olivaceus)

Striped catfish, “‘Gonzui”

(Plotosus anguillaris)

Pipefishes, ‘“Youjiuo-ka”
(Syngnathidae sp.)

Purplish amberjack, ‘‘Kanpachi’’
(Seriola purpurascens)

Chub mackerel, ‘“Masaba’
(Scomber japonicus)

Cuttlefish, ‘‘Kouika-ka’’

(Sepiidae sp.)

Lizardfishes, ‘“‘Eso-ka’’
(Synodontidae sp.)

Sea basses sp., ‘‘Hanadai-aka’
(Serraninae sp.)

Shovel-nosed lobster, ‘‘Zouriebi’’
(Parribacus antarcticus)

Russell’s snapper, ‘‘Kurohoshihuedai’’
(Lutjanus russelli)

Croakers sp., ‘‘Nibe-ka’’
(Sciaenidae sp.)

Bluelined angelfish*, ‘““Kinchakudai’
(Chaetodontoplus septentrionalis)
Pacific burrfish, ‘‘Ishigakihugu’
(Chilomycterus affinis)
Whitespot-tail morwong, ‘‘Takanohadai’
(Goniistius zonatus)
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WY A~FE, HIhFEA, AFFLHTLEAE
fgEIOFA TR S T\5, Figs. 1, 2112 h
HIHE A OB RTEHEAITH S, Fig. 1 134k
HEEH 260 AHOMEDO L EZDLDTHF Y4,
HEAFEA, F VTV LA P TB, Fig.
2 WHE%R229=HE0d DT, Ml LETENET

Fig. 1. Appearance of the species of fish con-
gregated around or in the experimental reefs
(26 months after setting).

Fig. 2. School of horse mackerel, Trachurus
Japonicus, found at the top of the experimental
reefs (29 months after setting).

BT Thh,
AIBERIUIRIME R U L 5 Al o
D BRI T 5, Fig. 3 ©RTL0IXE
D—HIThHDH, EEEEREE 23 »HEOD
D, FTiE26HHEDLEDLOTH b,
AR K EERRERE O A Tk 1974 R
EEDRIERHA T TRY D HIF B Table
2 WCHT & 5 I AEE 4631 kg Th ot & OB
MEEA 17 m® M b 43ke/E ThH. & OffLE
COMOKIEL LTRRIFTH D, L biE
NOE, HRFCIHEL BELON 50 CHIED
REFLWELATEIWESS,

3. EEBY
HEBRHRCRIEREEL T 57 Lol

Fig. 3. Examples of record of the fish finder
used. Upper: taken on May 13, 1974.
Lower: taken on August 7, 1974.

Table 2. Jigging catches by commercial fishermen around reefs in 1974
(from the report of Kochi Provincial Fisheries Experimental Station®).

Registered Totalf no. Totz;lf no. Catch
Species caught Fishing period ope?ated operated We'ght Sum
port days boats (Kg) (Yen)
Horse mackerel Tano 30 May-30 June 24 96 2523.2 1048957
Horse mackerel Tano 11 Oct.-30 Oct. 11 21 157.7 152761
Purplish amberjack Karyogo 1 Oct.-30 Nov. 47 326 1949.7 2148501
Total 82 443 4630.7

3350219
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Fig. 4. Diagram showing sampling positions
for benthic animals (Sts. 1-4).
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Fig. 5. Seasonal changes of the organisms and
species found, and of its biotic index (ratio of
the numbers of organisms and species). Solid
circle is the value got at each position of Sts.
1-3, surrounded by reefs. Open is of getting
at the contrast position (St. 4).
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Table 3.

5 & H16& B4 (1977); RLEHY &

Summary of benthic animals collected out of bottom sand in a unit

volume (900 cm® area, 5 cm depth). Numerator value is the organism

number, while denominator its species number.

May, 1974 August, 1974
Species found St.1  St.2  St.3  St4 St.1  St.2  St.3  Std4
(near the reefs) (contrast) (near the reefs) (contrast)
Crustacea 124/11 35/8 93/10 12/7 22/12 31/18 29/13 24/14
Mollusca 19/10 32/9 20/9 7/5 17/7 15/12 6/4 9/4
Echinodermata 6/3 7/3 6/2 1/1 2/1 2/2 1/1 2/2
Polychaeta 88/25 155/27 231/30 84/18 95/26 77/27 98/26 82/27
Others 7/5 11/7 15/5 8/3 5/4 9/8 7/5 4/2
Total 244/54 240/54 365/56 112/34 141/50 134/67 141/49 121/49
o November, 1974 February, 1975
Species found St.1  St.2 St.3  St4 St.1  St.2  St.3  St4
(near the reefs) (contrast) (near the reefs) (contrast)
Crustacea 5/5 12/6 7/3 11/7 2/1 1/1
Mollusca 3/2 3/2 2/2 2/2 3/3 2/2 6/3 6/6
Echinodermata 5/2 2/2 1/1 1/1 1/1 1/1
Polychaeta 47/17 43/17 46/22 49/23 67/24 39/21 76/28 38/20
Others 2/2 4/2 4/2 5/2 13/2 5/3 5/1 4/2
Total 57/26 67/29 61/31 68/36 68/31 46/26 89/34 49/29
o May, 1975 o
Species found St.1  St.2  St.3 St 4
(near the reefs) (contrast)
Crustacea 36/10 78/14 118/12 26/9
Mollusca 28/14 28/13 65/17 21/8
Echinodermata 8/5 10/3 11/3
Polychaeta 81/23 83/23 66/22 94/23
Others 12/3 11/5 18/3 12/7
Total 165/55 210/58 278/57 153/47
Table 4. Summary of attaching organisms to reefs. Numerator value shows
the organism number, while denominator its species number.
Obs. month in 1974 May August November
Species found AN AN
Obs. station A B A B A B
Crustacea 1623/7 1134/8 327/11 275/10 152/6 108/7
Detail (in organism number)
Balanus tintinnabulum volcano 49 23 24 23 7 10
Balanus amphitrite tesselatus 380 230 259 201 118 83
Mollusca 5/3 3/2 3/3 4/3 1/1 2/2
Polychaeta 52/13 66/16 32/11 24/9 16/9 15/7
Others 4/2 17/8 4/3 19/8 20/5 9/3
Detail (in weight of grams)
Bugula neritina 11 10.8 0.5 1.8

Note: A and B were selected at random.
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Fig. 6. Seasonal changes of the percentage of
numerical organisms of Crustacea or Polychaeta
to whole. Solid circle is the value got at each
position of Sts. 1-3, surrounded by reefs. Open
is of getting at the contrast position (St. 4).
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Recorder for Tracking Movement of the Bentonic Macro Animal

Tadashi NAGATA, Yutaka UNO and Atsushi SHINODA

Abstract: A recorder for tracking movement of a bentonic macro animal such as an abalone,
a spiny robster, a swiming crab, etc., hold in an experimental tank, was designed. The
principle is as follows: an infrared lamp is made to scan over the whole surface of the tank,
while a photo transistor set under the tank is forced to follow the scanning motion of the
infrared lamp. Thus the photo transistor is always kept just under the infrared lamp
receiving infrared beam. At the moment the infrared lamp passes over an animal in the
tank, the transistor is cut off to trigger an electronic circuit which can mark on a recording
paper the abscissa and the ordinate corresponding to the situation of the animal.

A recorder tentatively constructed depending on the principle described above was found

to operate rather satisfactorily.
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Fig. 1. Arrangement of thelinfrared lamp L, the
experimental tank T and the photo transistor P.
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Fig. 2. Schematic diagram showing the operation
of the detector. The infrared lamp L and the
photo transistor P go and return along the
rods G and G’ respectively, while the frame F
travels along the rails R and R’. Thus the
infrared lamp, together with the photo tran-
sistor, scans over the whole surface of the tank.
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Fig. 3. Schematic diagram showing the operation
of the recording system. The abscissa and
the ordinate of the animal are marked on the
recording paper S with the recording needles
N and N’ respectively.
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Fig. 4. Block diagram of the servo mechanism
driving the recording needle N’ synchronizing
with the motion of the infrared lamp.
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Fig. 5. The circuit for driving the motor M
which sends the recording paper while the
scanning of the infrared lamp is stopped.
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