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Linear Theory for Internal Waves in a Multilayered Ocean”

Yoshinobu Tsuji** and Yutaka NAGATA***

Abstract: The nature of the characteristic equation and the eigenfunctions for internal waves
propagating in an inviscid multilayered ocean are reviewed and their physical significance is
explained. Several examples of the particle velocity profiles and of the dispersion relations

are given for two and three layer systems.

The classification of the solution by the mutual

relations among layer densities and layer depths is tried for a simple three layer model.
The properties of the evanescent or non-progressive wave modes are also discussed. The
results would be useful for the investigation of short period internal waves which are always
traveling on thin sheets in the oceanic microstructures.

1. Introduction

Recent detailed observations of the oceanic
thermocline show that the water temperature
in the thermocline dces not decreases smoothly
with increase of depth (Woobs, 1968a, b; Cox
et al., 1969; OsSBORN and Cox, 1972; GREGG
and Cox, 1972, and others). Usually the
oceanic thermocline consists of homogeneous
layers several meters thick which are separated
by thin sheets several centimeters thick, and
almoest all of the temperature decrease in the
thermocline occurs within these thin sheets
only. WoobDs (1968a, b) observed that short
period internal waves are always traveling on
such thin sheets of large temperature gradient
in the seasonal thermocline off Malta. He
pointed out that these short period internal
waves and their breaking might play an im-
portant role in the formation and maintenance
of the cceanic micrestructures.

The observations of COX et al. (1969) using
free falling instruments off San Diego, California
also show evidence of the existence of short
period internal waves traveling on the thin
sheets. In Fig. 1, two vertical profiles of the
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Fig. 1. Records of the vertical temperature
gradient taken by free {falling instruments in
the sea 40 km west of San Diego, California.
The left and center traces are unprocessed
records taken almost simultaneously with a
horizontal separation of 50 m. The right trace
shows the actual temperature gradient which
is obtained by processing the center trace.
The scale of depth is given on the right. The
horizontal arrow at the top shows the magni-
tude of a gradient of 3%X107*°C/cm. (COX et
al., 1969)
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Fig. 2. The relative depth differences between
the corresponding spike-like events in the two
traces in Fig. 1 against the absolute depth of
the events in one record.

vertical temperature gradient which were taken
almost simultaneously with a horizontal sepa-
ration of 50 m are shown. The records show
many spike-like events which correspond to
the thin sheets separating the homogeneous
layers. The records are very similar to each
other, and almost all of the larger spike-like
events in one record can be matched to some
corresponding events in the other. In order to
correct for the slight difference of the falling
speed between two instruments, we picked up
about 100 pairs of corresponding spikes from
the records, and calculated their relative depth
differences. In Fig. 2 we show the relative
depth differences against the absolute depth of
the spikes in one record. This figure indicates
that one instrument fell 59, faster than the
other. The correction for the falling speed
difference was made prior to the ccnstruction
of Fig. 1. Besides the falling speed difference,
data points in Fig. 2 exhibit some scattering.
It is reasonable to consider that this scattering
or the residual relative depth differences are
caused mainly by the existence of short period
internal waves traveling on the sheets. As the
magnitude of the scattering seems to be in-
dependent of the absolute depth, we can assume
that the magnitude of the internal waves is of
the same order for every sheet within the
observed depth range. Moreover, the 50m
separation between the two records seems to

be large compared to the wavelength of the
internal waves. If we assume that each reading
of the depths of pair spikes is an independent
sample taken - from a Gaussian distribution
which has the standard deviation ¢, we can
show that the prebability distribution cf the re-
sidual depth differences is also Gaussian and that
its standard deviation ¢’ is given by o’=+/ 2 4.
The standard deviaticn of the residual depth
differences in Fig. 2 is 77.2cm, and so the
standard deviation cof the sheet depth change
due to tke internal waves is estimated to be
about 55 cm. In other words, the short pericd
internal waves having a significant height of
about 155 c¢m were existing on the sheets in
the thermocline.

As the main interests of oceanographers have
been focused to the long period internal waves
like internal tides or inertial oscillations, the
behavior of the internal waves have been usually
studied by wusing continuous density profile
models (e.g. GARRETT and MUNK, 1972). How-
ever, in order to investigate the short period
internal waves propagating con the sheets in the
oceanic thermocline, it is more reascnable to
use the step-like density profile models or the
multilayered systems. As to the simplest two
layer system, the dispersion relation is given
by LamB (1932), and scme finite amplitude
problems are treated by several investigaters
(KEULEGAN, 1953; LoONG, 1956; BENJAMIN,
1965; HunT, 1961, and Tsujl and NAGATA,
1973).  Yia (1965) discussed internal waves
propagating in a multilayered ccean and showed
that the characteristic equation has n-+1 real
eigenvalues with {ree surface conditicns and n
real eigenvalues with rigid surface conditions,
where n denctes the number cf layers. The
wave mode for each eigenvalue was shown to be
associated with a certain interface. He also
showed that the energy of the internal waves
is equally partitioned into potential and kinetic
energies.

One of the purposes of this paper is to
review the nature of the characteristic equaticn
and the eigenfunctions for internal waves propa-
gating in an inviscid multilayered ocean (Sections
2 and 3), and to explain their physical signifi-
cance. Several examples of the particle velecity

29
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profiles and of the dispersion relations are given
for two and three layer systems in Section 4.
The classification of the sclutions by the mutual
relations among layer densities and layer depths
is tried for a simple three layer model in
Section 5. We also investigate evanescent or
nen-progressive wave modes whoese eigenvalues
are purely imaginary (Section 6). We intend
to utilize this knowledge for the planning and
construction of an internal wave maker which
can produce pericdic horizontal flow with the
prescribed vertical prefiles at the end of a wave
tank. The properties of the internal waves
generated by such a wave maker are discussed
with the orthogonal relations among eigen-
functions in Section 7. This knowledge would
be also useful for the investigation of internal
waves propagating in a multilayered ocean the
structure of which varies horizontally.

2. Formulation

We consider short period internal waves
propagating in an ocean which consists of n
homogeneous layers (Fig. 3), and neglect the
influence of the rotation of the earth. We take
the y-axis vertically upwards from the undis-
turbed level of the surface, and the x-axis
herizentally in the direction of wave propagation.
We denote thickness and water density of each
layer by D, and p.(r=1, 2, 3, ., n from
bottom to tep). We assume a sclid bottom at

y
o Tl -
Dn £ R
Pk o In-1
Tl
o L
Dre -hs ’Orucpm 77;/‘—\
Dr .h'.|‘ﬁ’¢ip< r-1
D2 i 77'
i}
Dy ( ¢'
_hoL“ AN N N

Fig. 3. Co-ordinate system.

y=—ho=constant, and denote the displace-
ments of the interfaces by 7, measured from
their undisturbed fevels y=—h, (r=1,2,3, ...,
n). Here h, represents the undisturbed level
of the surface, so that A,=0. As we consider
only irrctational motions of an inviscid and
incompressible fluid, the velocity potential ¢

(r=1, 2, 3, ..., n) can be introduced for each
layer;
Ur=— 655 SR (r=1,2,3,...,n
O0x oy

where #, and v, are the z- and y-components
of the velecity in the r-th layer, respectively.
The condition of continuity for each layer is

p,=0 (r=12,3,...,n) 2-1

The boundary cendition at the bottom i

o

vp=——-=0 at y=—ho (2-2)

The kinematic boundary conditions at the
interfaces are

(177/ — a’?r - a(]ir+l at y= *}Zr <273)
0t oy ay

(r=1,2,3, ..., n"1)

and the dynamical boundary conditions at the
interfaces are

6¢‘r 5¢r+1
.or( at~—gvr>:ﬂr+1<-at —gnpr) at y=—h,

(r=12,3, ..., n-1) (2-4)

where ¢ is the acceleration of gravity. The
higher order terms are neglected in the above
equations.

When the surface is free the kinematic and
dynamical surface boundary conditions are

01711 - 0(/757; at y:o

ot oy
and

Opn

7at—~g77n:0 at y=0
respectively. By eliminating ». from these

3
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equations, we have

Bpn  0pn
e 9%y

We assume that the velocity potential in the
r-th layer has the form:

Gr =N A, cosh k(h_1+y)
+ BT Slnh l’f(hrfl—vfy)}ei(kr'm:) (2*6)

and that the displacement of the r-th interface
has the form:

D=, a, ek -oD @-7)

where k£ is the wave number, ¢ the angular
frequency, a- the amplitude cf the displacement
of the »-th interface, and A, and B, are con-
stants. Then the potential (2-6) satisfies (2-1).
By substituting (2-6) and (2-7) into (2-2), (2-3)
and (2-4), we have

B1 =0 (2~'8>

i%ar = A, sinhkD,+ B, coshkD,=B,,1 (2-9)

(for 1£r=n—1)

and

Or_(A, cosh kD, + B, sinh kD))
Or+1

- A7'+1 +— ar
a Or+1

(for 1Zr=Zn—1)

(2-10)

where do,=p,—pr1 is the density difference
across the r-th interface and D,=h,_;1—h, is
the thickness of the r-th layer. By eliminating
ar from (2-9) and (2-10), we obtain the relation
between the coefficients of the velocity poten-
tials of the r-th and (r+1)-th layers:

4474,-1 . Ar _
(5)=x(5)  ew
where
_ PT; Q'f
XT“<R;—, ST> (2-12)
and

PT: ._pL COSh kDr_ A[Or i Sil’lh kDr
Or+t Or+1
Q= O sinh kD, — de- Lcosh kD,
Or+1 Or+1 ? \
(2-13)
R,=sinh kD,
Sy=cosh kD,
0-2
P= gk

By using (2-2) and (2-11), we have

<z;ljz>:Xn41Xn42 E X1</(&;>
e ()

On the other hand, the coefficients A, and B,
for the uppermost layer are related to each
other from the free surface condition (2-5), so
that

(2-14)

_ pceothkDn—1

" eothkD,—p O G

Then the condition for existence of a non-
trivial solution is
[l 1 cothkDn—p7
det LIZII(X’) < 0 > , pcoth an—J_O

n—1
Or by dividing by IJ sinh £D,, we have
r=1

n—1 1 cothkDy—p .
X / — 2160
det[TLCx, )<o_>, pcetthn—J 0 (2-16)
where
P/, Q) -
X,’:(RT, E,) @-17)
and
pr=- coth/-cD,~—L o
Or+1 Or+1
, o 1 do,
== oth 2D,
Q Orst P Prat ¢ (2-18)
R/=1

S’ =coth kD,

For a given value of the wave number £, this

4
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characteristic equation is an n-th degree algebraic
2

-;—k>, and has n real eigen-
values (Y1H, 1965). Thus we have n propa-
gating wave modes including a surface mode.
The characteristic equations for n=1, 2, and 3
are

equation for p| =

2

p:g—:tanh kD for n=1

7 (2-19)

%01 coth kD1 coth D3+ p2)
— poi(coth £Di+ coth £Dg)+ 4o=0
for n=2 (2-20)

and

{0102 coth kD1 coth £Ds coth £Ds+ 2% coth £Ds
+ p103 coth kD1 + p203 coth £Ds}p?
—{p1p02(coth £D; coth kD2 +coth £D; cothkD;
+coth kD3 coth kD3)+ psdo1+ 22} p?
+{01dp2 coth kD1 pe(dos+ dpz) coth kDe
+ 03dp1 coth kDs}p— Ao14p2=0

for n=3

(2-21)
When the surface is rigid, the condition at

y=0 is given by

¢
5y = (2-22)

instead of (2-5), and the characteristic equation
becomes

det Brj(xrq( é) COti“ lkD ”]:o (2-23)

This equation is an (n-1)-th order algebraic
equation for p, and we have n-1 real eigen-
values and n-1 propagating internal wave modes.
No surface mode appears in this case. The
characteristic equations for n=2 and 3 are
p= 40
" picothkDi+ps coth kD
and
{0102 coth Dy coth kDe+ paps coth £Ds coth kD3
+ psp1 coth kD3 coth kDy + 02} 2
— {p1Ap2 coth kD4 +p2(£jp1 -i—Apz) coth kDo
+p3dp1 coth kDs}p -+ dp1dp2=0

for n=3

for n=2 (2-24)

(2-25)

respectively.

In the application to the real ocean, the
density difference across any interface can be
assumed to be much smaller than the mean
density o. We may replace p, by p except in
the terms where density differences is multi-
plied by the gravitational acceleration g in the
basic equations (Boussinesq approximation).
Furthermore, if our attention is paid for the
internal modes only, eigenvalues p are of the
order of dp/p, and the highest terms in (2-20)
and (2-21) can be neglected. Then we have

o

= plcoth kD + coth £Ds) for n=2

? (2-26)

and

(coth kD coth kDg+ coth £D) coth £Ds

+coth £Ds coth D3+ 1)p? — < 452 coth kD,

. Aovtdos coth kD2+—Z%O& coth /cD3>p
+ Ap;f” =0 for n=3 (2-27)

These are the same equations as those in the
case of a rigid surface under the Boussinesq
approximation. When 4p, < p the internal mode
waves are insensitive to the boundary condition
at the free surface and the surface is hardly
disturbed by the existence of the internal waves.

When the thickness of each layer is sufficiently
larger than the wavelength and when the density
difference across each interface is sufficiently
smaller than the mean density, namely £D,>1

and é‘0—7<1 (r=1,2,3,..., n-1), the solutions

of the characteristic equation (1-14) are given

by

401 Apz A(On~1
=1, ==, == ... 2-28
P E 2({) bl 2({) b 2‘() ( )
Here, p=1 represents the eigenvalue of surface
wave mode, p= Zé‘i; (r=1,2,3,..., n-1) re-

presents the eigenvalue of the internal wave
mode which is trapped at the interface at the
depth %,. The internal wave of each mode
behaves as if a corresponding interface existed
alone, and can be dealt with just as in a two

5
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layer system.

On the other hand, when the wavelength is
sufficiently larger than the thickness of any
layer, the characteristic equation becomes

§“[ﬁﬁ“”(é>,@jzpj_o (2-29)

with a free surface, and

n—1 1 1
d T, =0 (2-30
w1 (o), p -0 e

with a rigid surface,
where

0= dprgDy,  — AM) .
T, = 2-31
<Dr52(07+1; 52[07‘+1 ( )

o . .
and ¢=-— is the phase velocity. The waves

k

are non-dispersive because the wave number
is not included in the above equations explicitly.
The characteristic equations for =1 and 2 are
as follows:

2=gD (n=1) (2-32)
and
ct— ng(Dl + Dz) +D1Ds A(O1 g2 =0 (7’1 =2)
- (2-33)

for a free surface, and

gD1D2Z’(01
011)2+(02D

for a rigid surface.

2= 7=

(n=2) (2-34)

3. Energy of internal waves
The potential energy V of the waves per
unit length in the multilayered ccean is given by

, 2 de=2 % doa? 3
V= 2L rZ A(Or\ 77 ’ 4 7§ @ <3 1>
where don=p.. The kinetic energy 7" per unit
length is
T 1 ”n (—hrtor L . . dnd
- 2L 7“221'07 Smhrf1+rjr—180(u T ) ey
1 = [~ ety (L 0%, \2
TR (2
2L 7= ~Rrg+yr-10 Ox
0 \2
+( oy ) dxdy (3-2)

6

X

Fig. 4. Path of the integration in (3-3).

By using Green’s theorem in two dimensions.
we have

_1oa g6
T= 57 7_§1p7<§€)¢7- o ds (3-3)

where the path of integration is taken along
the lines I-II—III-1V as indicated in Fig. 4
and the suffixes n» and s denote the component
perpendicular to and parallel to the path. The
integrations on the paths I and III cancel each
0

*+5y¥ on the paths IT and IV, and by con-

other. Using the approximation ds= +dx,

sidering that

I 3
/ dx=0
50 <¢1 a?/ )1': -, *

we cobtain

. 1 = (L . @¢T+1
r=—5p B (ot

o ) dx (3-4)
y=-=hy

where y,12=0. Then, we can express the
kinetic energy 7' as a function of the displace-
ments 7, (»=1,2,3, ..., n) from (2-3), (2-4)
and (3-4);

g n
T= o\ plde=—= ar? 3-5)
2L E Ap dx= 1 ;} ora (
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The evaluated value of the kinetic energy is
just equal to the potential energy (3-1)*. Then
the total energy E of the internal waves per
unit length in a multilayered ccean is given by

F23
E=T+V= % X dosa? (3-6)
r=1

4. Examples of the orbital velocity profiles
and dispersion relations
If we denote the crbital velocity of a water
particle with

u=Uly) sin (kx— 1) ~
2=V () cos (kz—at) } @1
the amplitudes U(y) and V(y) are given from
(2-6) by

UGy =k A, cosh k(h,_ 14 3)
+ B, sinh k(A 1+ )}

V() =k{A, sinh k(h,_1+7) @2
+ B, cosh k(h,_1+7))
for —1'17--1§?/£*}l>< (7':1>2> 37 ] 7'l>

respectively. Then the water particle whose
mean position is (z, ) moves along the ellip-
tical orbit;

(x—z)? | —y? 1
Uy — VAy k2

(4-3)

In order to visualize the effects of the ratio of
wavelength L to layer thicknesses D, on wave
behavior, we show several examples of orbital
velocity profiles for the cases n=2 and n=3
in this section.

The vertical profiles of the amplitudes of the
orbital velocity components U(y) and V(y) in a
two layer system are shown in Figs. 5 through
7 in case where Di:D:=6:4 and p;:p0:=1.001:
1.000. The mode number is given in the order
of magnitude of the eigenvalue p, and so the
first mode indicates the surface mocde and the
second mode the internal mede. For n=2 and

* The equal partition of the internal wave energy
into potential and kinetic energy is shown by YIH
(1965) for the more general case.
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Ist MODE 2 nd MODE

Fig. 5. The vertical profiles of the amplitudes

of orbital velocity components U(y) (full lines)
and V(y) (dashed lines) in case where Di: Dy
=6:4,01: 0,=1.001:1.000 and L=0.1D (D
denotes the total depth and D=D.+D;). The
mode number is given in order of the magni-
tude of eigenvalue p.

Ist MODE 2nd MODE
Fig. 6. The vertical profiles of the amplitudes
of orbital velocity components U(y) (full lines)
and V(y) (dashed lines) in case where Di: D;
=6:4, p1: 62=1.001:1.000 and L=D.
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Ist MODE 2nd MODE

Fig. 7. The vertical profiles of the amplitudes
of orbital velocity components U(y) (full lines)
and V(y) (dashed lines) in case where Di : D;
=6:4, p1: p2=1.001 : 1.000 and L=10D



178 La mer, Tome 12, N° 4 (1974)

—AEQ<<1, the velocity profiles scarcely depend
onldpl. The profiles for L=0.1D (D denotes
the total depth and D=D;+ D) in Fig. 5 show
the typical velocity patterns for LL2xD; (=1,
2). In this case, the motions of the first and
second modes are confined only near the free
surface and the interface, respectively. The
paths of the water particles are circular for both
modes. The profiles {for L=D in Fig. 6 and
for L=10D in Fig. 7 give the typical patterns
for L=2rxD; and L>2rD; (i=1, 2), respectively.

- \? |

| -

15t MODE 2ndMODE 3rd MODE

Fig. 8. The vertical profiles of the amplitudes
of orbital velocity components U(y) (full lines)
and V(y) (dashed lines) in case where Di: D;:
D;=10:8:10, p1:02:03=1.10:1.06 : 1.00 and

L= ;gD (D=Di+Dy+Dy).

Ist MODE

2nd MODE 3rd MODE
Fig 9. The vertical profiles of the amplitudes
of orbital velocity components U(y) ({ull lines)
and V() (dashed lines) in case where Dy : D;:
D3;=10:8:10, o©1:02:03=1.10:1.06:1.00

_20
and L= o8 D.

i
/_:“'
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Ist MODE 2nd MODE 3rd MODE

Fig. 10. The vertical profiles of the amplitudes
of orbital velocity components U(y) (full lines)
and V(y) (dashed lines) in case where Di: Ds:
Ds;=10:8:10, p1: p2: vs=1.10:1.06:1.00 and

L i'aé‘D.

8

For L>»D;, the amplitudes of the horizontal
velocity component of the second mode wave
have almost constant values U; and Uz for the
first and second layers, respectively. Uj and Uz
have the opposite sign to each other and have
the relation;

UD1=—UzD2

and so the vertical velocity component is con-
fined near the interface.

The vertical profiles of the amplitudes of
orbital velocity components U(y) and V(y) in a
three layer system are shown in case where
Di:D3:D5=10:8:10 and p;1:p02:03=1.10:1.06:
1.00 in Fig. 8 through Fig. 10. The mode number
is again given in the order of magnitude of
the eigenvalue p. The profiles for L=(10/28)D
(D=Di+ Ds+ D3) are shown in Fig. 8. When
LL2rD; (i=1,2,3), the two eigenvalues of the
A{O1

Aos . . 20
and o5 respectively. So the internal wave

internal modes can be approximated to

of the second mode is trapped along the stronger
interface (the upper interface in our case) and
that of the third mode along the weaker
interface (the lower interface in our case).
The profiles of the wvelocity components for
L=(20/28)D and for L=(100/28)D are shown
in Fig. 9 and Fig. 10, respectively. For L>
27Dy, the difference in profiles between the
second and third modes appears in the re-
lative sign of the amplitude of the horizontal
velocity component in the third (top) layer to
that in the first (bottom) layer; signs are the
same for the second mode and opposite for the
third mode just as seen in the profiles in Fig.
10. In other words, the displacements of two
interfaces 7; and 7 vary in phase with each
other for the secend mode (larger eigenvalue)
and out of phase for the third mode (smaller
eigenvalue). For the limit Dy—0, the internal
wave of the second mode in a three layer
system degenerates to that of the second (in-
ternal) mode in the two layer system. When
L>2zD; (i=1, 2, 3), the horizontal velocity
components of both internal modes show al-
most constant values in each layer, respectively.

An example of the dispersion relation of the
waves in a three layer system is given in Fig.

N
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Fig. 11. Dispersion relations of the waves in a

three layer system in case where Di, D. and
D; are 1.0, 0.8 and 1.0m, and p:, 02 and g3

are 1.10, 1.06 and 1.00 g/cm?®, respectively.

11 in case where D, Ds, and D; are 1.0m,
0.8m, and 1.0m, and pi1, p2, and ps are 1.00
g/cm3, 0.99g/cm?®, and 0.98g/cm?® respectively.
The ratios among the thicknesses D, D, and
D3, and the densities ps, p2 and ps are just
the same as in the previocus discussions (Figs. 8
through 10).
velocities can be approximated by

For short wavelengths the phase

\/Z for the first mode (4-4)
g pzA-‘i(-)? s for the second mode (4-5)

and
Zjo—ﬁ_ﬁjog for the third mode (4-6)

(do2>4p1 in this case), respectively. For large
wavelengths, the phase velocities approach the
following constant values:

VgD~ for the first mede (4-7)

\/‘7 dor —Dy*+ — dox ¥
2 0

g
D p
\/(401

for the second and third modes, (4-8)

. N\? ddpidos
de» D*> ‘:A"ZDlpngD(

respectively. We have used the Boussinesg
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Fig. 12. Dispersion relations of the waves in a

three layer system in case where D:, D: and
D; are 1.0, 0.8 and 1.0 m, and g1, 02 and ps
are 1.00, 0.99 and 0.98 g/cm?,
As Ador=4p, in this case, the waves of two

respectively.

internal modes propagate with the same phase
velocity for short wavelengths.

10 -
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Fig. 13.
three layer system in case where Di and D;
—o0 and D: is 0.1 m, and p1, o2 and g3 are
1.10, 1.06 and 1.00 g/cm?®, respectively.

Dispersion relations of the waves in a

approximaticn in (4-7) and (4-8) and
D=D;+ Ds+ Ds
Dy*=Dy(Ds+Ds) (4-9)
Dy* = Ds(Di+ Dy)

In the case of doi=4ps, the dispersion curves
for the second and third modes fall on each
other for short wavelengths (see Fig. 12).
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The dispersion relation in the case of Dy and
Ds—>oo0 are shown in Fig. 13. The dispersion
cuive for the third mode shows a tendency
similar to that in Fig. 9 or 10. The phase

—_—

velocity of the second mode is \/g, dov for
VYV k pitpe

small wavelengths and \/9 Ao+ dpx for large
k poitp0s

wavelengths. This shows that, for L>»2zD.,
the internal waves ignore the existence of the
intermediate layer and behave as if there is a
single interface of density difference doi+ Zos.
More detailed discussions on a three layer system
will be given in the next section for this simple
case where D; and Ds;—o0.
5. Internal waves propagating along a single

thin sheet

In this section, we try to classify the vertical
profiles of the horizontal velocity component
Uly) in the three layer system in which the
upper and lower layers have infinite thicknesses
and the intermediate layer has a finite thickness
D (see Fig. 14). As we have an interest in
the behavior of the short period internal waves
propagating along the sheets in the oceanic
thermocline, we will lay emphasis on the waves
of the second mode, the sign of whose ampli-
tude of the horizontal velocity component in
the upper layer is oppesite to that in the lower
layer. The vertical co-crdinate y is measured
upward from the undisturbed lower interface
in this section. We assume that thc displace-
ments 7 and 72 have the forms

Yy
AR n,
b o
AR 7
0
X

; AP
|

Fig. 14. Co-ordinate system in Section 5.

m=ai sin (kx —ot)
and

pe=as sin (kx—ot)

and the velccity potentials ¢y, ¢e, and ¢; have
the forms

p1=Cre" cos (kx—ot)

¢o=(As cosh ky -+ By sinh £y) cos (kx—o1)
and

¢3=C3e" P~V cos (kx—ot)

respectively. Then we have the following

relations among the coefficients ai, a2, C1, As,
Be, and Cs from the boundary conditions at the
two interfaces;

ca1=kC1=£kDB;

das=k(As sinh kD + By ccsh kD)= —kCs

016C1— p20 As— (01— p2)ga1 =0

020(As cosh kD + B sinh £D) — p36 Cs

—(p2—p3)gaz =0

By eliminating @1 and az from these equations,
we have

Ci1=D5; G-

Az sinh 5D+ B cosh kD=—Cs  (5-2)

i 4 _
01C1=p2 A2+ ;)01 B> (5-3)

(73((03 - A£2'> = Agpg cosh kD + szz sinh £D
6-9)
where

2

P:%, dpr=p1—p2 and dos=c2—ps

These equations lead to the characteristic
equation

{022+ p103+ p2(01+ p3) coth ED}L*
—p2(01— ps)(L+coth ED)p
+ (01— p2)(02—03)=0 (5-5)

However, instead of solving the characteristic
equation (5-5), we will check the following
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characteristics through
(6—4);

(1) Whether the sign of the amplitude of
the horizontal velocity compenent in the upper
layer is the same as cr opposite to that in the
lower layer; C1C3>0 or <0. If the signs are
the same, it corresponds to the second mede,
and if thke signs are opposite
to the third mede.

(2) Whether the sign of the mean gradient
of the amplitude of the horizontal velocity
compeonent in the intermediate layer is the
same as or oppoesite to that in the lower
layer; [U(D)— Ux(0)] C1>0 or <0,
where Us(y) denotes the amplitude of the
herizontal velocity component in the inter-

directly frem (5-1)

, it corresponds

mediate layer.

(3) Whether the amplitude of the hori-
zontal velocity component Us(y) changes its
sign within the intermediate layer or not;
75(0)« Us(D)>0 or <0.
whether we have a point where U(y)=0
inside of the intermediate layer or not.

(4) Whether the amplitude of the hori-
zontal velocity component changes its sign
across the lower interface or not; Ux(0)-Ci1>0
or <0.

From (56-1), (5-2), and (5-3),
obtain the following equations;

This corresponds to

we can easily

. B? r4
C1Cs= p2 sinh D] —]-;(i—pl—pg coth /\:DW

[U(DY— Ue(0)] Cy=—

Aoy kD 1
[7 01— ,(choth—E—~

—

2
U(O)U(D)y= kp( cosh kD( 4oy —p01 )
2

2kC2 . kD
- sin
O2

P
X (—ABI— —p1—ps tanh kD>
P
and
-, kC A.Ox
5 (0)s Oy = ———1 (——~
206 02 P pl)

Then we can classify the solutions with the
do:

magnitude of > from the identical relation;

1< 01+ g2 tanh kD < o1+ p2 coth kD

kD
<p1+p2 Coth<—2~ >

The results are shown in Table 1. Also, a
similar cla snﬁcatwn can be carried cut with the
magnitude of 7' by using (5-1), (6-2), and
(5-4), and is shown in Table 2.
of the second mode, the relaticns

IFFor the waves

[U(D)— U(D)] C1 >0
and [Us(D)— Ux(0)] C3<0

always held. This means that the vertical
gradient of the amplitude of the hoerizontal
velocity component has the same sign in every
layer.

Besides the conditions for the second mode

—A‘OI <1+ cothkD
P .
(5-6)

oth kD

P
in Tables 1 and 2, we can derive two more
conditions from (6-1), (6-2), (5-3), and (5-4):

Table 1.
amplitude of horizontal velocity components
in terms of the magnitude of doi/p.

AR/p = P F#Fatanh(k) P.*chothlkD) P+Rcoth (kD)

The classification of the profile of the

‘ : |
| CiCs | S A
: S —

[S— “r _‘
\(Uz(D) Uz(O)]C\\ + ‘ + + | + _ |
T H A — ﬁi : ' —_—
" Uz(0)-Uz2(0) ‘ + ! - + I + | + .

— — 1 _ i —

| i ! |
U2(0)-Ci i + E - - ! — : -
Table 2. The classification of the profile of the

amplitude of horizontal velocity components
in terms of the magnitude of dea/p.

AR = P, PrRtanhikd) B+fcothikd) R+Bcoth(kD/2)
B - — 1 i R

! CiCs [ 3 - 1‘ - :‘ + “ +
‘ S ! i
1[Uz(D)—Ule)]C3‘ - - | - 3 - P+
i - : ; :
Uz(O) Uz(0) b+ - 1 + : + ! +
- T e

T 1 ] 1
Uz(D) Cs +0 = ! - ! - i -

- S
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p3dp:1< <(o1+ p2 tanh £D)4pe
or (5-7)

do14
(o1+ p2 tanh kD) Ap: < % < ps3dp:

A.01402
p

according as
02402 tanh kDZ20103— p2(01+03)  (5-8)

respectively. And

Ap:4
p1dp2< l;gﬂg <(ps+ p2 tanh kD) 404 \

or l (5~9)

do14
(ps+pz2 tanh ED)4p1 < ,ﬂ;ﬁ% < 01402

according as
o2dpy tanh kD= po(01 + 03) — 20103 (5-10)

respectively. It should be noted that the

quantity K=2p103—p2(01+p03) plays an im-

portant role in these relations. (We can use
-, 1

the quantities —4———

01 03 02 01 03
instead of K.)

By taking the relations (6-6), (5-7), and (5-9)
into consideration, we can eliminate p and
classify the horizontal velocity profile with py,
02, ps, and kD. The results are shown in

Table 3 and in Fig. 15. These results will be

Table 3. The classification of the profile of the
amplitude of horizontal velocity components
in terms of the mutual relations among p1, g2,
03 and kD. It should be noted that the quantity
K=201p5— 0x(p1+0:) plays an important role
in the classification. The case labels ¢, a-1,

b, .... are used again in Fig. 15.
Case Tt | bzt | CsUzio |
-1 |K>RaRtonhko) >0 + + -

-2|K = BaRtanhkp) >0 0 0 -

a
a
a-3 RaRtanhikd) >K>0 - - -
b

K=0 - - -

C-1|-BaBtanhtkD)<K<O - - -

clc-2 K =-RARtanhkD) <O o} - 0

| c-3]k<-RaRtanhiko <0 N

2 or Apl o Apz

piyr” Uty)

Cloo— I |. X/: _// //
Fig. 15. Schematic vertical profiles of the hori-

zontal velocity component. Refer to Table 3
for the case labels; a, a-1, b, and so on.

applicable for short period internal waves pro-
pagating along the sheets in the oceanic thermo-
clines, and be useful for discussions on the
characteristics of the sheets.

6. Evanescent modes

If we take the wave number £ as an unknown
variable in the characteristic equation (2-16) or
(2-23), we have not only n real eigenvalues
which represent propagating wave modes but
also a countable number of purely imaginary
eigenvalues;

k=ilk| (I==1,+2,+3, ...

Since the velocity potential ¢' corresponding to
the /-th imaginary eigenvalue has the form:

Ploce® ki'x ¢ilkly giot

these imaginary modes represent expocnentially
damped motion in the horizontal direction.
These non-propagating modes may be called
evanescent modes (COX and SANDSTROM, 1962).
In Fig. 16, we show the profiles of the ampli-
tudes of horizontal and vertical velocity compo-
nents Uly) and V(y) of the lst, 2nd and 3rd*
evanescent modes in case where Di:Dy=6:4
and p;: pe=1.1:1.0. Though we have scme
velocity discontinuities at the interface, the

* The mode number for the evanescent mode is
given in order of the magnitude of the vertical
wavelength |27/k].
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U \ U v U \

! | |

A e
i | ) ,
|

VA A |
A ) 5

I I I
Fig. 16. The vertical profiles of the amplitude
of orbital velocity components U{y) and V(y)
of the evanescent mode in case where Di: D»
=6:4 and p1:0,=1.1:1.0. The mode number
I is given for the smallest |k in this case.

Magnitudes of the wave numbers for modes
IT, 111, .... are roughly 2 times, 3 times,

of the magnitude of the smallest wave
number.

main features of the velccity profiles of the
evanescent modes are not so much influenced
by the existence of the interface and can be
roughly represented by

Uly)os cos 2rly/D)
and V(y)oc sin @rly/D)

where D denotes the total depth given by
n
¥ D;. In other words, imaginary eigenvalues
i=1

lof k, are aligned on the imaginary frequency
axis roughly with an interval of 2z/D.

We tried to investigate the behavior of internal
waves in a multilayered ocean the density
structure of which changes horizontally. TIf the
horizontal change of the density structure occurs
suddenly enough, we can evaluate the reflection
and transmission coefficients by considering
countable numbers of the trapped waves of
evanescent modes in addition to the incident,
reflected and transmitted modes and by matching
the boundary conditions at the position of the
sudden structure-change. We tried to get
approximate solutions to this problem by includ-
ing only a finite number of the evanescent
modes in our calculation. However, it is shown
that, except for a few simple cases, a prohibitive
large number of evanescent modes must be
included in order to get sufficiently accurate
solutions, because of the difference of the basic
nature of the vertical velocity profiles between
propagating modes and evanescent modes
(Tsujz, 1972).

7. Orthogonal relations among the eigenfunc-
tions and the waves generated by a wave-
maker
Let k; and ¢/ (j=1,2,3, . . .) be real and

imaginary eigenvalues of the

equation (2-16) or (2-23) and the corresponding
complex velocity potentials:

characteristic

§1=i(g)e b= -1
where
¢i=¢ 7= A7 cosh k(h,_1+7y)
+ B/ sinh ki(h,_1+1) (7-2)
for
—hzy=—h (r=1,2,3,...,n)

The coefficients A7, B,/ (r=1,2,3,...,n) are
related by (2-8), (2-9), and (2-10) for each Jj.
We define the product (¢/, ¢ by

—hy
$riget dy
T

0 . n
@7, ¢H=\ pd'dtdy= 2% Prg
-~nh r=1

— Ry

By substituting (7-2) into (7-3) and by inte-
grating (7-3) we have for j/

) 1 no .
@, 9= pa=ps Z, Boprl(A sinh kD,

+ B, cosh k; D) At cesh kD,

+ B/}t sinh £,D,)— BJ AN

—kioA(AY cosh k;D,+ B,7 sinh k;D,)

% (A, sinh k,D, -+ B, cosh £,D,)

— AJBY] (7-4)

From (2-9) and (2-10), we have

A, sinh kD, + B, cosh kD, =B, 1

and

A, cosh kD, + B, sinh kD,
g do-

a2

kBr+1

T r

:MA7‘+1+
o

to rewrite (7-4) as
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1 [z |
“{‘}ws ¢'Z) - WQ (VEI (k]([a7’+lB]7'+lAlT+1

— 0, BI AN = k(0 i1 Al 1 Bly1— - A BY)
+ on{k(Ax7 sinh k;D,+ By/ cosh &;D5)

X (At cesh kyDy+ Byl sinh £,Dy)

— (A7 cosh k;Dp-+ By sinh k;Dy)

X (Ayt sinh kDo + By cosh k. Dy)

- ka7L“1.AnZ + klAnjBnl} :l

- —‘O"k—z{k J( Ay sinh k; Dy By cosh k,Dn)
(73

P

X (An! cosh £,Dyn+ Byl sinh 5,.Dy)
—ki(And cesh k;D,+ By sinh £;D5)
X (At sinh kD, + Byl cosh £,D5)

"Tf—lﬁUffBlfAf—/szr’Bﬁ)} (7-5)
JT T

Since Bi=0 from the boundary condition at
the bottom, the second term in (7-5) vanishes.
From the surface conditions (2-15) cr (2-22)
we have

E(Ansinh kDy+ By cosh kDy)
+2
:%(AH cosh kDa+ B sinh kD)

(for the free surface)

(for the rigid surface)

In either case, the first term in (7-5) also

vanishes. Thus we have

(¢7, ¢H=0 for j=I 7-6)

and the eigenfunctions ¢’ (j=1, 2, 3, ...) are
orthogonal to cne ancther.

By using this crthegonal relation amcng the
eigenfunctions ¢7, we can calculate the velocity
potential ¢ of the internal waves generated by
If we dencte the complex
velocity potential ¢ by

the wavemaker.

o= 2(ap)= T {aglew=o0y - (7-7)
J J

the problem is to determine tke ccefficients a;
(j=1,2,3, ...) from the given pericdic flow

u=RUly)e "t at =0 (7-8)

which is produced by the wavemaker. Then
the boundary conditicn at =0 is
‘ zj] (ki) = Us(y) (7-9)

By multiplying (7-9) by p¢* and by integrating
from y=—h to y=0, we have
0
S,},,p Uy)g'dy
7,.,1{,'[<¢Z, 4}1)

(7-10)

o=
where

0 i A
@, =\ opgay

-

_ 5o [(ATZ)Z(%sinh le,,+le7.>

r=1 /C/,
+ AB sinh? kD,

+ <B,¢>2< ; sinh ;’ch7.——fc,D7->:l

(7-1D)

For an n-layer system, only »n waves (for the
free surface condition) or n-1 waves (for the
rigid surface condition) corresponding to real
cigenvalues will propagate for a long distance
apart from the wavemaker. However, the
knowledge of the waves ol evanescent modes
is also essential for the planning and con-
struction of the internal wavemaker because the
motions associated with these waves may cause
considerable mixing near the wavemaker.
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Hexadecane Decomposition in the Eutrophied Bay

of Shimoda at Summer Stagnation Period*

Humitake SEKI**

Abstraet: During the summer stagnation period of 1974, the rate of hexadecane decompo-
sition in Shimoda Bay was low in one order of magnitude of that in Tokyo Bay, although
the density of hexadecane decomposers was almost the same. The decomposition activity

was as high as 8089 mug/Il/hr in the surface layer, and was generally lower at deeper layers
or in the Kuroshio counter current outside the bay as down to 10 mug/l/hr.

1. Introduction

It has been shown that the distribution of
the rate of hexadecane deccmposition had ap-
proximately the same pattern as that of hex-
adecane-decomposing bacteria in Tckyo Bay
(SEKI, 1975). Provided that the result is true
in whole parts of the marine environment, the
petroleum decomposition can be easily under-
stood by only enumeration of the petroleumlytic
followed by conversion
using data of some important environmental

bacteria necessary
factors such as temperature.

The field previously investigated, Tokyo Bay,
is very polluted by sewage and industrial
wastes (SEKI et al., 1974a, b and c; TSUJI ez
al., 1974), where eutrophication is very high.
Although a similar eutrophication was observed
in Shimoda Bay (SEKI et al., 1975), con the
other hand, only municipal waste is discharged
without the influence of industrial wastes. As
the result, petroleum discharge into the bay
from Shimoda City is only little, Therefore,
it is worthy to compare the petroleum decom-
position at the eutrophied bays of Tokyo and
Shimoda being rich and poor in petroleum
pollution, respectively.

In Shimoda Bay an investigation was made
on the petroleumlytic bacteria and their activity
during the summer stagnation period, and the
results were compared with those in Tokyo
Bay during the same period (SEKI, 1975).

* Received October 5, 1974
*% Ocean Research Institute, University of Tokyo,
Minamidai, Nakano-ku, Tokyo, 164 Japan

2. Materials and methods

Seawater samples were collected from the
surface to the bottom of Shimcda Bay (Fig. 1)
during the summer stagnation pericd in Sep-
tember of 1974. The stratification of water-
masses was cenfirmed by a routine hydro-
graphic observation with the measurements of
temperature, salinity, pH, redox potential,
dissolved oxygen, carbon dioxide, inorganic

nitrogen, inorganic phoesphorous, particulate

SHIMODA CITY
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RIVER

[
— & St.11

SHIMODA PORT
oSt

MARINE BIOLCGICAL
STATICN

AN
CHURA BAY o
im{“” TAPE NOROSHI

L
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SHIMODA BAY

PACIFIC OCEAN

CAPE SUSARI ':g’ﬁ;
i ¥

oStV

Fig. 1. Station locations in Shimoda Bay.
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organic carbon and particulate organic nitrogen
(STRICKLAND and PARSONS, 1968). The
boundary between the surface and intermediate
watermasses was found at around 2m depth
in the estuary of the Inchzawa River and at
around 5m depth in mcst parts of the bay.
Seawater temperature in tke bay was approxi-
mately 24°C.

The petrcleumlytic microorganisms were
enumerated by the method of SEKI (1973), as
a viable count using a silica gel medium. The
rate of hexadecane decompcesition in seawater
was determined by a simulated in sitw methed
of SEKI (1975). This measurement can be
expressed as the rate of hexadecane decom-
position determined by the additicn of 0.5 xCi
hexadecane-1-**C and incubaticn for 6 hr in the
The rate of hex-
adecane oxidation measured by this methcod
shows the maximum attainable rate of hLex-

dark at im situ temperature.

adecane deccmpositien in sitz, and not in situ
oxidation rate. The tctal number of bacteria
was directly counted under a phase contrast
microscope.
enumerated by a plate ccunt method with
Aedium 2216 (SEKI, 1975).

The heterotrephic bacteria were

3. Results

1. Hexadecane decomposition in the sea

The distribution of hexadecane-decomposing
bacteria and their activity in Shimocda Bay con
September 20 of 1974 is shown in Fig. 2. Both
hexadecane decomposers and their activity were
high in the surface layer and generally lower
Tke highest rate of hex-

adecane decomposition was 89 myg/l/hr in the

at deeper layers.

surface layer where the rate was never lower
than 80 mug/l/hr. Density of hexadecane
decomposers at the center of the intermediate
watermass in the bay was high as that in the
surface layer, although their activity in the
intermediate watermass was not so great as
that in the surface layer. Even though pat-
terns were not similar exactly, however, the
distribution of hexadecane decomposers showed
approximately the same pattern as that of the
hexadecane decomposition. On the other hand,
the distribution of hexadecane decomposers
showed completely different pattern from that

HEXADE CANE DECOMPOSITION (mug/i/hr)
i 1" n v v Vi
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Fig. 2. Distributions of the rate of hexadecane
decomposition, the population density of hex-
adecane-decomposing bacteria and the popu-
lation density of total number of bacteria in
Shimoda Bay.

of total bacteria. This suggests that only
bacteria which can be . enumerated by viable
count using the medium (SEKI, 1973) are
chiefly responsible for the rate of hexadecane
decomposition.

Figure 3 shows the relationship between the
rate of hexadecane decomposition and hex-
adecane-decompcsing bacteria in seawater of
Shimeda Bay and that of Tokyo Bay in July
and August (SEKI, 1975). It is apparent that
there was a linear relationship between the
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Fig. 3. Relationship between the rate of hex-
adecane decomposition and the population
density of hexadecane-decomposing bacteria
in seawater of Shimoda Bay and Tokyo Bay
during the summer stagnation period of 1974.

logarithm of the rate of hexadecane decom-
position versus the logarithm of density of
hexadecane decomposers. This supports pre-
vious observation that the distribution of hex-
adecane decomposers showed approximately
the same pattern as that of hexadecane decom-
position. The rate of hexadecane deccmposi-
tion in Shimoda Bay was low in one order
magnitude of that in Tokyo Bay, probably
because petroleum pollution is negligible in
Shimoda Bay. Hexadecane decomposers, on
the other hand, were almost the same popula-
tion density in both Shimoda Bay and Tokyo
Bay, which means that the activity of each
hexadecane decomposer in Shimoda Bay were
between 10 and 100 % of that in Tokyo Bay.

The rate of hexadecane decomposition at
the surface of the Kuroshio counter current
and of a branch of the Kuroshio current off
Shimoda Bay on September 18 (for hydro-
graphy see SEKI ez al., 1975) was 41-45mug/
I/hr and 40 mug/Il/hr, respectively, whereas
hexadecane decomposers were 12-45 per 100 m!
of seawater of the Kuroshio counter current
and 8 per 100m/ of seawater of the branch
of the Kuroshio current. Both watermasses,
the counter current and the branch of the
Kuroshio current, had the characteristics of
mesotrophic watermass (SEKI et al., 1975).

These observations may suggest that the
population density of petroleumlytic micro-
organisms in seawater is dependent on both
the degree of petroleum pollution and eutro-
phicaticn of a watermass, and that the rate of
petroleum decomposition is almest exclusively
dependent on the degree of petroleum pollution.

2. Hexadecane decomposers in petrocleum-

lytic flora of microorganisms

As molecular configuration has been shown
to be most important factor among those in-
fluence the biodegradability of hydrocarbons
composing petroleum (ZOBELL, 1969), ecclog-
ical significance of hexadecane decomposers
and their activity in petroleum dynamics of
the marine environment must be explained
before hexadecane, a constituent of petroleum,
is used as an indicator substrate for the study
of petroleum pollution. Table 1 shows rela-
tionship between hexadecane decomposers and
kerosene decomposers in seawater of Shimoda
Bay during the summer stagnation period.
The ratio of hexadecane decomposers and
kerosene decomposers was 111+39 for 46
seawater samples, which means that almoest
all the hydrocarbon decomposers in seawater
of Shimeda Bay could utilize hexadecane as a
sole energy source. Moreover, some hydro-
carbons of kercsene had toxic effect against
bacteria in seawater although the effect was
shown to be only a little. Almost the same
results (Table 2) were cobtained for seawater
samples collected in Tokyo Bay during the
summer stagnation period of 1974 (SEKI, 1975),
where the ratio was 106433 for 46 samples.
Statistical analysis shows that the ratio was
not influenced by the difference of degree of
petrcleum pollution in two eutrophied water-
masses, Tokyo Bay and Shimoda Bay, as by
the distributicnal micrezonation of bacteria in
each watermass (Table 3).

The density of hexadecane-decompoesing bac-
teria was 8-89 per 100m/ in Shimoda Bay:
i.e., 0.00001 9% of thke total bacteria cr 0.C01 %
of the heterotrophic bacteria could decompose
kexadecane in the bay, as total bacteria and
Leterotrophic bacteria per ml of seawater were
enumerated to be 10° to 107 and 10?2 to 104,
respectively.  These percentages were the
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Table 1. Relationship between densities of hexa- Table 2. Relationship between densities of hexa-
decane-decomposers and kerosene-decomposers decane-decomposers and kerosene-decomposers
in seawater of Shimoda Bay on September, in seawater of Tokyo Bay during the summer
1974. stagnation period.

Hexadecane- Kerosene- g{ei};?gggasgz Hexadecane- Kerosene- iiiﬁggigf;

decomposers  decomposers {9 )* decomposers  decomposers o (9p)*

(/100 m) (/100 mJ) Kerosene- (/100 m?) (/100 m2) Kerosene-
decomposers decomposers

47 42 112 220 240 91
44 42 105 89 130 68
31 33 94 190 210 90
29 51 57 150 170 88
26 38 68 45 84 54
29 24 121 150 120 125
45 26 173 180 180 100
36 18 200 190 170 112
12 12 100 180 190 95
8 7 114 18 16 113
52 98 53 48 48 100
76 78 97 48 21 229
68 75 91 32 18 178
52 68 76 24 17 141
48 31 155 45 49 92
18 19 95 24 26 92
17 11 155 86 71 121
69 81 85 28 27 104
38 43 88 18 14 129
89 86 103 18 28 64
73 81 90 3 48 81
62 94 65 27 22 123
19 13 146 35 28 125
65 44 148 18 15 120
13 18 72 150 160 94
29 32 91 93 80 116
17 18 94 15 30 50
16 18 89 10 10 100
72 55 131 55 70 79
12 12 100 130 190 68
34 41 83 100 65 154
46 49 94 290 280 104
38 38 153 210 180 117
28 24 117 180 140 129
58 36 161 650 780 83
29 37 78 280 280 100
19 18 106 160 110 145
42 31 140 390 410 95
13 9 144 36 50 72
22 11 200 58 49 118
8 35 23 420 270 156
16 12 133 290 360 81
14 23 61 510 410 124
41 25 164 96 110 87
41 25 164 240 330 73
22 16 158 210 210 100

* Average and standard deviation: 111439 * Average and standard deviation: 10633
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Table 3. Effect of watermass difference (Tokyo Bay and Shimoda Bay) on ratio of
hexadecane-decomposers and kerosene-decomposers in seawater.

Sum of squares Degree of freedom Mean square Fo*
Between watermasses 663 1 663 0.51
Between samples 118001 90 1311
Total 118664 91

*F (1, 90; 0.05)=3.35

same as these previcusly chserved in Tokyo
Bay.

4. Discussion

The density of hexadecane-decompcsing bac-
teria and their activity were measured during
the summer stagnaticn pericd in Shimeda Bay
as one of the examples in eutrophied bays
without petreleum polluticn.

The hexadecane-decomposing bacteria  in
seawater of eutrophied bays were shown to
be in almost the same density of kerosene-
decomposing bacteria. Morecver, at an enrich-
ment culture for the viable count, some hydro-
carbons in kerosene were shown to have a
little toxic effect for the petroleumlytic bac-
teria in the seawater samples, which cannot
be expected in the marine envirocnment in situ
where the concentration of hydrccarbons is
very low compared to that in the medium for
enumeration. Therefore, the determination of
hexadecane-deccmposing bacteria and  their
activity seems to be very desirable for the
understanding of petrcleum dynamics in the
marine environment.

The density of hexadecane-decompesing bac-
teria responsible fer the activity was almost
the same in both Shimcda Bay and Tokyo
Bay, whereas the density range in these eutre-
phied bays was apparently higher than that in
mesotrophic watermasses, the Kurcshio counter
current and a branch of the Kuroshio current.
The rate of hexadecane decomposition was, on
the other hand, as high as 80-89 mug/l/hr at
the surface of whole parts of the bay. The
rate can compare with the rate of 133-1,266
myg/l/hr during the same period at the sur-
face of Tokyc Bay (SEKI, 1975) as one of the
typical examples in the eutrophied bay with
petroleum pollution. The rate can be com-

parad also with the rates of 40-45mug/l/hr
during the same pericd at the surface of the
Kureshio counter current and a branch of the
Kurcshio current, that had the characteristics
of mesotrcphic watermass. As the rate of
kexadecane decompcsition seems to be almest
exclusively dependent cn the degree of hex-
adecane polluticn in the marine environment,
therefere, to measure the rate ¢f petroleum
decomposition is requisite to understand ac-
curately the present pollution of petrcleum and
the capacity of its self-purification of the sea.

As 315 ug hexadecane was added per liter
of seawater sample when the rate of hex-
adecane decomposition was measured, the time
requirement for complete removal of hexadecane
in seawater is estimated to be within 10 days
in Tokyo Bay, within approximately 100 days
in Shimeda Bay and within appreximately 200
days in the mesotrophic watermasses such as
the Kurcshio counter current and a branch of
the Kurcshio current.
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An Areal!l Distribution of Microbial Biomass in
Tokye Bay at Summer Stagnation Period”

Takuji TERADA**, Humitake SEKI*** and Shun-el [CHIMURA**

Abstract: An areal survey was made on the distribution of microbial biomass in a gyre of
the inner part of Tokyo Bay at the summer stagnation period. The distributions of chloro-
phyll a, total bacteria, heterotrophic bacteria, POC and PON showed well the present status
of eutrophication in the bay. Photosynthetic activity of phytoplankton also reflected highly

the eutrophication of the bay.

1. Intreduction

In a series of studies (SEKI, 1973; SEKI et
al., 1974a, b and c; TERADA, 1975; TSUJI et
al., 1974) has been shown general profile of
the eutrophication of Tokyo Bay at present.
Serious eutrophication (hypereutrophication)
can be observed sporadically in the inner part
of the bay. The eutrophication is especially
high during the summer stagnation period,
when red tide in the surface layer and micro-
aerobic or anaerobic water in the bottom layer
can usually observed in most parts of region.
Although every ecological factors observed in
the region could be found macroscopically in
each range of steady-state oscillation as charac-
terized as eutrophic (SEKI et al., 1975), precise
effects of the pollution on the ecosystem in the
region must be various microscopically accord-
ing to the degree of environmental stress caused
chiefly by the mixture of different watermasses
of different origins.

An areal survey on the distribution of micro-
bial biomass was made in a gyre of the inner
part of Tokyo Bay with special reference to
the small-scale hydrography. The gyre is
formed chiefly by the stagnant coastal water
as influenced by inflows of the freshwater and
oceanic water (studies reviewed in TSUJI e al.,
1974).

* Received October 5, 1974
** Department of Botany, Tokyo Kyoiku University,
Otsuka, Bunkyo-ku, Tokyo, 112 Japan
*#% Ocean Research Institute, University of Tokyo,
Minami-dai, Nakanc-ku, Tokyo, 164 Japan

2. Materials and methods

Seawater samples were collected {rom the
surface layer at stations (Fig. 1) in the inner
part of Tokyo Bay on August 14, 1974. All
the sampling were made within several hours,
followed by the chemical and biological treat-
ments in a laboratory ashore as scon as pos-
sible.

Chlorinity and temperature were measured
on board by Toho Dentan ECT-5. The hydro-
gen ion concentration and redox potential of
seawater were measured by pH meter model
DM-1A (Tca Electronics Ltd.) and redox
meter model RM-1 (Tca Electronics Ltd.),
respectively. The concentrations of chlorophyll
a, POC (particulate organic carbon) and PON
(particulate organic nitrogen) in the seawater
samples were measured by the methods in

Fig. 1. Station locations in the inner part
of Tokyo Bay.
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STRICKLAND and PARSONS (1968). Total bac-
teria and heterotrophic bacteria were enumer-
ated by direct micrcscope count and a plate
count method, viable count on Medium 2216
for both freshwater and seawater bacteria (SEKI
et al., 1974c), respectively. Photosynthetic
activity of phytoplankton was measured by the
“4C-method (ICHIMURA el al., 1962).

3. Results

1. Hydrography

The stratification of watermasses on August
14 was confirmed at Stations 1 and 2 where
vertical profile was studied (TERADA, 1975).
The areal distributions of chlerinity and tem-
perature of the surface layer are shown in
Figs. 2 and 3. The distribution of chlorinity in
the surface layer suggests strongly that the
oceanic water entered through the eastern part

TAMAGAWA R

Fig. 2. Horizontal distribution of chlorinity (%)
of the surface layer.

of the inner part of the bay and circulated
counterclockwise at the observaticn, i.e., the
coastal water in the north-western regions is
enriched highly by nutrients of the polluted
water being discharged from urban districts,
and flows scuthward aleng the west coast.
Seawater temperature in the surface layer was
high in the middle part of tke bay, probably
due to the solar radiaticn, and low at the
western side cof the bay, prcbably due to the
direct influence of freshwater inflow. The
fluctuation of hydrogen icn concentration, pH
range from 8.4 to 8.9, and redex potential,
Eh(mV) range of 443 to 478, in the inves-
tigated region showed no retributive profile
with the hydrography. Their speradic distri-
bution might be caused chiefly by the patchi-
ness of microbial activities in seawater.

2. Microbial biomass

The areal distributicn of chlerophyll a in
the surface layer was approximately the same
with that of chlorinity (Fig. 4). Higher con-
centrations of chlorophyll ¢ were chserved in
eutrophied local estuarine areas, especially the
maximum value of 135mg/m® was found in
the region off the River Tama-gawa, where
chlorinity was low but inorganic nutrients deriv-
ed from domestic sewage and municipal wastes
were usually high. In these regions, photo-
synthetic activity of phyteplankten was also
high as 238mg C/md/hr or 2.1mg C/mg
chlorophyll a/hr (Fig. 5 and Fig. 6). The
variation of total bacteria was from 3.2x10°8
to 1.5x10® per ml/ seawater (Fig. 7), whereas

ARAKAWA R
EDy

TAMAGAWA R

ARAKAWA R

TAMAGAWAR.

Fig., 3. Horizontal distribution of temperature
(°C) at the surface layer.

Fig. 4. Horizontal distribution of chlorophyll a
(mg/m?®) in seawater of the surface layer.
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Fig. 5. Primary production (mgC/m®/hr)
in the surface layer.
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Fig. 8. Horizontal distribution of heterotrophic
bacteria enumerated on the freshwater medium
(/mD).

Fig. 6. Maximum attainable rate of photo-
synthetic assimilation of carbon dioxide (mgC/
mg chlorophyll a/hr) by phytoplankton in the

surface layer.

TAMAGAWA R

Fig. 7. Horizontal distribution of the density
of total bacteria (/mi).

Fig. 9. Horizontal distribution of heterotrophic
bacteria enumerated on the seawater medium
(/mD).

heterotrophic bacteria enumerated on the sea-
water medium were from 4.4x10* to 1.3x10¢
and those enumerated on {reshwater medium
were from 1.3x103 to 1.5x10% (Fig. 8 and Fig.
9). The density of total bacteria was higher
in more polluted ecstuarine water and the
heterotrophic freshwater bacteria were mere
numerous in the regions where noticeable
amount of freshwater being discharged.
Highest density of heterctrophic seawater bac-
teria was observed in the regions off the both
urban districts, Tokyo and Chiba, and tke
minimum was usually encountered in the
oceanic water regions.

The distributicn of POC and PON showed
very similar pattern as that of chlorophyll «,
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whereas the similarity was not cbserved between
the distribution of POC or PON and chlorinity.
This means that the distribution of particulate
organic materials including living phytoplankton
is chiefly determined by the feature of spatial
distribution of nutrients in the bay.

4. Discussion

The hydrography and distributicn cf micro-
bial biomass and particulate materials strongly
suggest that the gyre in the inner part of
Tokyo Bay circulated counterclockwise at the
cbservation. This has been also supported by
the distribution of hexadecane decomposers and
their activity (SEKI, 1975), 7. e., even only the
biclogical approximate
characteristics of the hydrography, especially
on microstructure of the areal eutrophication
in the inner part of the bay.

The phytoplankton and bacterial biomasses
were estimated respectively on the basis of
chlorophyll concentration and counted bacterial
number (Table 1).
using conversion factors indicated in the foot
note of the table. The microbial biomass,
phytoplankton and bacteria, was calculated to

survey could show

Calculations were made by

be 47 to 1789, of the particulate organic
materials in seawater. The values higher than
100 9 are probably due to the use of unsuita-
ble conversion factor. Phytoplankton in very
eutrophied waters has been shown generally to
contain chlorophyll with a few times greater
than that normally cbserved in the oligotro-
phic or mesotrophic waters (YAMAGUCHI and
IcHIMURA, 1972). In our study, such is a
case of the samples from hypereutrophic waters
off urban districts, thereby the conversion
factor of about 30 should be used in hypereu-
Thus the
reasonable fraction of phytoplankton biomass
will be obtained. The bacterial biomass calcu-
lated here may be a minimum estimation be-
cause the bacterial biomass in aggregates is
neglected in this estimation process due to the
technical problems for enumeraticn as discussed
in SEKI (1970).

In conclusion, it is emphasized the need to
make a routine biological survey in order to
determine the microstructure of the
eutrophication in the marine environment.

trophic region instead of using 60.

areal

Table 1. Fraction of microbial biomass in particulate materials in seawater of a gyre
at the inner part of Tokyo Bay on August 14, 1974.
A Chl. ax60* Total bacteria Phytoplankton* POC Phytoplankton*
Station (Phytoplar/lkton) X 8% 10""**‘(Bacter1a) +Bacteria** (ugC/l) + Bacteria** @)
(1gC/0) (1gC/l) (1gC/l) v POC
A 7,344 384 7,728 4,700 164
B 8,112 400 8,512 4,770 178
C 6,942 440 7,382 6,220 119
D 2,340 280 2,620 3,330 79
E 2,088 160 2,248 3,480 65
F 2,670 104 2,774 2,900 96
G 3,870 54 3,924 4,550 86
H 2,214 160 2,374 3,730 64
I 5,466 64 5,530 6,710 82
J 3,084 26 3,110 4,410 71
K 5,004 880 5,884 4,950 119
L 2,346 1,200 3,546 3,800 93
M 8,064 520 3,584 7,540 114
N 4,452 54 4,506 5,110 88
1 2,286 160 2,446 5,240 47
2 2, 586 120 2,706 5,270 51

*. PARSONS et al. (1969)

**. 3 bacterial cell=0.2 % (KRIsS, 1963)=0.2x10"% yg (wet)=0.2%x10"" g (dry)=8x107° g carbon
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Studies on the Growth and the Variation of Photosynthetic
Activity of Cultivated Monostrom: latissimum

Miyuki MAEGAWA and Yusho ARUGA

Abstract: A green alga Monostroma latissimum (KUTZING) WITTROCK is cultivated in Japan
with a method similar to that in the cultivation of Porphyra (red algae). Usually, the culti-
vation of M. latissimum starts in September or October and ends in April next year. The
present study is concerned with the changes in photosynthesis and respiration in relation to
the growth of cultivated M. latissimum population during the cultivation season.

Experimental cultivation nets were seeded by means of natural seeding in September 1572
and 1973, and reared in the cultivation ground in Ise Bay close to Matsusaka City. The net
seeded in 1972 was left in the cultivation ground without harvest until next April. In the
net seeded in 1973, the algal fronds were partly harvested on December 23.

Standing crop reached the maximum of 3.15g (d.w.)/10 cm (net yarn) in mid-January
(ca. 120 days after seeding). The harvest on December 23 amounted to 1.30g (d.w.)/10 cm,
73 % of the standing crop at that time. After the harvest standing crop increased to 1.96 g
(d.w.)/10 ecm in about 50 days. With growth, the dry weight per unit frond area increased
gradually from 0.70 to 1.03mg/cm? during the earlier period of cultivation, thereafter that
level being almost constantly maintained. Chlorophyll @ content of frond on dry weight basis
was high (0.65 %) in the earlier period, but decreased gradually to ca. 0.30 % in the latter
period. Chlorophyll @ per unit {rond area was about 4 #g/cm? in the first half of the culti-
vation season and about 3 ztg/cm? in the latter half.

At 15°C the light saturation of photosynthesis of single fronds usually occurred at 20-30
klux. No depression of the photosynthetic rate was observed at high light intensity of 100
klux. Light-saturated rate of photosynthesis at 15°C was high (Pn, 30-40 mg O:/g (d.w.)/hr)
in the earlier period of cultivation and decreased gradually to 12-13 mg Oz/g (d.w.)/hr in the
latter period. This trend of change seems to be correlated not to the water temperature in
the cultivation ground but to the aging of fronds. Light-saturated photosynthetic rate on
chlorophyll basis was high (7.0-8.6 mg O:/mg. Chl. a/hr) in such periods as late November-
early December, the end of January-February and the end of March, when the relatively
high growth rates were observed. Respiratory rate at 15°C varied in the range of 2-5 mg Ox/g
(d.w.)/hr without any characteristic trend throughout the cultivation season. Photosynthesis
and respiration of the population were measured and compared with those of single fronds
at the end of November.

Optimum temperature for photosythesis deduced from the photosynthesis-temperature
curve changed not so much during the cultivation season, being in the range of 25-34°C.
Photosynthetic rate at the optimum temperature was high (46 mg Os/g (d.w.)/hr) in the earlier
period. It decreased gradually and reached the level of 20-27 mg O./g (d.w.)/hr in the later

*1974E10H 11 HZR

ORBUKER YR SRR 4-5-7
Laboratory of Phycology, Tokyo University of
Fisheries, Konan, Minatc-ku, Tokyo, 108 Japan
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period of cultivation. Photosynthetic rate at 5 and 10°C showed slight lowering in the early
period, but in December and later it was nearly constant. The influence of temperature on
photosynthesis and respiration was examined when the fronds were kept for 8 hrs at various
water temperatures of 5-35°C.

Growth rate in dry weight of the population without harvest reached the maximum of
0.046 g (d.w.)/10 em (net yarn)/day or 6.56 g (d.w.)/m? (net area)/day ca. 83 days after seeding.
Relative growth rate on dry weight basis was highest (0.304/day) in the earlier period of
cultivation (35 days after seeding). Thereafter, the growth rate and the relative growth rate
decreased rapidly. When the fronds were harvested or cut off by wave action, the growth
rate became low but increased again to 0.050 g (d.w.)/10 em/day in 20-30 days.

Population density was high, ca. 100 fronds/10 cm (net yarn), in the earlier period of
cultivation. It gradually decreased to ca. 40 fronds/10 cm by late February when the popu-
lation was left without harvest. When the fronds were harvested, a slight decrease in popu-
lation density was observed immediately after the harvest, and the population density further
decreased to ca. 35 fronds/10 cm by late February.

Distribution of the frond length in the population was examined. In the earlier period
a large proportion of the population was occupied by the fronds of 1.1-4.0 mm in length.
With growth, proportion of the fronds longer than those increased gradually. The longer
the frond length, the higher the relative growth rate in length (max. 0.138/day) in the earlier
period, in which the population was composed of the fronds shorter than 7 mm in average
length. Thereafter, the fronds with average length of ca. 10 mm showed the highest relative
growth rate in length (0.10-0.14/day). The relative growth rate in frond length became
gradually lower as the [ronds grew old.

1. % @

BEE e R b S
simum (KUTZING) WITTROCK 3, ALHED 79 7
W/ ) (Porphyra tenera KJELLMAN) At
7 U (P. yezoensis UEDA) 7o X 7 =/ VB D=
CRUT X5 A Fih T ST HEE o il iED
—DOThbH e P =70 R EBTES
BUE, =8, Koy, B, &N EEEOWMET,
9 AL I0F i TR S, BES AL
FCEBENE, BAOEESE, 1vy—AvY
e e LT 1.2-1.8 (g i (8 & B T 450-
675t) T, BET <~/ VBD 2~3 % FEETHY,
T4, FEFBELTAEA DL 0D, s VH
BH L LT oMORkEROER & L THEREZ
£\, FEEER T oG, B, 2 (1973)0
Lo TALEHOTEI ISR OD, F
PR EA ERARBECEKEL TR D, AiyioE
FEFLN & 7 < / VIEOBFBAI LN, e kFeE s
B hD T2 5,

b b= EEROSTEE,

Monostroma latis-

AR Je OVETE S

TATEWAKI (1969
TWa, Lo,

InEZ L DPIRNS RS
e b= 7 FIEEREO AR F

W B H AT TR IIR L A e <,
B, KB, BR (197200 PSS LOLEEE
YEZ DWW, FoETHE, KREF(1972)% HahE K Of
RRBE BT AYHEEEC > THEL TS
W EY, CoOFHEOFIREEMCITHR T
WONEIRTH B, - T, e =73 DAk
PULRE SRR IR B D e 5 2 1k, K
WCHBERTHAIEND T, b b= HE
DENL LB TEETHLEEZDNS, F 2
TEHEEDIE, Bific b =7V OERS, LOHAMRE
LB AR OB OR SR BT 5 2 &
THRELT, RO XS B RET- 7,

2. MEERE
FEBRETHEBE S Nicer /L b=sH
Monostroma latissimum (KUTZING) WITTROCK
ZHEE LU CHG, 19724711, 9 A28 6=
IR LS BNATHE (Fig. D) CRARFE L
J ViE%, 10 A 3 Hic MRTIRATET e D /7 ) &
FEBOREEMHE L, FE4H T THERETIOK

Bl v 7y v 1136 RABESFE 4 19
HET, BIF5HBETITol, bR JE b=
IYOBEELTHLHEATYDEDY, FokLicR

(28)



e o/ b b7y OERESCERIELEDO R 199

(A) N
NAGOYA %
0 5 10km
35°N
YOKKAICHI &
CHITA PEN,

;

i

ISE BAY

§

4

. Tsu W RYOSHI

(8) SAKANAL
RIV.
MATSUSAKA ﬁ
1€ ci:D. <
.
&
BTE
Fig. 1. Maps showing the location of the culti-

vation ground off Matsusaka City. The places
of seeding (St. 1), cultivation (St. 2) and
measurements of water temperature and specific
gravity (St. 3) are indicated.
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Fig. 2.
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in the Port of Matsusaka.

Surface water temperature and air

s



200 5 &

1.025 F

] Mdpm My e V’W'qﬁ d |
L‘ ’ f | MM \ W

P
g 1,020 ; T |
IS Ly H/ {7 V W \
o ) W N’
g LOI5 |- ”\‘
8 f
Vﬁ\f
010
1o 20 I 10 50 : 0 20 . 0 20 : 10 20 i 0 20 I
Nov. Dec Jan Feb, Mar. Apr. May
1872 1973
Fig. 3. Specific gravity of surface water

measured daily at 9:00a.m. in the Port
of Matsusaka.
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Fig. 4. Changes in the standing crop of culti-
vated M. latissimum population at St. 2.

—0 : Nov. 1972 - Apr. 1973.
——@®——: Oct. 1973 - Feb. 1974.
-——=/\----: after harvest on Dec. 23, 1973.
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Photosynthesis (mgOz/g(d.w)/hr)
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Fig. 6. Photosynthesis-light curves obtained at 15°C with single fronds
of cultivated A, latissimum, Nov. 1972~ Apr. 1973,
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Fig. 7. Changes in the photosynthetic rates of
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Photosynthesis ( mgOa/g(dw)/ hr)

j°
|

Ok
| ot 2. ® .
[PPSR SES— Ad b
[o] ’ ’ T L e
O 5 o I8 20 25 30 35 400 5 0 5 20 25 30 35 40

Temperature (°c)

Fig. 10. Photosynthesis—temperaturc curves at 20 klux (—C—) and respiration-temperature
curves (—®—) of single fronds of cultivated 7. latissimum, Nov. 1972 - Apr. 1973.
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Fig. 11. Changes in the optimum temperature
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B 10°C it 2 ARl D &
R hoo, 12 AVt
nizh -t (Fig. 13),

W&c& e Flg. 1

FOET
CRELWET DD

[\x’

l‘CﬁiLf:_J: ‘51‘:, 40°C #

Photosynthesis {mgOz/gtdw.)/hr)

OII i i 1 1 . 1 J
| 1o 20 1 10 20 1 1020 1 1020 | 102 1 10 20
Nov. Dec. Jan. Feb. Mar. Apr
1972 1073
Fig. 13. Changes in the photosynthetic rates at

5, 10, 15, 20 and 25°C under 20 klux of single
fronds of cultivated deduced
from the photosynthesis-temperature curves.

M. latissimum

Respiration

mgOz/gtdw.)/hr
~

o
110 20 't 10 20 I 10 20 [ 10 20 i 10 20 I 10 20
Nov. Dec. Jan. Feb. Mar Apr.
w72 1973

Fig. 14.
of cultivated M. latissimum

Changes in the respiratory rate at 15°C
fronds deduced

from the respiration-temperature curves.

40— . - ‘ . : ; . .
o~ 35°C
o~ 25°C

2 = 30T °\=<8""8\9\ i
33 ° 5 o B¢
I3 40 -\‘ 15°C ~. .

= H [ T G 4
g § :/_:’,,_. 4 4 B .
s o ‘_\\ 5°C .
£ g of s m D1} ]

\\
\

r ol . . . .

3 . - - . .
< 3 ef @
£z, L 25°c . ]
5 5 a4t _.g28%¢
E : SR TN S S
g S 2 t ¢ B - P X R
* g ol & 5 H . . L] B L] bl

o 1 2 3 4 s 6 7 8
Time in hours
Fig. 15. Changes in the rates of photosynthesis

(at 20 klux) and respiration at different temper-
atures of single fronds of cultivated M. latis-
simum when they were kept at respective
different temperatures of 5-35°C under 20 klux
for 8 hrs.

(34)



#Fiiv o/ b P SHOEREEREREEOE 205

F 57, 15°C coMFl&EE o {ka Fig. 14 @
T L7, Fido Fig. 8 o0&l s dLb—
99, 0.5~3.3mg Oy/g (d.w.)/hr O T AHR
Al 258 L e,

Pl D YA R, - W AR P — R B R,
BHHNRTEBL ConEAy BroRECHL
TLEEOHARLTFROEE DL E RL TS
bl T, FRENOBEECERE sHhcEaT
, PTLbLChERUMRITES STl b0
Lo LrBEbns, £IT, HEARY 10°C 0k
gKkﬂLt%%#8%ﬁmbtofv 15, 25,
35°C WAt - FolEk e B &, SLARED R D
g xR At FOHREE Fig. 16 wRid, 35°C
i)ﬁékﬁ‘xeﬂ]:”}’wﬁ Ch RO B b B E A
RUTeH, BEfofE L QI ficETL, 4
R st bz 3 o k few X B,
25°C T OILARBEE IS EFA T A, 3R
B bic UCHEI R 8875 LT K0
n, 8Ktz 15°C @méhxu?f Iy
i a:ijt 25°C OUFFRIE T 5 FEEEN b
TREFE R L, 15°C R 5°Cleisid st
SEGEERDET O ERAN RO LA, Ll
EE—EOEEY B T 12, % 72, 15°C K O
5°C DFERHE wfi*iﬁ” Richvic, /- T,
MR AYERTS &, CoB&ToEE-ILh
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LU CHERRE ThHS LT E 2\,

3. EEEOAR

PR s e s e b SY O
M—fk (single frond) &2\ THHSL NS 7 - 72
LD THotee - T, EHEEEL L TORARE
P PAL Tk, HCfiRT 5 LE LD bR
BHo £ IZT, EEEE LU TCONSEREEAY D E
AT, 1973411 B25H I il—#E o e v~/ & b
= 7, AR B TRlE Ll &R0
FAW S OFW O MEE &, SATOMI e al. (1967)
7 Porphyra THW 12O LRITE 1,000 mL © Xk
BRI, EEOEETS 5~Tm OfLH AR
THE LB L L To AR ZOIER OB
AR L, 16°C 20 klux 1T ki S
DIAREE L 31~38mg Ox/g(d.w.)/hr T 5%

4

(o8]

E

/Ja%‘

D, ZHEH L TR YA i K 1L 13~19
mg Oy/g (d.w)/hr Thote, o, E—EED
FEOR SEE LY 3. 5~4.4mg Ox/g (d.w.)/hr TH Y,
TUABEDIETEE 1 4. 0~4. 2 mg Op/g (d.w.)/hr
TIRIERILT Th o To REEN TURE 4 O FEED
RE < ferud, HOHEE (self-shading) 1@ om
SN — T b T &M, EEO X 5 Tt
RO #ERAIET H O A§<bufbéi@
EELZbNS,

e/ b= 20 @RE L L ToEeEHE
B FREANTHE I AT, [fEsor
BEREREAHE L DI LcD 375 [T DT
FETH D, BxrOED BB CAEIICFEM
FELRNTHLENS D,
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1972 42 4 19734 4 (213 [ U IR i B S Cn
A0 T, Fig. 4 W RLIclFEDOHFEOELA L
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Fig. 16. Changes in standing crop (—), growth
rate (------ ) and relative growth rate (-——) of

cultivated M. latissimum population.
A without harvest.
B: after harvest on Dec. 23, 1973.
C: after cut off by wave action during Dec.
1972 - Jan. 1973.
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Fig. 17. Changes in the population density
(number of fronds/10cm of net yarn) of
cultivated M. latissimum.

—O—: without harvest.
--/\-—: after harvest.
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Fig. 18. Changes in the distribution of fronds

to the frond length classes in cultivated M.
latissimum population, Oct. 1973 - Feb. 1974.
The figures in parentheses indicate the mean
density (number of fronds/10 cm of net yarn).
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Fig. 19.
latissimum fronds when classified evenly into
ten classes according to their frond length.
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Fig. 20. Comparison of the relative growth rate

in length of the fronds of M. latissimum at
various stages of the growth, calculated from

Fig. 19.
—®—: Oct. 28 - Nov. 4.
—[J—: Nov. 18-25.
—4&A—: Dec. 9-16.
—8—: Jan. 1-13.
—/A—: Jan. 1-13 (after harvest).
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Fig. 21. Time course of photosynthesis (at 20
klux) and respiration at 15°C of single fronds
of cultivated M. latissimum.
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AT, BEBERELHC ORI R O]
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Bo WoT, ZOWRTILTE BT DEDER
EOARANS LS CEEL, Flfvda~—
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f=. % 0.03 g oA HAWT, 16°C 20klux #
FoURRERT T A aL & MR % BIE L 7 e D RRRE L L
% Fig. 21wk Lic. O BHLARE S
1 v F o N— b AR R CE eA 8k
HESIFURE S —ETH D, FIROBELE B
Tik, 0.01~0.03g oEMKZ 20~30 731 v+
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M 7o D C Eidinn a2 bb,
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Fig. 22. Changes in the activities of phote-

synthesis (at 20 klux) and respiration at 15°C
of cultivated M. latissimum fronds when they
were drained and enclosed in a box under low
temperature of ca. 2°C for various length of
time to 50 hrs.

MFTHAEDERZCEEINT LD THLEND,
Z ORISR oFEN FL &L T
B e, WEBRDFBRIEL D TEL s
TENLEIND, FIT, ZOEC X HEE
BRRL DA OF 74 ARy 7 AT ANT
BWTCEET T, #5087 » TRE K
RO IORE L HIE Lic, £D8R% Fig. 221
T JEARIEE IS O 12 BT 25 % FEE K
TLieds, FoRkizEeAEEME —EDEY
HFoTwidbntEAbhns, Fio, BRIIYDD
128R0C T % TEE DM D) KEIETFA2ARD L
h, TOBITIEEAEENRS —EThHT,
DIEE DS, FDAOFERR CHILA PR LI
WIS LS <D LIES O HIC 7R » T 5 AT RS
Moo TETRENZR LN, ERCH S ELoE
FAREBELTIVWLDEELBRS,
IOEBTHW #Be v~ e b= 2
BoOBERIFRO X 5 RERS 120 R TRE
L, 3.15g(dw.)/10em win - t, BIET <
U BT, R 60~90 BT REFEEN
lg(dw)/10em BEIS (FH 5, 19649;
SATOMI et al., 19677) L WEINTW5H), &
L Y BEREEROF LCEED IR E - T,
197448 2 HIc iRt tR4 808 (CRIEM AR 4 b
<) T4.05g(d.w.)/10cm OEVENESILTH
A (EIH, RFER). chEiHEidbL, vy
b b= CHERSMENENL 5 THh B, Hl
o, AEF (1972)% EAEEO WEOBIEMD ¢
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Table 1. Maximum standing crop of cultivated Monostroma populations
obtained in different cultivation grounds.

Standing crop

Place Date

Cultivation

gld.w.)/ gld.w.)/ facilities Species
o 10cm (net yarn) m® (net area)
Dec. 20, 1972 1.27 178
Ise Bay Mar. 18, 1973 0.95 133 Pole system, M. latissi
(Mie Pref.) 1]\/[ar‘ %g, %373 1.13 158 fixed type M. tatissemum
an. , 1974 3.15 449
0.72 100
1.18 165
Matoya Bay -~ Pole system, N coor
(Mie Pref.) Mar. 19, 1973 é(%ég :1{;1; fixed type M. latissimum
1.70 238
Feb. 24, 1971 3.87 469 P Oéi:dystt;;‘;’
g 1 oK - ~ .
g{rg?ﬁiu‘g;‘e%“ Mar. 10, 1971 4.60 593 Floating system M. nitidum
Mar. 10, 1971 —_— 270 Natural population

* Calculated from the data by MAEDA and OHNO (1972).

b= 7 (Monostroma nitidum) 22T 2 B
i 3.87g(dw.)/10em, FE K LAT3 Hic 4.60
g(dw)/10em LW EWEYETHS, T,
FEE CABR T AT HESE) SS9 Ol Tk
BIERACELTWS EEbR LK BERIT
1~3g(dw.)/10cm FEE Tdh -~ 7z (Table 1), #4
DREZL—OWOMEDOESE BEL TRD
THEERE YD OBRERY, PEESHEEE T 133
~449 g (d.w.)/m?, HYRIE M B Tk 100~358 g
(d.w.)/m? Th b, FIH, KEF (1972)% 1 X 51
DO EBRE TOMIL, EEMT 469 g (d.w.)/
m?, FEHELMAT 598 g(dw.)y/m? LE<, KRR
BT 270 g (dow)/m? Td - 72 (Table 1),
Ik S REEROEV, BB, RER,
BRrOERTI T bENDEDEELD
nn, i, BETHRCHREENRERCET
HHICHFE A TON TV BE ZLbNADT, {l
M, KE(1972)» 2ALROB S OERFE L CH
bhick S REREFRI RO s LA
b, Lrl, FHc oL Tkl BS5Bopis
W F fo i il e b I,

HEBREDEER LB« cHERFNOEELZT
Thbi T EkELED ~T Vv AL LTEEZ
nAHrH0ThHDH (cf ICHIMURA, 1971)%, #Efkn
HELTHHEEDORE SWd L, REREID
mhEWdorEE I NS, Bz, FEHDL
(196D 1|/ 7 = /7 VB2 T 1 HK2H D

MERED 5B, B (FEEEDO O 50 5 Tiy 50
%, 60H TH 70 %, 70 H TR 80 % DFEEH:
35 LEELTNS (cf. SATOM! et al., 1967)7.
cro/e b=V oBRS L ERRIC Y KRE T
Wk b EHEINED, FHCOLTULSER
DO F ol Ul e b o,

e v~ b b= 0O AR DT
i, BT < 2 VB oMo EERO B & R
LTI E L Bins 2 &ixin (cf. SATOMI
et al., 19680 ; YOKOHAMA, 1973'), Y&8k -
Sl B EELIEL - 7o 16°C 30 klux el %3t
EEGEE & REE £ 0Bk (Fig. 23) RS &,

—~ &0 T T T T
L
£
X
2 o!
kel 40
o
3 o2
N o5
O 30 el4 °7 e4
= 01z *8 ¢6
E o ®9.11
150 o3 P
5 20 i
8 °i6
= e 020 43
©<
210
o
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°
a
) o
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Water Temperature (°C)

Fig. 23. Relation of the photosynthetic rate at
15°C and 20 klux of M. latissimum fronds to
the in situ water temperature of the cultivation
ground. 1-4: Nov., 5-8: Dec., 9-12: Jan,,
13-16: Feb., 17-19: Mar., 20 and 21: Apr.
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11~1 ADRARARDE T, < oRHioZuR
KIBOET & ISBEEL TS L 5CEL2D, L
MU, AEPEFET 5 3~AH 0 - Thbamas
BEREL LT, HLALTARNALETTAE
FAPRbLNA, #EAYE ) OBGd, #E
PR A B & SRR & Dﬁﬂ’u%#b’ﬁ’i
DMEEANRED LA, SATOMI et al. (1968)10
vk, JCEEEEC KT BREAKE X 0 U AER
CERLTCWA L HE L T b, %7z,
A97TDW 4w 3 v v TER L L LIS RIEE
MMETFTTE 2R Tn%, ZopifetHuize
rJ e b= SYOBEAT G, JeARIEEO KT
FEEN g Lk Ab o L bhb,

A B - BEMRIC R b5 AR BHKR
vk, REIKED 5~10°C It F » T 25~34°C ©
HE VA RIS, Y77 v 7 b v (ARUGA,
1965)1 TR.L NI X 5 e BREAGH & @*EF‘F"*’%L
bt o fo, YAKOHAMA (1973) 13&< o
MR OV T BRI % R D, FRC e
ZEIZBTHIARDFRHEARD 256~30°C ©
HY, 35°C Chhle b Jeh R IEES R &
B LB TH D , BRI FOBSs

SBPTtaE - BEM B2 HE L T b,
HEALEY (1972)15) KO ThbFESRC 3 M
D ¥EEE (Cheatomorpha, Fucus, Halosaccion) T
b, AR ERAR: 20~25°C ThHBH T L E
HTwa, Lfﬂgﬁﬁwa b oREER LS
BKEOTICAEBT L Oy, B85
TR D HEZKIZ 7F§L7i SO ENEREED 5 bick
L NRBRONETH D, FHxORECERKE
L ENTEESTIZ LT L EBOKRC S &
FEB o, BT BA0EROE L
D—Fla Bk~ (Fig. 15), ok 57l
L TECS  OEBRERY £ 5 2 Lad
Fn5, ADEY (1970)19 (3i@mE i o i@
FvaEN 5~10°C T EVAEHRE AR
WELTH D, Mot L QBT HH, 4
BOBREKETIEARD Rl KR X b &5 AREER
W B b D g;,%’;b%%so

Ejer /e /#Om% i ~+‘~§‘z; HEE
PERRICTILS /J\L Wi Cnb & ZE2 bih

B45 (1974); BiLMEHZEs

I Ak

B, TOEREBTIT- 1202300 EETCIIEER
1.77g(d.w.)/10em o k= AnE 1.30g(dw.)/
10em 2fEfREhi, COMBBIRH ER O W
73 % Hien, FiH, KB (1972)% oEaicit,
12271 075 g(d.w.)/10 cm 2MHEE LT
Ho MR OELEHEY T 5 & (Fig. 17),
ﬁﬁti0%¢®*§hdlw%ﬁTL*L
&;b‘ibﬁ%)ﬂ :.md\_\b< B hkaE 2o X A3
AT S U @D &ét@c%iﬂﬂéﬁ
Zao %ﬂb‘/clyf{.@_‘?: EDDI THEIEN D
T LW, #%?;?H%ED Lros/ e b 17“#@%*#{%‘
B RERET o 20TE5T7 </ VBT~
Ti#y 1/10 /EL&JP”"’ <, FHRTIEHTD
L\@%’P&ﬁ\ﬂﬁﬁﬁquﬁ?\z‘ihé ERET =/ U
2 GEHDB, 19649) 2.5
MES U TIRFTH & 7
OB, b KD
EDTE D BHELE E

DEBCEbN T 5
BT E, HEFEE
Wwiewmeos/J e b S
o2 IS
LweEx bbb,
MR OB 02 L (Fig. 18) # A5 &
RS W BREER 25~40mm Ll EORKT
Bb. WERIC 25mm POk A EHE X
chDETHE, Snnidfds 10em Kb o
1 27.4 fiifiT, EERD 47.6% 4B,
HEOR G L b o 25mm PITFOEfEo BN
Wik, = (196702 2MEIEL QOB L5, ,{AE
SR DBE A 17 - 7o 2HIE A BL T2 b A
KEp oz, Linl, WiH, KEF A7) e b
= 7 (M. nitidum) o\ CEERAR b &k
UROTAAES T D5, W 12 25 mm
VITFT O/NERAZRD T, FHH S (1964)8 K
¢ YOSHIDA (1972)% SEET ~ Y e o
(EE°E5 BROBZTART B, 58

Y
W

JEIATE % /J\) P HBZ L E R Uk
;g(j(/r; 729 /Y (Porphyra tenera)

@%Em&:m,x%ﬂ¢im;m§tiém%
BLrbh2WEEFR b, TIRFERH S0
v oy TA ) (P. pseudolinearis) O BLITITN
JEE LS - THREESR b L LTw5,
O TRV SRS e roN s e b

- (M. ladissimum) Tk, {AEEEEEH M
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HBijpeu N/ L b SHOERE

T=/UVEDBEED 1/10~1/20 LI{EVT d vh
bbb, LYy I Y 0BE L EETNE
B - THHARE A MBI D B » T2,

ZOX S I &AM BU T RN NEREDE
TEx, Fig. 19 2D AL X 5 /NEOERE

¥

DHEENED TEW-DTHE, 0 Lit Fig.
zomﬁ«mﬁ/ b, Lind/NEoED L ER
VRAETE B i >TSS a5, ik, /B

[k ﬁ\u k/\Fv@ EROBICAET L TWH i,
LR WE K DR EN T A & B, R
%L<%\E6CCKI7%@T%54%i%ﬂ
o SOXSTUNERR, fifRRE T X TiTH
NG 2 B, IEL’C/\A BRI A
ZENTE %“C’c«) S

=y

5. 2 08
é&gtn»n/hb:;ﬁ%(@ A
R sk

:&?‘rlﬂﬂ@abf

DHER, £O
B O R DR AT ST B
DH/NZH i) ’no

1. 1972 F Y 1973 v d, 9 H o KRER
WU/ VA T e %J CRAR T R AT
W) C#H Lo e v~/ v b= 7Y Monostroma

latissimum (KUTZING) WITTROCK 172\ ~T,
HER, Lol ERETooflEiiy-,
1972 B O L DB E4 H & ¢F T
L, 1973 ,/zﬂ,‘ BoOhDE 12 5 23 Hic--ddE s

7o, >O%“ﬁﬁ%&?@ﬂgb,&@im
i %T Fah Mo TREPZEIL, Al
72,

2. EEHEIOoewr /e =Y OB

PAEED o 12 A T (B ggzg;;@ 90 1) 1
127 g(d.w.)/10 cm 1w Loy, HRET L B0
LTI APHETZ020g \d W, \/lO cm iR T L
7o DR D HE < EE 1A HAgt
g(dw.)/10em =% VCF“)j[]L Fro WRAEED & O
1 4198 e 120 H) @ 3.156 g (d.w.)/10 cm
iy, UBETORDHR LI, 19734127
23H DT, BEEDK 73% 115 1.30
g(d.w.)/10 em 2MEER S e, TR 501 TH
EEIX 1.96g(d.w.)/10 cm W L7,

3. EEXOBEEXLD O wERL

E AT

EHEO AL 211
%70.70 mﬁ/cmz AEBEIRE I LT 1.03 mg/cm?

(Z%LJ TE:M«; 7//\?/1/\5_)'{7?\‘“)7:0 %LEE Eji/[f’
DOz wmrwr 7 4 bad B, BEYIZ120.65%
LEL, TOBREBKETL, #SEREC 0.3%

PR Lo, BEEEY DD/ rr T 4 b a
SRCITEMRL T < (Y dpg/em®, BHIC
%3 pg/em?® TERE—IET BTN R B,

4. 15°C DWLHL -
T 20~30 klux

klux £ ¢ 31T

FHEIT BT, F A
THRREATNCZE L7y, 100
Clzdh b0 k2l FRUSET 55
3“;7‘:, 100 klux ¥ CoOEENTHR¢
15°C w i A yerErm

<"1§1;< (Pn, 30~40 mg O/
g@ﬂﬁ%ﬂ,”Oﬁ&&mrbfﬁﬁzmﬁai
12~13mg Oz/g (d.w.)/hr ricote, 2D X 5 e

CHREAGEOEM L BRe <, LLAER
[t m AL TWBHLDLEL RS, i, ZrRA
7 4 a Hieh OIS RERRAERERED
e - 7o 1LE FA)~12H B41, 1 HRK~2
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THWA EHz, BE FCiREH 7 LA L AR V)
Y= b5 O TR C LI 3,000m® BEOE
Havs)— &7 Ty bh—LvEE B TE, E
ED&a=y PAEET S, BRKOZ2 7Y~
TR TERBLTITS, HEhD 2 ) —FER
40,000~50,000 m® THEEREIZ 95,000~120,000 F > &
ERTEEHEOBWEEL KD ZERHBEINTWS,

COEDar Y=Y SR vy 2 — TEEBREA
HEHENDERLETLEINDDHD, 27—+ 7
OERELTHEIRDO I L SFERFMERE VT AT
— Vs VEHFRREZDOBHFARIN TS, T/, HHA
BB Y 72 LTRE AN X 5 nEniEEo 0

EoN &£ LAMNVAFIVIY — b
7Ty bR L
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BAR T LY ABRBEREY 7

HERINODED, THRERC =S —H D 2 4
VR EBWTY S EESERC N LTI E i L RIS FE)
Tkt e s 5 TN D & AR L > T b,

B L M L AR SRIE N VI OB KRE
HETHD. BHEOHITERC L 2 & —RICEEBKE
it 5 B ~10R O MR 510 5 EEREE /712 600 m/H
BETHD, BEEEMEET 2,500 m/ 0 =L THFIC
INE L, R EOVEERERS B & P & TR E
B EERLTNA,

3. BEREBERCESHFUORMERESR

ELF 1%, IFP (INSTITUTE FRANCAIS DU
PETROLE) 7 & & ERBR T 0/ 7 2 %M% L, 1980
FEFCIKEE 600m F T, 198545 % TZAKE 1,000 m
¥ COMEMBEIEL AR L T 50 % HBIC HfTBE 5 %
HDTNWD, COBEBAERTIZDOELDHFT vy
27 rF—=D b, FETRELORT, ZHALT
HHEUTOEDTHZ,

FS5H SMuoy bwATY by b,

B AvlL—vaVvEA4T T Ty bk—Ly,

1. 4oy bwAITy b o220y b

Chid ELF SO HAL T0 2 HHIRLHD T
H-T, FUNVERFEEELLEINRELDT, 0D
ﬁw;%%d77Uﬁ®ﬁ$ymmmﬁﬁéﬂtoﬁg
255 XD Z &L M TRESRICRTIRE O I 4/
DI ARNYNVFEEREBELRELICLOTH S, WK
CEBEINALIOa=y MCESTC, BRI DETILE
FUoNE#sRa Sy PO D VACEEERENA T
Yo UApEEN B EERE S h D & ey T DiEh
BEOCEHEC LT, 4K F ) VR NCHREHRIC
SR ENTED, FYERE T TIUVHNICEH
BRI EET Aol E— Fa v b~ uEEI R
TWW5,
2 Avi—vavEAT T Ty bHR—L

CHREROEARY SRS T, DI &KL,
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226 5 & W12% HAB (1974); BLBEFLH

BEOE Y 7 ) — FEDT v h —BEOH AL
ELTY IV IHBNIRTFESRZTLHET, ) /2B
BEEHRBLTE202BREEL TS, LaL, /B
MOFEY = 4 » b DL MEOBEICIIEED Hik
BAFENRERINES TH D,
3. FUVasLwTEAAT T Ty bR—2L

WKZE 1,000m DLOWETT Ty bh—2%HE

DICRPERDEFEERY /' CHZ DD ATET, FE
BERERE L OI 5BV, ZOBE, MEELDD
BEHE, BRCHLCRELET Sy b R—2 B2 TEBRET
ERCMEMNTTH L THE-T, TORDDT v H—
BENRERLRI2DRURTHED, CORTEED LD
MFyYavlby 447« 75y brk—LTHbD, £
OHBERETHOZ & BRI KHBED 2 7 — ik

BIR FovyasvlboyZ 847 77y bk—2Lg

T U —ERERT, ThET =3k T v —n
— T HFROME L EATHECE > TEEIRDLHD
THbD, FUNBl&E EFHEDR NRZED R X
%H,ﬁﬁ%%&@ﬁ%ﬁkﬁ%ﬁmv%%~n—f@
BHTRZIFIRDE LTS, PIRCE - TRT ~
Ve Y74 Y —a—T DR K LFETRO Hs
LIS ThHD, i, BERT 7o bh—2%LkD
BEMNRSD LT 5 bl RBEEREELYERILT 52 L
SRUILHEBbNE, ZOMRRIBATMBERTHEL
DIKFEINTHD, 1/3 OBRERITHOA TS
4. = O ftu

WM E D —5 4 Vv RF L LTIEENPE
INDLSHBEDLDLEZ TR, ElEE 17
71 Y OEMRIY ABCEET 2BBOMRBT Y B
1T TWnAh,

y‘/ﬂ_

FOX g, v—F 4 vV AT A (FDL),

—

BIOK WEHWH, o—F SR L (D2,

V. FONDATION POUR L’ETUDE ET LA PROTECTION
DE LA MER ET DES LACS

fBrt: - PR GRENTIERT

&

R

EHYrERRaH)

24 A, LerBodlg, o—¥r IO F LY —
(Cully) K& BHBEDLBD—HIC, ELEH LN IERE
DL Lo KB DD, T W - HIBRENR
FiChbd, TOREMIZ, SEFHIIMOFFET—7
5 v AD CNEXO O 7 LA MBI%H, 4 ¥ AQET
WS, 504 5 v & IHC © MTI &—

ERID, Vywd e B¥H— A HEEAREET SN
BRI CH 5,
INEFIERES, BIERERHNERAR, EF254
F&A—w—ohﬁng,EﬁHwﬁi®$if@%
BAEMAIN, WA LT IOWREFRNRTE BT
ZT T,
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19318, V% v 7 « EH—NLORXA—F LA+ EH
—VESSEER 30m OFRIKRT 15,616 m O SR {E
- T, HREOCHRBENER L EnbBE - T,
KFEHADROCH Y ) V2 LEEBORKLE S5
ENFAH—-TEFEEL, BTOV v v 7 « EH—L
L960FELTNICTE - T, HARBRED T » L v Y o —WEHO
lommnomi LD E, BRFD%, Yiew

CEH—IHERAS A =T (A—F L2 H
~wJ%%ﬁEL 19644F 2> B19654EVC 231 T Y 4 4 —
TTHREIN CHEROBIC, L v T 100m QE
X 1,100 [#EAKL, 3TAORBICHELE LI
&, KED ST vl RRT, A RH T TR
Y750 ] BEREEL, ThTAF Y 3k
Fo THTERERY L AL WAL -
o TL T DT EROBORERN, Vv EF
~ V% LTI O - HRRETFRT2#II L, BEN
BRI szl WA,

24 2 BERIZLETHE L EEOBRIR AW, KE
mﬁmﬁéﬁ,mﬂ,ﬁﬂﬁmfa%Vr IR Thg
DML - TRTNDOD COBMERCHEZEINRS

VI. JHC-HOLLAND,

FRRECLORD B, 4, WEAL ALEDL 3,000
FEERC— O EXIRO TR LEE L, HEIC 3
LARDE=Z —35Z Lhihdic, X, A4, HIR
BAEEHWRE LT, BENECET L I —1iE
HifiC o 2 TR L T %,
EORRECEGUCUEDT, Y v 7 s EH -
CELVEFOATH S, WRSE TR, P &b
BERELERELTEL, M A7 HBiXKOREFL T
BESEEZWmU QOB END, XA —F 2 A b 2@IFT
WNF A —T7 OHE, B, XA AH—7 ORISR
HIFBEHENOES, F 4 EE - B0 BERS,
NEAEBOLDOBEBREADT WG FEE~NETH L
T&iz, TRBEDO LN 4 =Y EBO T bR T
Lb 5,

Bl = 2 H SRV COEIMCIE, RO CTRET
B A ) UF AREERRE LS, FeEARD

BEERDD, TOHMEZZ T EWIED AT
FHERND Z LR TEL, O ERTOWEFRYIHI

fpﬁ&koﬁuﬁiff)of_& Jriny )o

SMIT YARC & MINERAL

TECHNOLOGISCH INSTITUT (MTI) IHC %

=

1. IHC-Holland QFR&E
THC 1k ® 4 ZF XX Dredger Division &S
% Mineral Technological Institute 2> B - T\ 5%,
1. DREDGER DIVISION
Standard and custom—Built dredger, Dredger
components, Measuring and control equipment,
Dredging pipe, Diesel engine, Propeller shaft seal,
Aluminium and polyester products, Ship repairs,
Engineering
2. OFFSHORE DIVISION
Drilling platform, Drillships, Offshore structures,
Pipelaying barge, Self-elevating platform for civil
engineering purposes, Floating crane, Structural
steel work, Special-purpose vessel, Standard winch

INVESTMENT DIVISION

Offshore contracting, Offshore consulting and

w

engineering, SBM—system

=N G-
RS (AR CERASH)

O S P
(RIRFELT)

4. MINING AND TRANSPORTATION
Equipment for the recovery, Concentration and
separation of ores, Transshipment installations for
bulk cargoes such as grain or copra, Engineering
for alluvial mining, Ore treatment and bulk goods
handling, Equipment for the mechanizing and
automating of industrial processes

OMINERAL TECHNOLOGICAL INSTITUTE
MTD
Research and product development of dredger
division

2. IHC HOLLAND (Smit Yard)

IHC HOLLAND DAy b¥—~ V2 RETHES
RO TREOHIG AR B 5, THC & 1943
FICARDDEMIT R > THRZE&HTH 5, BHEAK
RTA 7 v ARELL2ERD 2/5 KR X D ELSHER
BYCHAKDBAZF 7edic, KEDENWTH -7,
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228 5 & B12% FE45 (1974 BULBHRFLHE

BEVWHCEY, YO LICHHAT IR EETHDIE
WelEdicdic, LMAFESINT, TO X5 RERNE
Bomt THC RBERETMLHLE LTREL Tk
7o FRCHE L EARBIRCE TR FAEHO KN ZH- T
W, 1965 g TaE, A ARRR IR, WETL
HEMMZER LS, TAY DO XETICH HBETE
CRWALZ LB an/eniLl, TA)10%EE (v
5~f&)aﬁmexuﬁﬁwf%Wmﬁ¥Vﬁ%b
B m e B len, Rk D 2 ROFTEH LU,
JHC Original de51gn 'i{ﬁ@@on’ulsﬁﬁbfb\ %

1. Drilling Vessel with dynamic positioning system
2. Self-elevating platform

3. Floating crane

4. S.B.M. (Single mooring buoy)

A F Ly gRY Y s = v I KD R
BNV ek NT R —F 4 T T Ty bh—LE
DI ey AR RBEORYTRERZ, 2HERO
40% % IHC TfE->T\wb, KEBO NI TS 7 5
BRI, 2RO 0% DY 2 TE2EBL TS, A
Ty b P—PFRER, D ALy Y —RERA
K—F, 2 AbIT o Fr—T b, £>7E£,ﬁ
y #—E—Y g A b, PIHFBREEDORL D
HEBERPLFOMOFHA v 2o Tnd, ATy b
— FICHEEET 2 % EEIZH 2,000 A TEDH 10 % 3L
WEHETH B,

WHNO LB E, A 57, AV, 48
7, WEETHD,

/ﬁ&f”’bﬁ‘ilf‘%éfﬁflﬁb ol ER Ny YUy =R

TEED— I E D E THHEIZ DN TWAWNAN &I
%%L,ﬁﬁ@@<mﬁ@&m%ﬁéaméﬁ%ﬁ%5
EVWATETHD,

i Frho 4,000 BIEL EO 803 v TR EA L,
ETTHA DT A MEIT U HECA - B AEES L0 S
TEThB,

N, A7 vaEdelba—ny ek LTRERT
B AT I EHARCEE IR TN D,

BB (R 2R L O RET 5200 KK E
REE LR 5 Uiz, Ry 7 THEIDEREL, RE 7
A TEME s, KR A 70 TEEL, Sk
ROBELMBBTKE DL by —ELLETE 205
BT 7 v P THDBE, RCEALICHER L, BEEE
D77t OBIRICE D TNz,

:h%@f?ybﬁIPCQA%®H£ﬁ%@i;
TR Lize BAMLBICONTE, BREBEOA~FnED 2

0y ERRBERT RO DT A= —L LT
NEZELEE - Tk,

FHBFIZEC DUV T DERR D THIFLO A D T
o Bid L CRERESE - THELO BN E
DTETH%,

—TE » T IHC BARBERCHEAN TN S, 7
— & HIREATLESLL TnD AT ABRL =
VEX YRS ELMAARTVWSAILD D, X,
MIT (Mineral Technological Institute) fiff thf)u -
TWBICREIL AN » PRBH DD TRILNIEH D D
THC & B AL OB Self-elevating platform =]I[IF &
T, Floating crane={ERETL & HHEHEL T35,

3. Mineral Technological Institute
MTI % Drdger Division @ Laboratory T& 0,
HEORNBIRROBY Th 5,
1. Measurement and calibration
a) Measurements on centrifugal pumps /3% 5 —
L, WRARREIIFE, H bvIE
b) Torques measurements
Diesel engine cutter driving mechanism @ 77,
AT 0
c¢) Wear measurements
Pump housing, pipeline %® wall thickness D
% Ultrasonic 1 X U 3+

d) Noise measurements
e) Vibration measurements

f) Measurements of radioactivity

g) Measurements of production and of pipeline

resistance Pipe line, ball joint, bend pipe ZiT
dredging material 758 % B #HLAIE

h) Calibration of measuring equipment
2. Soil Investigation

soil DIEE % & HP 5 BEET,

45 &,

a) rocky soil @ compression, shear, bending,

HEBLTED, K

impact, wear test

b) sand and graval @ grain rige, specific gravity
pore volume, calsium content, silt, clay, peat etc.
@ specific weight, water content, plastic and
liquid limit and viscosity & 725,
#HELE I VFHELL L, PEE RO LS AEH
HIz OWTEIT L, £O Data ZE/ZT T 1,000 &
H, FOMD a4 4,000 BEL FIcoiE-> T
%o
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3. Dredging advisory service
dredging B4 35 5W A MECE T % & consul-
tant & U THatho SOFIEIKRIC LIEL TWw 5,

A

4. Product development
Dredging instrument and dredger components DL
E, REZT-TWw5,

VII. NATIONAL INSTITUTE OF OCEANOGRAPHY

A ¥V AENLEFE AT
B iE Z
(TEITZE RS

1. [FLsiC 3 EEAYY BRBREHIESE, &K%

L974F10A 118 4B R, 5380, F% 2K205 8% 2. KEEFHIHE: HBE, BRBERESE

L D105 FERT, ﬂﬁlszli@%u_o Farl vy 3. RE BRARSE Az, b7 FRAH, TUNE
~SDOMEH (figurehead) Wz Bhizz &b, 4. WEHESLETR. BRBURHISAR, HIRE
FINABHHMLEIS & L T\ 3 7 E ¥ 5. ¥EL#X: HINE
(NATIONAL INSTITUTE OF OCEANOGRAPHY, 6. WERE: HABRBEIRSE, HhE E#ERE
NIO) OWNHICHIRT 2 dDMH - I 7. WEEETSGuBAIL: BRARE, A2, M7 v VERSE,

NERARBOER T, T ﬂ%%@(t :‘ELZSb/;,
EWVWIBIC LI - EDERE ¥ TR
1872F L ES

FDIE, TA N FPLAVDRNBFETIL—T 0
FOHAKA FY ABEOTFERT » L v Y »—528,
ST DHMBENE MM LIcoTH-7%, 11 Fkmic
ETHF x LY —BOMMIE, ToMMELTT, £
NETCLH - TMHCET BRI A AHLEZLIDZ L DR
REDBLEDHLEDDTH -0

2T, NIO D ZBECHE L LK BN TVAEF » L
YV —SOREGREEL TERED, U TIOREH
DERO—HPNBEX BT LR TEHLES,
2. AF VY RADEFERE

D A HD % < W d 2L 20 HIC 30 T
I, i XA EMEIR LD TH B,

WAEORZEEMRO X X 0B 810 2009 - B
DEBERIFE - ETRRELETHTHY, TOZ R
BRI D I B é%*ﬁél”mafu‘?bhfb\ o T
H, EHE, HERFES(ERBRIIRE YT, B
ﬁﬁ@ﬁ,&mﬁ,z:yb7/k%@éyﬁﬁﬁﬁg
Thbd,

LT, TNELOEHEDHENTIHENZRD L ST
b5,

1. ARl
1) WEYEY. HRBHRUINSE, SRE, HIiE,
BEAEY, Aoy b7 v FEEE
2) WEHEZ: ORBEPESE &KF

1ENNDhN7?
i

R

59

Holk &
HY: EYAE, BiRE
it TnWb,
LT, INBTIThnsiHAE - #HElE s O fEk
YT, B0 ENZEEFE TR bR &
2D, INHOBEEEYHKREL, BbMErdicd
LESRPESEAREL, HET21THOAEEFR
LI DONWTOEER S 2 572DD L H— b H969FIT Y
IRTnsb
3. ENBEFEHER
ST YERERTSEAT, NIO 3o v Fr o A#K 70km @
#E, NATRLF S BH Y — (Surry) W5
T DRSO DI & B IHEFTTH 5,
’7‘«»1//‘/»(—'?)7;%]%2}% , BEDH Discovery [,
*%%ﬁb T OEIO 230 ZDVEA, 4 hFTE D
B RE B 360 HcETH LD LT, TiT
/ﬁr’)mﬁt%{m« TWBE LS THDo
NIO OBFZEH NS TS, HWEZFRCHMHRYEY, I©
H¥Es:, B0 43T, DINCEREM I STk
g - 7c 0 &% A RN LTV & B S,
1. T2 (Engineering)
COMMIEHEE L FNERHBIHL T, BE - BB
% &7t workshop Z3HLLT, T NIO W LB T
FRETEF S TND LD TH D,
D av7y—trEEHKE: 2mX2mX50m T,
5cm/sec DBEEEMN, 7—27 ¥ =2 7 TIERL
F2EDDF ) T L —v g VICH AL

®




230 5% H12& A5 (1974); BILEFZFLHE

2) MWHEEE: 200 RH 5 COMTER,

3 KEY—F—: 16mgxX8m T/NF A FTHLET

5, Ik,

HOE 2 B O R ER 7 (Geology and Geophysics)
T O ER P R sk 7 ARG A BB TR L T B
%o
1) The side-scan sonar method: #BEFZXFIHL,

IO B DRI ER km BEORE, KFo

07— 7 (Gloria) & X1EN 20km FREF

T® scaning %175,

2) Tidal current transport of sand: Ziuid 1) %
AALC BEEDEEREORAZLTWHLO
Z T, KEMIO K Erosion (8#&)—Transport
(g 2%)—Deposition GLER) Z1TVv, FIBEIL T
W% (Sedimentation) Z &R0 D0EHEB %5 TH
5o

3) Sediment diversity on the sea bottom: ¥E&EFA:
Pk BT HED e v 7, W, WikEoy
YT T HRToTND, Tk,

. AR (Applied Physics)

XTI, WOBHIREE, VeloAa—7,
AREDHHENRET, BAMICIZ F. M. Accelero-
Digital

D&

2 oN

meter (for wave measuring buoys) -,
Compass (for U.K. Data Buoy DBI) 7t &,

4.

% Development of a long range side-scan sonar,
Gloria 72 & OWRFEI T b,

A2 (Biology)
DT, UENCiT-TnWie7' 7 v 7 b O
B &heE, FMERKE T 200m HUED &E B
LTHY, Zhild R.R.S. Discovery SnEAL
n, #Bx 2/ 5 FTELETC, KEH, PEHE EH
D3FEOMTCHLRETHEDTE TH %, HFFIC
1,000m BE F COXKBDRE DT, 500m 38T
12 9°C TH2EDTETH5b,

EEHOIC
VHh—=F a7 7L AREIY, 50% BENBUFE

O TH D, WHEOEMLPIENDICHE T, #
BRAATERZ VLG U ks T, BIFEE L HUREX BN

La-T, Wik —2v sy 7 TRIEL, BBET5&
W BRI RNCE S REGNHD L IITES,

[

T, NIO ozr7 5 bK,

FHRATE F oy LY~ ORERIC, 2HEATC
SIS R EIRE 3 LR o e B & TR L
74y FRRHNE &

Tz,

O, ORI L TREEY T PNt A% |

Wiz, MEOHK 4K LS, HFERIERERZD
DF—LDERICLLVEHOBEEE LW & B
>5LO
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1. 4949 H12, 139 HE, [KEWH AL ML ILT
BT, KL, BERF  BAEEFS - HTIT
EFHM - PEFEEgE T, B2 [RFH oKy
U 4] BRI,

2. WAFM9EILA15H, HEEABERFCKNT, REE
BanBrh, HI2%E 3 SORMESRTHONI,

3. MERI494E11H29H, EIUKERZFICEWT, HF149
EES 1 ER{LEEFESEZHRREHEES 205
nivie,

4. A &

TaE:

X % A = W&
N EOE @IBAEERRR T EHE
5TV B OERREEERIER O BRE B
Jodl Quérellou FE B
5 B £

==

MBS, E LS EB R R

6. T
LELSE FARRARZFAMAOFEIA 1L HAESR
foo BATHEREWM S,
F&E MEEREEZEIOEILAAFTEINE,
HATHEREY 5,

7. SEBOEHN, MBOER

N=3=§
K % i S OIHRTE

ek & #H  HEEWE 4-0-8

2 A& — B AFETFHFHEET 1221-2-503
PR Y2 v

J W E F T ESZET 502
5 B 37 B ERT B BRATT 2R AT

A O B rBEmRERNER 1-1
FOLRZBEHOKESET

wOE B OE BERWRELOH 2-5-5
BhS 52 FL Y 6065

fo%Z % M RRITEREMEFIRET 6-25
KA TS 2 2588, KREXTE
L

oA B R EEEEARRAR 4-16-7
8. MR UOHEXNE
1) BAMBESHE, #H515.

£

2)
3
D
5
6)
D
8
9
100
1D
12)
13
14
15)
16)
17)
18
19
20)
21
22)
23)
24)
25)

26)
27)

&
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JODC = . —A, BFE, 3(9).
CSK Newsletter, No. 44.
Annales Hydrographiques, N° 740,
JRBREFKEEFRLE, 13(D.
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TEERK, THEE, SARE, BEKECEE,
BERA, hHETE, R A, KE OE
KA #, WA, RERE, S,
BAMA, BN E, EE &, FRES,
EREA, FHRE, BHE A EFEIT
FERXHE, BEAME, W FkE, EHEF,
BIREKES, MHERE, BHF B RE B
Ml i—, HAERER, WXKEZ, =7
=R, FETE, EHCE, tHE K
HIEER, HHERERE, RLOKHE, ©F E
BN=88, =& &, L 5B, LhEZD
R —, REE, EIEXE, EO—
(EAHIED

LEHEE], THEUE, FERRKES, iEE M
B XE, ZEER GATE AEFE=, T, mY L e R H

SIEER, ZF OF BARE, BN K

Wi B IDo% B R &

H H ) B
BRASHNEEBESL ATE
i R 3k =8
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HEHMTRERER 1-1-2 =Her
Bl A4E 11
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w2 T T YA,
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HEURTHRAKKFE 2-2-1 FHAFMeL 7H BHRESKRAa4E
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/IR EPIET 3-4-3
HAEBM AR A 5-5-16
HEURTARHARMAEE LR 11-2 1 HEEen
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HREMEXAAR 4-1-13

HEHEX R 1-9-1
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