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A numerical study on the formation of circulations
in the Yellow Sea during summer”

Satoru TAKAHASHI™" and Tetsuo YANAGI™®

Abstract: In the Yellow Sea during summer, Yanact snd TakanasHr (1993) suggested that an
anti-clokwise circulation was developed in the upper layer and a clockwise one in the lower
layer. Generation mechanisms of these circulations are investigated using numerical model
with two kinds of simplified model basin. Consequently, it is revealed that these circulations
are mainly induced by the topographic heat accumulation effect. On the other hand, vertical
temperature distribution is affected by the horizontal difference of vertical mixing induced by

tidal current.

1. Introduction

The Yellow Sea is a shelf sea that is sur-
rounded by the west coast of the Korean Penin-
sula and the east coast of China and is
connected to the East China Sea through the
southern open boundary. It is well known
that the stratification is developed by the sea
surface heating and the Yellow Sea Bottom
Cold Water is formed at the deepest part of the
Yellow Sea in summer (FUKASE, 1975; TAWARA
and YAMAGATA, 1991; etc.).

Recently, YANAGI snd TAKAHASHI (1993) re-
vealed the seasonal variation in circulation pat-
terns in the Yellow Sea using diagnostic
numerical model. In their summer results, an
anti—clockwise circulation was devioped at the
upper layer and a clokwise one at the lower
layer in the central part of the Yellow Sea.
They showed that these circulations were ac-
companied with the Yellow Sea Bottom Cold
Water (YSBCW). Cuor and L1t (1992) showed
the result of drifter buoys tracking during July
to October, 1986. The tracks of surface buoys
denoted an anti—clockwise circulation at the
surface layer in the central part of the Yellow
Sea. Furthermore, Suand WENG (1994) investi-
gated the surface circulations in the Yellow
Sea and the East China Sea using water mass
analysis and suggested an anti— clockwise
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circulation at the central part of the Yellow Sea
in summer. From these results the existence of
an anti-clockwise (a clockwise) circulation at
the upper (lower) layer in the central part of
the Yellow Sea is suggested. However, the gen-
eration mechanisms of these circulations are
still unknown. In the present study, we aim to
reveal the generation mechanisms of an anti
clockwise (at the upper layer) and a clockeise
(at the lower layer) circulations in the Yellow
Sea during summer.

Seasonal variation of temperature and salin-
ity distributions along the vertical cross
section in the central part of the Yellow Sea
was investigated by TAWARA and YAMAGATA
(1991).

The observation stations and the vertical dis-
tributions of temperature in August and April.
are shown in Fig. 1 (TAWARA and YAMAGATA,
1991). In August, stratification is developed
and the highest water temperature is found at
the surface layer of the central part and
YSBCW was fonud at the bottom layer in the
deepest part.

Cuor (1984) showed the horizontal distribu-
tion of M, tidal current amplitude in the Yellow
Sea and the East China Sea using numerical
model. In the Yellow Sea, the strength of the
tidal current at the deep central part is weaker
than that at the surrounding shallow part, i. e.,
it is expected that the vertical mixing effect in-
duced by tidal current at the deep central part
is weaker than that at the surrounding shallow
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Fig. 1. Map of the observation stations (a) and verti-
cal distributions of temperature in August (b)
and in April (¢) obtained by averaging data dur-
ing 1977 to 1986, after TawARA and YAMAGATA
(1991).

part. This effect may have some influence on
the water temperature distribution in the Yel-
low Sea.

From these results, we can consider that the

effects of the bottom topography and the verti-
cal mixing induced by the tidal current may
contribute to the formation of the circulations
and YSBCW in the Yellow Sea during summer.
So, we carried out the numerical model experi-
ments in which these effects are included.

2. Numerical model
2.1. Model basin and basic equation

Table 1 shows the heat fluxes through the
sea surface (IsHn and Konpo, 1987) and those
between the Yellow Sea and the East China Sea
(Isuir and KoNDO, 1993) during the heating sea-
son. Except March and August, vertical heat
fluxes through the sea surface are larger about
3 times than the horizontal ones. So, as a first
approximation, horizontal heat flux between
the Yellow Sea and the East China Sea is ig-
nored in this model, and in order to reveal the
effect of the tidal mixing and the effect of the
bottom topography to the generation of an anti
clockwise and a clockwise circulations in the
Yellow Sea during summer, two kinds of model
basins which have a round shape are applied
here. The bottom topography of the Yellw Sea
(a) and the model regions (No. 1: (b), No. 2: (c))
are shown in Fig. 2. The No. 1 model basin has
a constant depth (80 m) and No.2 has a slope
running along the coastal line in the model
basin which represents the shelf slope in the
Yellow Sea. This slope has a simple exponen-

Table 1. Heat fluxes through the sea surface and be-
tween the Yellow Sea and the East China Sea
during heating period. After Isan and KoNDO
(1987 and 1993).

heat flux (1)

heat flux (II)

(W) (W)
Mar. 1.2x10" —0.2Xx10"
Apr. 5.7x10" 1.5x10"
May. 6.6X10" 1.4x10"
Jun. 7.3X10" 1.1x10"
Jul. 7.0X10" 2.3x10"
Aug. 5.2%10" 3.6x10"

heat flux ( I): vertical heat flux through the sea
surface

heat flux (II): horizontal heat flux between the
Yellow Sea and the East China sea
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Fig. 2. Bottom topography of the Yellow Sea (a) and two model basins (b) (c).

tial form of h=h,exp (ax"), where h)=20m, a=
504 x10°°(m~") and x’, is offshore distance
from the coast in meter. The maximum depth
of the No. 2 model basin is 80m. The horizontal
grid size is 26km X 25km and the water col-
umn is vertically divided into four levels (level
1: 0-10m, level 2: 10-20m, level 3: 20—40m, level
4: 40 m—bottom).

Under the hydrostatic pressure, the Bous-
sinesq and f-plain approximations, numerical
model consists of the equations of motion, con-
tinuity and advection—diffusion of tempera-
ture. Using conventional notation, these
equations on the Cartesian coordinate are as
follows:
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where u, v, and w are the Velomty components
of z, y and z directions, respectively, f (8.34 X
10-°sec™) the Coriolis parameter at 35°N, ¢ the
time, P the pressure, o the water density, oo
the reference density, g (980 cm/sec?) the gravi-
tational accelration, A» and K, the horizontal
eddy viscosity and diffusivity, respectively,
A, and K, the vertical eddy viscosity and
diffusivity, respectively, and T the water tem-
perature. The density is calculated from T and
salinity with use of the usual nonlinear state
equation (WabacHr, 1987). However, only the
effect of heat on density is considered, here. So,
from TAWARA snd YAMAGATA (1991), averaged
salinity in heating season (33.0 psu) is applied.

The boundary condition for momentum is
slip condition at all lateral walls. The bottom
stress is given as follows,

AW% = Cu(uP+ )" (6)

The sea surface is assumed to be a free-surface,
and the sea surface heat flux is given as fol-
lows,

orT _ @

oz  Cp 7
Here, C,» (0.0026) is the bottom drag coefficient,
@ the heat flux through the sea surface and C
(0932cal/°C/g) the specific heat of water.
Using observation value of Isun and Konpo
(1987), Q. is assumed as,

1995

@.=350sin (27¢t/T,). (cal/cm?*/day) (8)

Here, T, is one year.

2.2. Procedure of the experiments

The circulations in the Yellow Sea during
summer is expected to be induced by the sea
surface heating during spring and summer be-
cause the wind in these seasons is very weak
(YaNaGt and TAKAHASHI, 1993). So, only @, is
applied as a external force. We expect that the
bottom topography of the Yellow Sea may
affect the circulations. Thus, in order to inves-
tigate the effect of the bottom topogeaphy, two
kinds of model basins (No. 1 and No. 2, see Fig.
2) are applied. Furthermore, we expect that
the horizontal difference of vertical mixing due
to the tidal current may affect the circulations.
In order to investigate such effects, three kinds
of vertical eddy diffusivities are applied. Here,
in order to restrain the occurrence of the inter-
nal waves at the interface between upper and
lower levels of the model basin, the verticl
eddy viscosity which is some lager than the
vertical eddy diffusivity is applied. Three
kinds of vertical eddy diffusivities, corres-
ponding vertical eddy viscosity and horizontal
eddy diffusivity and viscosity are shown in the
following.

1. The vertical eddy diffusivity is constant.
The vertical eddy viscosity and diffusivity
are given as

A,=30 (cm?*/sec), (9)
K.,= 5 (cm?*/sec), (10)

and horizontal eddy viscosity and diffusivity
are also constant as

A,=K,=10° (cm?/sec), (1D)

2. The vertical eddy diffusivity varies with ex-
ponential form.
From the tidal current amplitude chart of CHOI
(1984), the vertical eddy viscosity and
diffusivity are given as

A,=10exp (3.66x107*z*), {maximum : 20}

(cm?*/sec) (12)
K,=exp (7.68x107%c*), {maximum : 10}
(em?/sec) (13)
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and horizontal eddy viscosity and diffusivity
are given as

Ar=K,=10%xp (7.68X107%x "),

{maximum : 109 (cm?/sec)

(19

where z* is the distance from the center point
of the model basin in cm.

3. The vertical eddy diffusivity depends on the
Richardson number (JAMES, 1977; TAKEOKA et
al, 1991).

The vertical eddy viscosity is given as
A,=K,+10, (cm?*/sec) (15)
and according to TAKEOKA et al (1991), the ver-
tical eddy diffusivity are written as

___K
K”(1+0RD”+K@ (16)

where, K, +K, (K:=50.0, K,=0.1 cm*/sec) is the
diffusivity in well-mixed state, ¢ (25.0) and p
(0.7) the constants which were determined by
TAKEOKA et al. (1991) and Ri the Richardson
number. K, is the background diffusivity
which is added to prevent K, becoming too
small for large Ri. The Richardson number is
given by

oT/oz
v an
Here, a (0.0002°C™") is the thermal expansion
coeffcient and V the square of vertical shear of
the horizontal velocity. Under the approxima-
tion of the logarithmic law for the vertical dis-
tributions of the tidal current and wind -

Ri = gu

(a) Kinetic Energy of case |
(em?sec?)

37 )MFW%‘L%

e

~..

T

0 90 180 ( day )

induced current, V is written as
1 u* 2 W* .2,  0u.e

V= 5 {m} + (?Z*) +(“"(§Z‘*) . (18)
The first term on the right—hand side is the
contribution of the shear of the tidal current,
the second term that of the wind-induced cur-
rent and the third term that of the density—
driven current. #* and W* the friction veloci-
ties of the tidal current and the wind-induced
current, respectively, and K (0.41) the Karmans
constant. The friction velocities are given as

ut=Co"Us (19
W*= (po p)VC""W, (20)

where 0. (0.0012 kg/m?) is the air density, C.
(0.0013) the drag coefficient at the sea surface,
W (2.0 m/sec) the wind speed, and u. is the
tidal current amplitude, that is given from CHoI1
(1984) as

u.=120—20exp{0477x10—8 (L./2—x*)}
(cm/sec).

©1))

Here L (600km) is the diameter of model basin.
In this case, horizontal eddy viscosity and

Table 2. Cases of the experiments.

Case Depth Kh, Ah Kz, Az
1 No. 1 exp exp
2 No. 2 const const
3 No. 2 exp exp
4 No. 2 exp Ri
(cm?sec?)

304

(b) Kinetic Energy of case 2

20 1

W \

\

l )

0 180 ( day)

0 %

Fig. 3. Time series of the Kinetic energy in Case 1 (a) and Case 2 (b).
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diffusivity are given as Eq. (14).

2.3. Calculation results

The calculations of all cases are begun from
the state of uniform water temperature (5°C),
since that is the lowest water temperature
in the Yellow Sea in April (TAWARA and
YAMAGATA, 1992. see Fig. 1 (¢)). Cases of the
numerical experiments are shown in Table 2.
Figure 3 shows the temporal variations in
kinetic energy of Cases 1 and 2 which is de-
fined as

KE=% (u’+vi+w?), (22)

where u; v; and w; are u, v and w at a grid point
i, respectively. The Kkinetic energies of both
cases reach to the maximum on about 120 days.
So, in this paper, the calculated results on 120
days are shown. Here, the smaller fluctuations
of the kinetic energies of both cases have a pe-
riod of about 20 hours. Since the inertia period
is 20.9 hours at 35° N, these flucuations should
be accompanied with the inertia motion.

Case 1 is the experiment to investigate the ef-
fect of horizontal variation in the vertical mix-
ing due to the tidal current. Figure 4 shows the
horizontal (left) and vertical (right) current
distributions of Case 1. Clockwise circulations

Case 1
0 days
12 Y Sea Level
(ca)
30
04
-30
(m)
Q-
20 -
E=3
2 w0 4
R
(=]
‘ow . e o
60+ f o e o e e o T s o e e
50 -

| o —
1] 160 (ks

Fig. 5. Vertical distrbution of water temperature on
120 days of Case 1.

exist in the upper (Level 1) and the loewer lay-
ers (Level 4), and an anti-clockwise ones in the
middle layers (Levels 2 and 3). Downwelling
exists near the lateral wall of the upper layer
and at the central part of the lower layer, and
upwelling at the central part of the upper layer
and near the lateral wall of the lower layer, i.e.,
the horizontal divergence occurs at the central
part of the upper and lower layers and the hori-
zontal convergence at the central part of the
middle layer. However, horizontal circulation
patterns of Case 1 do not coincide with those of
YaNacl and TAKAHASHI (1993). Vertical distri-
bution of water temperature of Case 1 is shown
in Fig. 5. This distribution qualitaively repro-
duce that of Fig. 1 (b), ie, the highest water
temperature exists at the central part of the
subsurface and the lowest one at the central
part above the sea bottom.

Case 2 is the experiment to investigate the ef-
fect of the bottom topography and this experi-
ment is basically the same experiment as
OonisHr (1975). Figure 6 shows the horizontal
and vertical current distributions of Case 2. An
anti—clockwise circulation exists at the upper
layers (Levels 1 and 2) and a clokwise one at
the lower layers (Lecels 3 and 4). Downwelling
exists from the surface to the bottom in the

Case 2
120 days

Sea Level

—T 1
] 100 (ks)

Fig. 7. Vertical distribution of water temperature on
120 days of Case 2.
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central part of the basin and upwelling from
the surface to the bottom along the lateral wall
of the basin, i.e., the horizontal convergence oc-
curs at the central part of the upper layer and
the horizontal divergence at the central part of
the lower layer. Such horizontal circulation
patterns are coincident with those of YANAGI
and TakanAsHI (1993). OonisHI (1975) revealed
that such circulations were induced by the
topographic heat accumulation effect. Vertical
distribution of water temperature of Case 2 is
shown in Fig. 7. Water temperature distribu-
tion at the upper layer dose not reproduce that
of Fig. 1 (b), because the highest water tem-
perature is seen st the sub—surface layer along
the side wall. However, the water temperature
distribution at the lower layer reproduces that
of Fig. 1 (b), because the lowest water tempera-
ture exists just above the bottom of the deepest
part.

From results of Cases 1 and 2, we can expect
that both effects (tidal mixing and bottom to-
pography) contribute to the water temperature
distribution and the generation of circulations
in the Yellow Sea during summer. Thus, in
Case 3, an experiment which takes into account
both effects is carried out. Figure 8 shows the
horizontal and vertical current distributions of

Case 3
120 days

Sea Level

(ca)

70
0 J
70

7
] 100 (ka)

Fig. 9. Vertical distrbution of water temperature on
120 days of Case 3.

La mer 33,

Depth

1995

Case 3. Horizontal circulation patterns are co-
incident with those of Case 2, but the intensity
of an anti—cockwise circulation at the upper
layer is weaker than that of Case 2. This is re-
sulted from that a weak clockwise circulation
at upper layer of Case 1 is superimposed on a
strong anti-clockwise one at the upper layer of
Case 2. In the upper layer, upwellings exist
near the lateral wall and at the central part,
and downwelling between upwellings with
doughnut-like distribution. In the lower layer,
upwelling exists near the lateral wall and
downwelling at the central part. This is re-
sulted from that the verical circulations of Case
1 is superimposed on that of Case 2. Figure 9
shows the vertical distribution of water tem-
perature of Case 3. The highest water tempera-
ture is seen at the surface layer of the central
part and the lowest one just above the bottom
of the deepest part. Such distribution pattern
reproduces that of Fig. 1 (b), although the de-
veloped thermocline is not reproduced. Vari-
ous kinds of the vertical eddy diffusivities and
viscosities which have exponential forms are
applied. However, the thermocline is not devel-
oped in these experiments.

In Case 4, the vertical eddy viscosity which
depends on the Richardson number (Eq. (16))

Case 4
120 days
(ca) Sea Level
50 -
o_
50 ]
{m)
0 - X
A e IR W
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v 15
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T
[ 100 (km)

Fig. 10. Vertical distribution of water temperature on
120 days of Case 4.
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is applied, i.e., an experiment of Case 4 is car-
ried out in order to reproduce the developed
thermocline. Horizontal circulation patterns of
Case 4 are coincident wirh those of Case 2, al-
though the intensity of surface anti—clockwise
circulation is weak. The vertical water tem-
perature distribution of Case 4 is shown in Fig.
10. The thermocline develops at the sub-—
surface layer and the low temperature water
mass is formed at the bottom of the deepest
part of the basin with dome-like shape. Such
water temperature distribution well repro-
duces that of Fig. 1 (b).

3. Discussion and summary

The circulations in the Yellow Sea during
summer are mainly induced by the sea surface
heating and are affected by the vertical mixing
of the tidal current and the bottom topography.
The schematic generation mechanisms of the
circulations of Cases 1 and 2 are shown in Fig.
11. In Case 1, the homogeneous water which is
formed by the sea surface cooling in winter be-
gins to stratify due to the sea surface heating
in spring. However, due to the horizontal dif-
ference of the tidal vertical mixing effect, the
intensity of the stratification in the central part
of the basin becomes stronger than that of sur-
rounding part. Thus, the lightest (highest tem-
perature) and the heaviest (lowest tempera-
ture) waters are formed at the upper and lower
layers in the central part of the basin. such
density distrbution drives the horizontal
divergences at the upper and lower layers and
the horizontal convergence at the middle layer.
Accompanied by such horizontal divergences
and convergence, the water column in the cen-
tral part is shrunk at the upper and lower lay-
ers and is stretched at the middle layer, ie, in
the central part of the basin, the water column
at the upper and lower layers obtain the nega-
tive relative vorticity and that at the middle
layer obtain the positive relative vorticity due
to the conservation law of potential vorticity in
the rotational fiuid. Consequently, the clock-
wise circulations are developed at the upper
and lower layers and an anti—clockwise one at
the middle layer. Here, the largest vertical ve-
locity of the Case 1 has an the order of 107° ¢
m/sec. So, the vertical maximum movement of

1995

the water particles are only several meters per
180 days, i.e., the water particles obtain the
positive (negative) relative vorticity at eyery
time during heating season. Hence, the hori-
zontal circulations of Case 1 are maintained
during heating season with the structure of the
quasi geostrophic current and the sea level of
the central region rises due to the geostrophic
adjustment.

In Case 2, the initial condition is the same as
that of Case 1. At the beginning of the surface
heating, the lighter (higher temperature)
water is distributed on the shallow area and
the heavier (lower temperature) water in the
central deeper part due to the topographic heat
accumulation effect. Such density distribution
drives the horizontal convergence in the upper
layer and the horizontal divergence in the
lower layer. Accompanied by such horizonatal
convergence and divergence, the water colnmn
in the central part is stretched in the upper
layer and is shrunk in the lower layer, ie., in
the central part of the basin, the water column
at the upper layer obtains the positive relative
vorticity and that at the lower layer obtains
the negative relative vorticity. Consequently,
an anti—clckwise circalation is developed at the
upper layer and a clockwise one at the lower
layer. Here, the largest vertical velocity of the
Case 2 has an order of 107° cm/sec. So, the ver-
tical maximum movement of the water parti-
cles are only several meters per 180 days, i.e.,
the water particles obtain the positive (nega-
tive) relative vorticity at every time during
heating season. Hence, the horizontal circula-
tions of Case 2 are maintained during heating
season with the structure of the quasi geost-
rophic currrent and the sea level of the central
region falls due to the geostrophic adjustment.

From the water temperature distribution in
Fig. 1 (b) and the summer circulations pattern
of YaNacl and TAKAHASHI (1993), it is con-
cluded that the generation mechanisms of the
circulation in the Yellow Sea during summer
correspond to those of both Cases 1 and 2 (ie.
Case 3), although the mechanism of Case 1
weaken the intensity of an anti-clckwise circu-
lation at the upper layer. Furthermore, the
thermocline which is not reproduced in the ex-
periment of Case 3 is well reproduced in the
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experiment of Case 4 using the vertical eddy
diffusivity which depends on the Richardson
number, i.e., it is revealed that not only the
horizontal distribution of the vertical eddy
diffusivity but also the verical one plays an im-
portant role in the formation of the water tem-
perature distribution in the Yellow Sea during
summer.

The generation mechanisms of the circula-
tions in the Yellow Sea during summer is re-
vealed using a numerical model with simplified
model basin. In this study, the horizontal heat
flux between the Yellow Sea snd the East
China Sea is ignored. However, TAKEOKA et al.
(1991) revealed the importance of the horizon-
tal heat process in the fomation of the density
stratification in Hiuchi—Nada of the Seto
Inlando Sea, Japan. So, we have consider the
horizontal heat flux effect to the formation of
the density stratification and the circulations
of the Yellow Sea during summer in future.

Acknowledgements

The authors wish to express their sincere
thanks to Dr. H. TAKEOKA and Mr. H. Akiyama
of Ehime University and Dr. Y. Isopa of Hok-
kaido University for their helpful discussions.
The numerical experiments were carried out
on a FACOM M-770 of the Computer Center of
Ehime University.

References
CHoy, B. H. (1984): A three~dimensional model of the
East China Sea. p. 209-224.: In Ocean Hydrody-
namics of Japan and East Cina Seas, T. IcHIYE
(ed.) Elscvier, Amsterdam.

CHoy, B. H. and H. J. Lir (1992): Physical oceanogra-
phy program of the East China Sea and the East
Sea (Japan Sea) dynamics in Korea. Proceeding
of PORSEC-92, 1-28.

Fukask, S. (1975): Bottom water on the continental
shelf in the East China Sea. Umi to Sora (Sea
and Sky), 51, 13-15. (in Japanese)

Isun, T. and J. Konpo (1987): Seasonal variation of the
heat balance of the East China Sea. Tenki
(Weather), 34 (8), 517-526. (in Japanese)

Isur, T. and J. Konpo (1993): Seasonal variation of the
heat balance of the East China Sea and its vicin-
ity — Ocean heat transport and Ocean storage of
heat —. Tenki (Weather), 40 (5), 309-324. (in
Japanese)

James, 1. D. (1977): A model of the annual cycle tem-
perature in the frontal regin of the Celtic Sea.
Estuarine, Coastal Marine Sci., 5, 339-353.

OonisHl, Y. (1975): Development of the current in-
duced by the topographic heat accumulation (1)
— The case of the axisymmetric basin —. J.
QOceanogr. Soc. Japan, 31, 243-254.

Su, Y. S. and X. C. WenG (1994): Water masses in
China Seas. p. 3-16. In: Oceanography of China
Seas. 1, Zuou, D. et al., (eds,), Netherlands.

TAKEOKA, T, Y. Ouno and N. INanaTA (1991): Roles of
horizontal processes in the formation of density
straification in Hiuchi—Nada. J. Oceanogr. Soc.
Japan, 47, 33-44.

TAWARA, S. and T. YAMAGATA (1991): Seasonal forma-
tion of bottom water in the Yellow Sea and its
interannual variability. Umi to Sora (Sea and
Sky), 66, 273-282. (in Japanese)

Wabpaciy K. (ed.) (1987): Encyclopedia of Oceanogra-
phy. Tokyodo-Press, Tokyo, 589 pp.

Yanaar T and S. Takanasgr (1993): Seasonal varia-
tion of circulations in the East China Sea and the
Yellow Sea. J. Oceanogr., 49, 491-501.

H 2% 0 g O IFERIR O R 1< B9 2 BB

[T A

I Ay

EE M, & (1999 BESHECRRBCRENED, ERTRIE D OEBREIRLES S5 &
RO Lc, TOERAEOLEREEEN S 2 Icd 2 oI B ME OB ESRE T- 70, Z0
R, CoORBRREECHEERRESRIC X0 AERT 5 C &, JKIRME I BEIRIC & 5 8B

DIKPHENPHEE L TVWB T Edbh -1,



La mer 33, 149-156, 1995
Sociéte franco-japonaise d’'océanographie, Tokyo

Nutrition, growth rate and sensibility to grazing
for the dinoflagellates Dinophysis acuminata,
D. acuta and D. norvegica.'

Edna GRANELI™% D. M. ANDERSON *%, Per CARLSSON*%, G. FINENKO**,

S. Y. MAESTRINI*®, Maria A. de M. SAMPAYO™® and T. J. SMAYDA*’

Abstract: Growth rates for three Dinophysis species were estimated by incubating whole plank-
ton communities with high levels of “C bicarbonate, followed by transfer of single cells to scin-
tillation vials. Based on “C uptake during light: dark incubations, growth rates (doublings/

day) were 0.52-0.73 for D. acuminata, 0.25-0.38 for D. norvegica and 0.36—0.45 for D. acuta. D.
acuminata, D. norvegica, and D. acuta may be mixotrophic, since they incorporated “C during
dark periods. Dark uptake of carbon was not always observed, however, suggesting that this
nutritional strategy may be sporadic and not continuous through time. D. acuminata showed
better growth in the dark than in light when aspartic acid was added, providing yet another in-
dication of a mixotrophic mode of nutrition. Grazing regulation of D. acuminata in concen-
trated whole phytoplankton communities to which copepods were added, was also
investigated. Centropages typicus and Isias clavipes ingested D. acuminata cells in significant
amounts (3 and 10% respectively, of total ingested carbon), but only after their preferred food
(other phytoplankton species and nauplii) decreased in abundance in the experimental bottles.
Maximum ingestion of D. acuminata cells occurred after 72 h (40-50% and 309 of total ingested
carbon for C. typicus and I. clavipes., respectively). Acartia clausii was the only copepod which
immediately started to ingest D. acuminata cells at levels above 30% of the total ingested car-
bon. However, A. clausii appeared unhealthy after 24 h in the experimental bottles; while C.
typicus and I clavipes., started dying only after 48 h of incubation. This suggests that copecpods
might be poisoned when D. acuminata constitutes a large percentage of their food in relation to

other phytoplankton species.

1. Introduction
The dinoflagellate genus Dinophysis Ehren-

berg includes several species which cause DSP

(Diarrhetic Shellfish Poisoning). DSP is wide-

spread in Europe, North and South America,
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Australia and Japan (Yasumoto et al., 1980;
KROGH et al., 1985; HALLEGRAEFF and Lucas,
1988; SamMpPAYO et al, 1990; EDLER and
HAGELTORN, 1990; SEDMAK and FANuko, 1991;
BONI et al., 1993; LEMBEYE et al., 1993, etc).

Within the genus Dinophysis there are both
photosynthetic and non-photosynthetic species
(Lucas and VESK, 1990; HALLEGRAEFF and
Lucas, 1988). Because of the economic impor-
tance of Dinophysis much effort has been de-
voted to its autecology and bloom formation
(ALvITO et al, 1990; EDLER and HAGELTORN,
1990; LAssus et al., 1993; MARCAILLOU-LE BAUT
and MASSELIN, 1990; Morta and SAMPAYO, 1993;
DELMAS et al., 1992, etc.). However, our knowl-
edge of Dinophysis is still scanty due to the dif-
ficulties of maintaining this genus in labora-
tory cultures (SAMPAYO, 1993).
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2. Material and methods

This paper summarizes results of experi-
ments using single-cell “C techniques to deter-
mine D. acuminata, D. norvegica and D. acuta
growth rates as well as the potential of these
species for mixotrophic growth. These data, as
well as the dynamics of copepod grazing on
these species, were obtained through experi-
mental investigations of natural plankton com-
munities from the Skagerrak and Atlantic
waters outside Southern France. This paper is
a summary only; details of these various stud-
ies will be published elsewhere and are referred
to in the text.

3. Results and discussion

Recent research on Dinophysis spp. auto-
ecology
Growth rates

Most attempts to estimate the growth rates
of Dinophysis species have been done by cell
counting (SAMPAYO, 1993; DELMAS et al., 1992),
and recently by the method of cell cycle
analysis (CHANG and CARPENTER, 1991). Both
methods gave daily growth rates of 0.61 and
0.58 divisionsed ! for D. acuminata and D. acuta,
respectively (SAMPAYO, 1993) and 0.78 and 0.97
divisions+d ' for D. acuminata (CHANG and

800

600 |

Carbon uptake (pg - cell-1)

33,

1995

CARPENTER, 1991).

Based on RIVKIN and SELIGER’s (1981) single-
cell “C technique, with modifications of the
post-incubation washing procedure, individual
cells of D. acuminata, D. norvegica and D. acuta
were isolated at various time periods (up to 42
h) after the addition of high levels of “C bicar-
bonate (1 ¢ Ci»ml™ ") to the whole plankton
communities. During the 42 h incubation pe-
riod phytoplankton were subjected to se-
quences of light and dark (Fig. 1). All three
species incorporated “C during the light peri-
ods, with maximum uptake rates of 41 pg C-
cell ' «h~! for D. acuminata and D. norvegica
and 68 pg Cecell ! «h~! for D. acuta.

Based on "C uptake and using the same
method as BERLAND et al. (1994) estimated
growth rates (as doublings/day) were 0.52-0.73
for D. acuminata, 0.25-0.38 for D. norvegica and
0.36-0.45 for D. acuta. We are aware that algae
release and / or exudate organic carbon
(SAKSHAUG, 1993) might give a bias on our
growth rates estimations. Hitherto, however,
no measurement of carbon release has been ob-
tained by Dinophysis spp. However, the growth
rates for D. acuminata and D. acuta are in the
same order of magnitude as obtained by some
other authors based in the same method as us
(BERLAND et al., 1994) or by counting cells in

D. acuminata

D. acuta

D. norvegica

0 6.25h

Light Dark

185h

42.'05 Hours
Dark

26.05 h
Light

Fig. 1. Accumulated carbon incorporation for three Dinophysis species based on "“C-uptake
of individually isolated cells. To samples (4L) containing fractionated (20-70 um size)
and concentrated natural phvtoplankton communities was added radioactively
labelled "C bicarbonate (1 ¢ Cieml™"). After incubation in light (100 uE +m™*+s™")
and darkness single cells of Dinophysis spp. were isolated and placed in scintillation
vials (14-48 cells » vial '). Values are mean =+ 1xsd, n = 3—10 (replicate vials).
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situ Sampayo (1993) or DNA replication
(CHANG and CARPENTER, 1991). There are no es-
timations of growth rate for D. norvegica in the
literature.

Mizxotrophy and phagotrophy

D. acuminata and D. norvegica assimilated
radioactively labelled carbon during the dark
period, unlike D. acuta (Fig. 1). D. norvegica,
however, did not incorporate “C during the sec-
ond dark period. This might be explained by
the bad conditions of the cells at the end of the
42 h incubation as observed in the microscope
during the single cells isolation. Dinophysis
species have not been possible to keep in labo-
ratory cultures, and even natural populations
generally do not survive more than a few cell
divisions in vitro. Dark uptake of “C found for
D. acuminata and D. norvegica suggests that
these species might be capable of mixotrophic
nutrition. They may have utilised dissolved,
radioactively labelled organic carbon released
as exudates by other algae, or have fed on
radioactively labelled algae/bacteria through
phagocytosis.

An experiment was performed in which 10
1M aspartic acid was added to 1 L polythene
bottles containing phytoplankton concentrated
from Skagerrak coastal surface water on a 20
1« m mesh size nylon net after passing through
a 70 um mesh size net (BERLAND et al., 1994).
Bottles were exposed either to 12:12 h L:D light
(100 k. E*m 2¢s™ ') or complete darkness.
D. acuminata grew well without light, but posi-
tive growth was not observed when cells were
exposed to light in the presence of aspartic acid
(Fig. 2). The fact that D. acuminata did not
grow in the presence of aspartic acid (A.A.) in
the light might be explained by the fact that
there were not enough inorganic nutrients
available to the algae to perform photosynthe-
sis and that heterotrophy is stimulated by dark
conditions. Another possibility wouldd be that
A.A. has an inhibithory effect upon the growth
of this algae in light (we did not found in the
literature any similar case, however). For cell
division to occur there must be a sufficient sup-
ply of carbon, nitrogen, phosphorus, etc. Dur-
ing the dark phase, it was likely that
heterotrophy provided carbon, nitrogen and

140 7 Dinophysis acuminata

(10 uM aspartic acid)
120 1 SD, n=4

Cells/ml

20 1

0 oo 1000 10000
Minutes
Fig. 2. Growth of Dinophysis acuminata in darkness or
light (100 £ E -m~* »s™') in the presence of
aspartic acid (10 zM).

phosphorus. When light was turned on, photo-
synthesis resumed and maybe inhibited the
heterotrophy  pathway. PINTNER and
ProvasoLIl (1968) have found heterotrophy in
Chrysochromulina strobilus and C. brevifilum.
However, these two species could use organic
carbon only at low light levels (5 ¢ E « m~? «
s™'). This seems to have been the case for
D. acuminata in our experiment. In the dark it
grew effectively if aspartic acid was added to
the medium, but when exposed to light it was
able to maintain the population only at the ini-
tial cell concentrations (Fig. 2). As our experi-
ments lacks proper controls, i.e. bottles where
Dinophysis -cells were growing with inorganic
nutrients additons in light and dark but no
aspartic acid. Another interpretation might be
that something else went wrong in the light ex-
periment, and that growth on AA in the dark
was an indirect effect, AA serving as a carbon
source for bacteria, etc. that were eventually in-
gested by Dinophysis..

Phagotrophy has been demonstrated in the
photosynthetic freshwater algae Dinobryon
cylindricum and Uroglena americana. (BIRD and
KALFF, 1986, 1987). MANTON and PARKE (1962)
suggested, based on taxonomic features, that
Chrysochromulina polylepis could ingest bacte-
ria. This has been confirmed, not only for
Chrysochromulina species but also for other
flagellates (JONES ef al., 1993; NvyGaarp and
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HESSEN, 1990; NYGAARD and TOBIESEN, 1993).
Phagotrophy in the genus Dinophysis has until
now only been shown for the non-photo-
synthetic D. rotundata (HANSEN, 1991). Accord-
ing to HANSEN (1991) autotrophic Dinophysis
species are grazed by the ciliate Tiarina fusus.
However, D. rotundata could prey on 7. fusus
via a feeding tude originating from the
flagellar pore. HALLEGRAEFF and Lucas (1988),
using transmission electron microscopy, exam-
ined three photosynthetic species of Di-
nophysis. Since they did not find food vacu-
oles, they concluded that these species are
strictly autotrophic. However, recently
JacoBsoN and ANDERSEN (1994) using electron
microscopy could identify food vacuoles in D.
acuminata and D. norvegica. However, it was
impossible for them to identify with certainty
what kind of particles they were, although
there was a strong resemblance of these parti-
cles to parts of ciliates similar to the ones
found in the heterotrophic Oxyphysis oxyto-
roides. In a sample from Parchal, Arade estu-
ary (Portugal) preserved with Lugol D.
acuminata was found with a circular particle re-
sembling the centric diatom (Thalassiosira
subtilis type) inside. The alga was photo-
graphed in three different positions to confirm
that the particle was really inside the cell (Fig.
3). The mechanism by which this particle got
inside D. acuminata is not yet known. FRITZ
and Nass (1992) have found in the coastal wa-
ters of Nova Scotia, Canada the endoparasitic
dinoflagellate Amoebophrya ceratii inside D.
norvegica.. However this parasite bears no simi-
larity to the particle found by us inside D.
acuminata in the coastal waters of Portugal, but
also found on several occasions during experi-
ments performed by us during the autumn of
1994 in the coastal waters west of Sweden in
the Skagerrak.

Grazing on dinophysis

Grazers have the potential capacity to con-
trol toxic phytoplankton and thus prevent the
formation of a bloom. WATRAS ef al., (1985)
studied the effect of grazing on the toxic
dinoflagellate Alexandrium tamarense in two
Cape Cod (U.S.A.) embayments. In years when
A. tamarense did not bloom, the grazing rate

exceeded the algal division rates. The main
grazers of A. tamarense were polychaete larvae
(Polydora ligni) and the ciliate Favella sp.
HanseN (1989), studying the effect of A.
tamarense on Favella ehrenbergii, found that al-
though the algae can be ingested by the ciliate,
exudates from the algae act on the cell mem-
branes of the ciliate, causing swelling and,
eventually cell lysis.

We have investigated grazing by three cope-
pods (Centropages typicus, Isias clavipes. and
Acartia clausii) on the toxic Dinophysis acumi-
nata., in comparison to other phytoplankton
species and nauplii. The plankton that passed
a 75 4 m mesh size nylon net was concentrated
on a 25 um mesh size nylon net. D. acuminata,
Leptocylindrus danicus together with nauplia
made up to 70% of the plankton biomass ini-
tially. All three copepods ingested D. acumi-
nata cells. Acartia clausii ingestion of D.
acuminata was high, nearly 40% of the total in-
gested phytoplankton and nauplii cell carbon
during the first 24 h of the grazing experiment
(Fig. 4). However, after 24 h the Acartia clausii
individuals were in bad condition and evi-
dently dying. They were thus replaced by new
individuals, and the experiment continued.
The problem continued, however, such that
this procedure had to be repeated every 24
hours. This suggests that when D. acuminata
represent a high percentage of the ingested
food Acartia clausii die. Individuals of Acartia
clausti fed a diatom mixture were healthy, with

60
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Fig. 4. Dinophysis acuminata ingested by the cope-
pods Acartia clausii, Isias clavipes, and Centro-
pages typicus (as carbon) as a percentage of total
ingestion (phytoplankton and nauplii).
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Fig. 3. Dinophysis acuminata with Thalassiosira sp. inside.
A: Right valve of D. acuminata and top valve view of Thalassiosira sp. (1). B: More or
less antapical view of D. acuminata showing Thalassiosira sp. valve mantle (2) and
the girdle (3). C: D. acuminata - right valve where the valvar mantle of Thalassiosira

sp. is visible (4).
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the females producing eggs. This indicates
that the cause of death of Acartia clausii. was
not the confinement in bottles, but rather a
toxic effect from D. acuminata. The other two
tested copepods, C. typicus and Isias clavipes,
appeared unhealthy after 48 h of incubation
with a concentrated phytoplankton commu-
nity containing D. acuminata. Thus copepods
might be negatively affected, probably
through a toxin, when D. acuminata constitutes
a significant proportion of their potential food
resources. This suggests that growth of
Dinophysis acuminata, and possibly other
Dinophysis species as well, may occur with rela-
tively low losses due to grazing.

4. Conclusions

D. acuminata, D. norvegica and D. acuta are
photosynthetic dinoflagellates which seem to
be able of both auxotrophy and phagotrophy.
This mixotrophic mode of nutrition might en-
able these algae to obtain essential substances
to growth not possible to obtain otherwise
from most of the used media by the scientific
community to growth marine phytoplankton
in general.

When D. acuminata constitutes a significant
proportion of the food ingested by copepods,
the grazer is poisoned and even dead may
occur. This suggests that growth of Dinophysis
acuminata, and possibly other Dinophysis spe-
cies as well, may occur with relatively low
losses due to grazing.
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Résumé. Pour pallier 'absence de toute culture
des espéces du genre Dinophysis, des popula-
tions naturelles ont été incubes en présence de
bicarbonate marqué au “C, puis des cellules de
Dinophysis acuminata, D. acuta et D. norvegica
ont été isolées une a une avec une micropipette
et la radioactivité de 5 a 20 cellules identiques
mesurée au moyen d'un spectromeétre a scintil-
lation liquide. Le taux de croissance a été
calculé en rapportant le taux d’assimilation du
carbone pendant un cycle lumiéreobscutité de
24 heures a la teneur moyenne en carbone de
I'espéce, elleméme calculée 4 partir du volume
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cellulaire. Les taux de croissance obtenus ont
été de 0,562-0,73 division par jour (divej-1) pour
D. acuminata, 0,36-0,45 div+j-1 pour D. acuta et
0,25-0,38 div+j-1 pour D. norvegica. Pour D. acuta
et D. morvegica lincorporation de carbone
marqué ayant été active pendant la phase ob-
scure dans plusieurs échantillons et la croi-
ssance de D. norvegica ayant été plus active a
I'obscurité qu’a la lumiére quand de lacide
aspartique a été ajouté au milieu, il est conclu
qu'un mode de nutrition mixotrophe est trés
probable pour ces espéces; I'hétérotrophie-
phagotrophie n’étant pas permanente, cepen-
dant. La pression du broutage sur D. acuminata
a été étudiée sur des communautés phyto-
planktoniques enrichies en Dinophysis. Centro-
pages typicus et Isias clavipes ont ingéré ce dino-
flagellé en quantité notable: 3% et 10% du
carbone total ingéré, respectivement, aprés

1995

toutefois que P'abondance de leur nourriture
préférée (diatomées, nauplii) ait significative-
ment diminué. Le nombre le plus important de
cellules de D. acuminata capturées a été obser-
vée aprés 72 heures d’incubation, représentant
alors 62% du carbone ingéré pour C. typicus et
249 pour I clavipes. Acartia clausii a été le seul
copépode ayant immédiatement ingéré D.
acuminata, jusqu’a des quantités représentant
plus de 30% de carbone total ingéré; 24 heures
aprés, cependant, cette activité a cessé et les
individus ont paru étre malades. Pour C.
typicus et L clavipes, il y a eu simplement une
baisse d’activité aprés 48 heures d’incubation.
Ces résultats suggeérent un empoisonnement
des copépodes par les toxines de D. acuminata,
pouvant conduire a une forte baisse d’activité
quand ce dinoflagellé représente une fraction
significative de leur nourriture.
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Toxicity of Nogos-100EC to the Indian major carp
Cirrhina mrigala fry’

Md. Golam Mahbub ALAM™"

Abstract: Static bioassays were conducted for 168 —h LCs, tests under laboratory conditions to
determine the median lethal concentration (LCs,) of nogos to the Indian major carp, Cirrhina
mrigala fry for different exposure times. Groups of fry (mnean weight 1.89g, SD= 0.173) were ex-
posed to seven concentrations of nogos. The 72—, 96—, 120—, 144— and 168 —h LCs,s for expo-
sure to nogos were 2.679 (95% CL 2.550 — 2.815), 2.527 (95% CL 2.304—2.770), 2.400 (95% CL
2.205—2.613) 2.364 (95% CL 2.145—2.604), and 2.282 (95% CL 2.071—2.514) mg !, respectively.
In the present investigation, there were no significant (p_>0.05) differences between the median
lethal concentrations for different exposure times.

1. Introduction

Aquaculture, as a major component of agri-
culture in Bangladesh, is practiced either as a
primary or secondary source of income. Grow-
ing demands for rice for an ever increasing
population has led to the modernization of agri-
culture. Irrigation and use of fertilizers and
pesticides are essential for the present agricul-
ture. When there is a crop, there must be
weeds, pests and diseases, so the pesticides oc-
cupy a good position in protecting the crop as
well as in increasing yields significantly.
Environmental contamination with pesticides
is a problem of world wide importance. The in-
discriminate use of pesticides for agricultural
purposes has created many problems in envi-
ronmental pollution. The pollution hazards for
aquatic life are increasing significantly with
the widespread use of pesticides in agriculture.
In Bangladesh, organophosphorus pesticides
are commonly used by the farmers in crop
fields to control insects and pests. These
chemicals end up in water bodies after being
washed away with rain water, or flood water
and are likely to have harmful effects on fish
food organisms, fish eggs, larvae, fry and other
aquatic life. Pesticides at high concentrations

* Received March 28. 1995
** Institute of Biological Sciences, University of
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are known to reduce the survival, growth and
reproduction of fish (MckmM et al., 1975). More
than 250 pesticides are presently available in
the market. Their recommended doses and
toxic effects on fish are not clearly known.
Therefore, the indiscriminate use of these pesti-
cides in our crop field may pose a serious
threat to our potential aquatic resources.
Nogos is one of the organophosphorus pesti-
cides commonly used against a wide variety of
insect and pests in the crop fields.

The present work was carried out to evalu-
ate the toxicity of nogos to determine the LCs,
values of the Indian major carp fry, Cirrhina
mrigala (Hamilton), at different concentrations
and exposure periods.

2. Material and methods

Fry (mean weight 1.89 gm SD =* 0.173) of the
Indian major carp, Cirrhina mrigala (Hamilton)
were collected from the Fisheries Research In-
stitute, Riverine Station, Chandpur nursery
Bangladesh. The fry were acclimatized for 15—
20 days at 27+2°C in a 3000 / cement thanks be-
fore the test and fed with an artificial diet con-
taining rice bran, wheat bran, mustard oil cake
and fish meal. Before starting of the experi-
ment, animals were kept in a 500 [ fibre glass
thanks for 48 hr without feeding.

Preparation of the test solution: Commercial
grade (Ciba Geigy, Bangladesh Ltd) nogos-100
EC (Dichlorovos 2, 2-Dichlorovinyl dimethyl
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Table 1. The percentage mortality of major carp
(Cirrhina mrigala) fry after 168—h exposure to
different concentration of nogos.

Solution No. Concentration (mg (™) Mortality (%)

Control 0.00 0.00
1 1.50 6.00
2 1.75 18.00
3 2.00 30.00
4 2.25 60.00
5 2.50 66.00
6 2.7 83.00
7 3.00 100.00

posphate) was used as a test chemical for the
present study. The above pesticide was ob-
tained from a local market. The dose of nogos
was determined on the basis of "active ingredi-
ent”. The chemical was measured by a
micropipette and diluted with distilled water in
a glass jar to obtain the desired dose concentra-
tion. The test chemical was directly poured
into water of the test aquarium.

Experimental system: Static bioassays were
conducted following the method recommended
by Committee on Method for Toxicity Tests
with Aquatic Organisms (1975). Tests were
conducted in 24 independent glass aquaria ar-
ranged in three rows on a platform. Fish to
water ratio was maintained at less than 1.0 gm
fish per 1.5 [ water (ApHa, 1980). Each aquar-
ium (80x60x28.5 cm) containted 30 / of water.
Stone aerators connected to a compressors
were used to maintain an adequate DO level in
test aquaria.

Experimental procedure: Seven concentra-
tions of nogos and one control were bioassayed
(Table 1) with three replicates. Control was
maintained in the same way. A batch of 10 fry
were released to each of the aquaria. They
were assigned among the test aquaria ran-
domly and were not fed during the test period.
Each bioassay was conducted for 168-h to ob-
tain the lethal threshold concentration.
Records of mortality were made at logarithmic
time intervals (HasaN and MACINTOSH, 1986a;
1986b). All tests were done under laboratory
conditions at the prevailing room temperature
and humidity. Measurement and analyses of
the physico-chmical characteristics of the
water in the test and control aquaria were

1995

Table 2. Physico-chemical characteristics of the test
solution during the period of bicassay.

Properties Mean Range
Temperature (°C) 28°C 27°C--30°C
Dissolved oxygen 5.2 ppm 48— 6.9 ppm
pH 7.3 72— 8.0
Carbon dioxide 12.0 ppm 11.0—15.0 ppm
Total alkalinity 68.0 ppm 65.0—79.0 ppm
Total hardness 59.0 ppm 57.0—120.0 ppm

carried out according to the methods of ApHA
(1980).

Analysis of experimental data: The median
lethal concentration (LCsx) values and their
95% confidence limits for different exposure
times were calculated by using the trimmed
Spearman-Karber method (HAMILTON et al.,
1977) by using a computer programme devel-
oped in GW-basic 3.20. Tests for significant dif-
ferences were carried out between (LCs )
values using ApHa (1980).

3. Results

The cumulative percentage mortality of
Cirrhina mrigala fry at different concentration
of nogos after 168-h exposure are presented in
Table 1. Very few mortalities were observed at
concentrations of 1.50 and 1.75 mg ["' nogos.
Out of these two concentrations, 30%
mortalities were occurred at 2.00 mg {~'. The
control group of fishes showed normal
behaviour and remained alive during the ex-
perimental period. 60% or more mortalities
were recorded at the concentrations above 2.25
mg [ ! nogos.

The water quality characteristics of the test
solution during the biocassay period are shown
in Table 2. 1t was observed that there was al-
most no change in the dissolved oxygen con-
centration and no significant increase in
carbon-dioxide content of water.

The median lethal concentrations of nogos
and their 95% confidence limits for various ex-
posure times presented in Table 3. The test of
significance between median lethal concentra-
tions of different exposure times showed no
significant difference (p>>0.05). Fry which
were found alive in different lethal concentra-
tions, were transferred to fresh water after 168-
h of exposure and were supplied with food. It
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Table 3. Median lethal concentrations (mg [~') and
their 95% confidence limits of Nogos for various
exposure times.

Exposure time (h) LCs (tp-20) mg{™'  95% CL
72 2.679 2.550-2.815
96 2.527 2.304-2.770
120 2.400 2.205-2.613
144 2.364 2.145-2.604
168 2.282 2.071-2.514

* tp- Trim percent

was observed that the fry did not regain their
normal appetite and showed signs of insectic-
idal poisoning.

4. Discussion

Several biological anomalies were found in
the test organisms due to pesticidal action.
The abnormal behaviour of the experimental
fry exposed to nogos included erratic swim-
ming, increased operculum activity, jumping
out of the test media, violent spasm, jerking,
convulsions and loss of equilibrium. These
types of behaviour were pronounced in fry ex-
posed to 2.50, 2.75, and 3.00 mg /"' of nogos. Ini-
tially the fry were found to be excited showing
erratic movement, but as time increased, their
activities were reduced and they lay on the bot-
tom of the aquaria with spasmodic opercular
movement. Finally the treated fry exhibited
symptoms of increased ventilation, convulsion
and a loss of equilibrium. Most of the fry were
found to be covered with a thick layer of mu-
cous around their bodies while a few in 3.00 mg
[~ ' concentration showed the symptoms of
forming vesicles on the integument. Excess
mucus secretion by the treated fishes may be
an adaptive effort to prevent entry of pesti-
cides through skin and gill.

The behavioural changes associated with
nogos treatment are in conformity with the ob-
servations of VERMA et al, (1977). Basudin
(diazinon) was reported to give 80% mortality
of Heteropneustes fossilis at the 10.0 mg (™' con-
centration (KHAN and AHMED, 1966). ANNESS
(1976) reported that diazinon was the most
toxic among the organophosphates tested
against Channa puncitata. BEcum (1975), AHMED
(1975) and Kuan (1980) also reported similar
results. Nevertheless the present study

indicates that nogos at concentrations of 2.50,
2.75 and 3.00 mg [~' was highly toxic to C.
mrigala fry after 96-h exposure period. LCso val-
ues for 12-, 24- and 48- exposure times could not
be conducted within the logarithmic range of
concentration. In the present investigation, the
acute toxicity of nogos ceased, and the lethal
threshold concentration was reached within
168-h of exposure. There were no significant
differences between the median lethal concen-
trations for different exposure times. Similar
results showing lethal threshold concentration
of unionized ammonia within 168-h of exposure
have been reported for common carp fry by
HasAN and MACINTOSH (1986).

Further research is needed for detailed study
on the harmful effect of this pesticides on other
aquatic biota and fish species. Research on
histopathological changes in fish tissue and
blood parameters should also be conducted to
assess the nature of toxic effects on fish.
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Variations in oxygen, nutrient and carbonate fluxes
of the Kuroshio Current’
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Abstract: Measured concentrations of dissolved oxygen (DO), phosphate (PO.), nitrate (NO,),
silicate (SiO.), total alkalinity (TA) and calculated total CO, (TCO.) in a section (WOCE PR 20
line) off southeast Taiwan across the Kuroshio current have been combined with the
geostrophic velocity to estimate the net northward transports of oxygen, nutrients and carbon-
ates. During the four cruises of R/V Ocean Researcher 1: CHIPS-1 (May 1985); OR 257 (Oct.
1990); OR 287 (June 1991) and OR 316 (May 1992) the net northward volume transports across
the 121-130°E cross-section at 21°45" N were 20, 19, 50 and 39 Sv, respectively, above 1000 m. The
Kuroshio could be clearly identified in May 1985 and June 1991 when the northward transports
were 38 and 53 Sv, respectively, between 121 and 123°E. The segment between 123 and 130°E
actually transported respectively, 18 and 3 Sv, southward. In Oct. 1990 and May 1992 the north-
ward transports were more diffusive. The nutrient fluxes indicate a “nutrient stream” below
the high velocity core of the Kuroshio current. For oxygen and carbonates, the distributions of
flux have similar structures as the velocity field. For each cruise, the net along-stream trans-
ports of oxygen, phosphate, nitrate, silicate, alkalinity and total CO, between 121 and 130°E
were as follows : May, 1985, 3971 (DO), 12 (PO,), 194 (NO,), 725 (SiO,), 62156 (TA) and 63571
(TCO2 kmol/s; Oct. 1990, 8585(D0), 12 (PO.), 196(NO,), 382(Si0.), 45258(TA) and 41822(TCO,)
kmol/s; June 1991, 8487 (DO), 11 (PO,), 164 (NO3), 317 (SiO,), 82002 (TA) and 71399 (TCO,)
kmol/s; and May, 1992, 6549 (DO), 21 (PO.), 299 (NO,), 474 (Si0.), 89818 (TA) and 77531 (TCO,)
kmol/s. Northward fluxes were concentrated between 121 and 123°E and southward fluxes

were more diffusive.

1. Introduction

The Kuroshio (Black Stream), as the western
boundary current in the North Pacific Ocean,
plays an important role in the meridional trans-
ports of mass, momentum, heat and fresh
water. It is generally considered to be origi-
nated from the area southeast of Taiwan and
east of the Bashi Strait as a continuation of the
North Equatorial Current. The Kuroshio is
characterized by its high speed, narrow width
and great depth. It brings a large quantity of
warm equatorial seawater while traveling
northward along the east coast of Taiwan
(NITANL, 1972; Pal, et al., 1987). Because of its
characteristic high temperature and salinity, it

* Received May 17. 1995

* Institute of Marine Geology, National Sun Yat-Sen
University, Kaohsiung, Taiwan, R.O.C.

**Institute of Oceanography, National Taiwan Uni-
versity, Taipei, Taiwan, R.O.C.

has important impacts both on the local cli-
mate and the marine biological resources. Our
interest is to quantitatively estimate the mate-
rial fluxes carried by the Kuroshio.

Although there are numerous studies on
Kuroshio volume transport(e.g. SVERDRUP et al.,
1942; WyYRTK], 1961; NiTAN], 1972; BINGHAM and
TALLEY, 1991, CHEN et al., 1992; IcCHIKAWA and
BEARDSLEY, 1993), in fact none of these dealt
with fluxes of chemical species. The first quan-
titative estimates of nutrient fluxes for the Pa-
cific was as recent as 1983 (WuUNscH et al.). In
the Atlantic, the first calculation of nutrient
fluxes seems to be that of BREWER and DYRSSEN

(1987). They multiplied the average property
values by the net meridional transport in each
depth class to find the net flux across 24°N.
BREWER ot al. (1989), Csanapy (1990) and
RiNTOUL and WuNscH (1991) further extended
the flux calculation in the North Atlantic
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Ocean to include nutrients, oxygen and CO..

In the North Pacific, Roemmict (1989) stud-
ied the mass and nutrient fluxes in the south-
ern California coastal waters and ROBBINS et al.
(1994) covered the entire 24°N cross—section.
We are not aware of similar work in the source
region of Kuroshio except for our preliminary
work based on data collected southeast of Tai-
wan in May, 1985 (CHEN et al, 1994).

In this note, we shall compare our 1985 data
with additional data collected in 1990, 1991 and
1992. The fluxes, and the gross and net trans-
ports of dissolved oxygen, phosphate, nitrate,
silicate, alkalinity and total CO. are presented.

2. Sources of data

The hydrographic data used in this note are
cited from the data reports of CHIPS-1 (May
1985, LU et al., 1986, 1987); OR 257 (Oct. 1990,
CHEN et al., 1993a); OR 287 (Jun. 1991, L1U et al.,
1991; CHEN et al., 1993b), and OR 316 (May 1992,
PAl et al., 1992; CHEN ef al., 1993c). As is shown
in Fig. 1, there were 29 CTD stations between
121 and 130°E, but in general only 21 stations
were chosen for chemical analysis. The ana-

lytical procedures in determining the dissolved
oxygen, phosphate, nitrate, silicate, and total
alkalinity were described in PAI et al. (1987)
and CHEN et al. (1993a). Total CO, was calcu-
lated based on pH and TA data (CHEN, 1984).

3. Results and discussion
Currents

We calculatd geostrophic velocity based on a
level of no motion at 1000 dB (Fig. 2a—d). The
calculation based on a level of no motion at
2000 dB resulted in a similar pattern above 1000
dB and little or no motion (<5cm/s) below
1000 dB (Fig. 2e). These results agree with that
obtained by Nitan1 (1972) and show various
northward and southward bands. There were
two rather strong northward current bands
west of 123°E and weaker but much wider
southward bands in May, 1985 (Fig. 2a). The
total northward transport above 1000 m was 65
Sv and the total southward transport was 45
Sv, yielding a net northward flow of 20 Sv
(Table 1).

It should be pointed out that the net north-
ward transport was as much as 38 Sv between

118°E  120° 122° 124° 126° 128° 130°E
- 24°N
~ 0
@aa@ﬁ@n@a@ﬂ@ﬂ@@ng
4 20°
4 18°
« CHIPS~-1
o OR 257
v OR 287 H 1¢°
s OR 316
L 14°N

Fig. 1. Study area and station locations.
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121 and 123°E (Table 1), which reflects the
strong influence of the Kuroshio. The net flow
was southward (18 Sv) between 123 and 130°E.
Again we discuss only the flow above 1000 m
and do not consider the deep southward flow
beneath the Kuroshio (CHEN, 1992; NAKANO et
al., 1994).

The currents in Oct. 1990 were relatively
weak and variable with no dominating bands.
The Kuroshio could not be easily identified
(Fig. 2b). The northward flow was 49 Sv and
the southward flow was 30 Sv, resulting in a
net northward flow of 19 Sv. The net north-
ward transport was 15 Sv between 121 and
123°E. The currents between 123 and 130°E
contributed 4 Sv to the northward transport
(Table 1).

The Kuroshio was rather strong in June, 1991
with a dominating northward flowing current
band between 121 and 123°E (Fig. 2¢). The
northward flow totaled 78 Sv. The net north-
ward flow was as much as 50 Sv after subtract-
ing the southward flow of 28 Sv. Most of the
northward transport occurred between 121 and

(Continued)

Table 1. Volume transports (Sv) at 21°45" N west
of 130° E during CHIPS-1, OR 257, 287 and
316 cruises

CHIPS-1* OR 257 OR 287 OR 316
May 1985 Oct. 1990 June 1991 May 1992

121-130°E

Northward 65 49 78 50
Southward —45 —30 —28 —11
Net 20 19 50 39
121-123°E

Northward 40 18 56 14
Southward —2 -3 -3 -2
Net 38 15 53 12
* 121-129°E

123°E (53 Sv, Table 1).

The Kuroshio was again weak in May, 1992
after the weak El Nino, but the total northward
flow was still as much as 50 Sv. The southward
flow was weak, totaling 11 Sv. The net north-
ward flow was 39 Sv between 121 and 130°E
and only 12 Sv between 121 and 123°E. This
suggests that the northward flow was wide
and not concentrated by the Kuroshio.
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The fluxes of oxygen, nutrients and carbon-
ates were calculated by multiplying geost-
rophic velocity by concentration. Integrating
these data gives the total fluxes.

Ozxygen

The highest dissolved oxygen was always
found near the surface layer, with concentra-
tion near or slightly above saturation. The
minimum was as low as 60 ¢ mol/kg near 1000
m. A typical cross-section (OR 316, May, 1992)
is given in Fig. 3a. The contours shoaled west-
ward indicating upwelling. The strong vertical
mixing in the South China Sea also tends to
lower the oxygen concentration of waters
above 1000 m. Because the South China Sea
water has a strong influence near the Bashi
Channel above 1000 m, the oxygen content was
lowered accordingly (CHEN and Huane, 1995).

As is shown in Fig. 4a, the typical fluxes of
dissolved oxygen (OR 316, May 1992) ranged
from —58 to 108 mmol/m?*/s (positive sign indi-
cates northward flow), with maxima near St. 5
and 26. Since the flux was dominated by oxy-
gen concetration and current velocity, and
both decreased with depth, the flux structure
of dissolved oxygen was similar to the velocity
structure. The gross flux of oxygen at this sec-
tion was 7.96 X 10° mol/s northward and 1.42
X 10° mol/s southward, yielding a net flux 6.55
X 10° mol/s down-stream, for this section be-
tween 121 and 130°E. The segment between
121 and 123°E contributes 36% to the oxygen
flux. In May 1985 and June 1991 the segment
between 121 and 123°E contributed 54 and 80%
of the northward oxygen flux. Only 30% of the
Oct. 1990 flux was between 121 and 123° E.
There were large annual variations in oxygen

Table 2. Transports of Dissolved oxygen, Nutrients and Carbonates at 21°45' N Between 121 and 130°E

DO PO, NO; Si0. TA TCO.
10°mol/s kmol/s kmol/s kmol/s 10°mol/s 10°mol/s

May 1985"
Northward 11.542 24 392 1156 122.18 116.42
Southward —7.571 —12 —198 —431 —60.02 —52.85
Net 3.971 12 194 725 62.16 63.57
Oct. 1990
Northward 9.533 24 351 672 85.35 77.49
Southward —0.948 —12 —155 —290 ~—40.09 —35.67
Net 8.585 12 196 382 45.26 41.82
June 1991
Northward 11.368 24 329 667 114.79 100.88
Southward —2.881 -13 —165 —350 —32.78 —29.48
Net 3.487 11 164 317 82.00 71.40
May 1992
Northward 7.964 24 335 549 103.40 90.57
Southward —1.415 —3 —36 —T75 —13.58 —13.04
Net 6.549 21 299 474 89.82 77.53
* 121-129°E

Table 3. Net Northward Transports of Dissolved Oxygen, Nutrients and Carbonates at 21°45’ N

between 121 and 123°E

DO PO,

(10°mol/s) (kmol/s)
May 1985 7.305 15
Oct. 1990 2.609 11
June 1991 6.757 13
May 1992 2.378 8

NO; Si0, TA TCO,

(kmol/s) (kmol/s) (10°mol/s) (10°*mol/s)
232 730 84.49 79.21
162 310 41.70 37.04
179 365 65.91 58.87
31.67 29.41

121 180
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Fig. 4. Flux density cross-section of (a) dissolved oxygen; (b) phosphate; (¢) nitrate;
(d) silicate; (e) alkalinity and (f) total CO, near 21°45’ N for OR 316 cruise.
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fluxes, ranging from 3.97 X 10° mol/s for May
1985 to arround 85 X 10° mol/s for Oct. 1990
and June 1991 (Table 2).

The annual variations were most apparent
between 121 and 123°E (Table 3). The Oct. 1990
and May, 1992 transports were low (261 and
2.38 X 10° mol/s, respectively) whereas the
May 1985 and June 1991 transports were much
higher (7.31 and 6.76 X 10° mol/s, respectively).
By way of comparison, BREWER et al. (1989) re-
ported an oxygen transport of 4.89 X 10° mol
/s above 850 m in the Florida current between
Florida and the Bahamas (Nov. 1988).

Phosphate

The phosphate concentration increased with
depth, ranging from almost zero near the sur-
face to a maximum of about 3.0 #mol/kg near
1200 m (Fig. 3b).

The typical distribution of the phosphate
flux based on OR 316 data in May 1992 is
shown in Fig. 4b. The values ranged from —61
to 176 ©mol/m?/s with a maximum near St. 3,
8 and 26. Since the phosphate concentration in-
creased with depth but the current velocity de-
creased with depth, the maximum phosphate
flux was located at 600 m. The Gulf Stream
shows a similar pattern (CsanaDyY, 1990). The
total flow of phosphate across this section was
24 kmol/s northward and 3 kmol/s southward,
yielding a net northward flow of about 21
kmol/s (Table 2) of which 38% was between
121 and 123°E.

There were large annual variations (Tables
2, 3) ranging from 11 to 21 kmol/s between 121
to 130°E and 8 to 15 kmol/s between 121 and 1
23°E. The segment between 121 and 123°E con-
tributed 15 and 13 kmol/s, respectively, of
northward phosphate flow in May 1985 and
June 1991 when the Kuroshio was strong.
These values were higher than the net north-
ward flow between 121 and 130°E, implying
that phosphate was transported southward be-
tween 123 and 130°E during these two cruises.

In Oct. 1990 when the Kuroshio was weak,
the northward phosphate transport was still
concentrated between 121 and 123°E (11 kmol
/s) vs.only 1 kmol/s between 123 and 130°E.
In May 1992 the northward phosphate flow
spreaded out more evenly with 8 kmol/s

between 121 and 123°E and 13 kmol/s between
123 and 130°E.

Nitrate

The vertical distribution of nitrate for OR
316 (May 1992) is similar to that of phosphate
(Fig. 3¢). The concentration varied from near
zero at surface to above 42 g mol/kg at the
maximum near 1200 m. The flux ranged from
—844 to 2572 umol/m?/s (Fig. 4c), and also
had the same pattern as that of phosphate with
a mid-depth maximum. The cores at St. 3, 8, 26
were also apparent. The total northward and
southward transports were 335 and 36 kmol/s,
respectively (Table 2). The net northward
transport between 121 and 130°E was 299
kmol/s which was 14 times the phosphate
transport. Large annual variations were found
(Table 2) with net northward transports rang-
ing from a low of 164 kmol/s in June 1991, to
about 195 kmol/s in May 1985 and Oct. 1990, to
a high of 299 kmol/s in May 1992.

When the Kuroshio was strong in May 1985
and June 1991 the section transported 232 and
179 kmol/s, respectively, of nitrate northward
between 121 and 123°E (Table 3). Between 123
and 130°E the net transports were 38 and 15
kmol/s, respectively, southward.

In Oct. 1990 the segment between 121 and
123° E transported 83% of the nitrate north-
ward. In May 1992 the percentage was 40%. In
both years the segment between 123 and
130°E also transported nitrate northward.

Silicate

The silicate concentration ranged from near
zero at surface to above 150 ¢ mol/kg near 2000
m (OR 316, Fig. 3d).

The flux of silicate ranging from —2 to 4.3
mmol/m?/s is shown in Fig. 4d (OR 316). It
shows a silicate stream core at between 400 and
800 m. The negative values between St. 10-21
reflected the southward transport of currents.
The total silicate transport was 549 kmol/s
northward and 75 kmol/s southward (May
1992). The net northward flow of silicate be-
tween 121 and 130°E was 474 kmol/s (Table 2),
some 22 times the net phosphate transport and
1.6 times the nitrate transport. Large annual
variations were found (Table 2), ranging from



174 La mer 33,

317 kmol/s in June 1991, to 382 kmol/s in Oct.
1990, to 474 kmol/s in May 1992 to a high of 725
kmol/s in May 1985.

Similar to what happened for phosphate and
nitrate, the northward silicate flux occurred
mostly between 121 and 123°E (Table 3). In
May 1985 and June 1991 when the Kuroshio
was strong, this segment contributed, respec-
tively, 730 and 365 kmol/s northward. The seg-
ment between 123 and 130°E contributed 5 and
48 kmol /s, respectively, southward. Even
when the Kuroshio was less concentrated in
Oct. 1990 and May 1992, the segment between
121 and 123°E transported 81 and 38%, respec-
tively, of silicate northward.

Alkalinity

The alkalinity ranged from about 2000 ¢ mol
/kg near surface to above 2400 ¢ mol/kg near
2000 m (OR 316, Fig. 3e). The calculated alka-
linity flux (Fig. 4e) had band structures similar
to the geostrophic velocity because the spatial
distribution of alkalinity was relatively homo-
geneous (Fig. 2d). The down-stream maxi-
mum flux of alkalinity at this latitude in May
1992 was 1203 mmol/m?/s near St. 26. The
southward maximum flux was 100 mmol/m?/s
at St. 20. The alkalinity (Table 2) transported
by the Kuroshio was 103.4 X 10° mol/s north-
ward. The southward transport was 13.6 x 10°
mol/s, thus the net alkalinity transport was
89.8 X 10° mol/s, northward between 121 and
130°E.

There were large annual variations (Table 2)
ranging from a low of 45.3 X 10° mol/s in Oct.
1990, to 622 X 10° mol/s in May 1985, to
82.0 X 10° mol/s in June 1991, to a high of 89.9
X 10°mol/s in May 1992. These values are
comparable with the Florida current transport
of 71.7 X 10° mol/s in Nov. 1988 (BREWER et al.,
1989).

In May 1985 the section transported 84.5 X
10® mol/s of alkalinity northward between 121
and 123°E. By way of comparison, the segment
between 123 and 130°E transported 22.3 X 10°
mol/s of alkalinity southward. In other years
the segment between 121 and 123°E trans-
ported northward most of alkalinity, 92% in
Oct. 1990, 80% in June 1991 and 35% in May
1992, respectively.

1995

Total CO:

The distribution of total CO, was similar to
that of alkalinity, with concentrations ranging
from 1.9 mmol/kg near surface to 2.4 mmol/kg
near 2000 m (OR 316, Fig 3).

Total CO; flux (Fig. 4f), similar to that of al-
kalinity, also showed the band structure. In
May 1992 the northward maximum flux of
about 1039 mmol/m?/s was located near St. 26,
and southward maximum of 100 mmol/m?/s
was located at St. 20. The transports were 90.6
X 10° mol/s northward and 13 X 10° mol/s
southward. These values yielded a net north-
ward flow of 77.5 X 10° mol/s between 121 and
130° E. lLarge annual variations were also
found (Table 2) with a pattern similar to that
of TA. The lowest value was 41.8 X 10° mol/s
in Oct. 1990. BREWER et al (1989) reported a
transport of 63.9 X 10° mol/s by the Florida
current in Nov. 1988.

In May 1985 the transport was 63.6 X 10°
mol/s, in June 1991 it was 714 X 10° mol/s,
and in May 1992 it was 775 X 10° mol/s, all
northward. Also similar to the pattern for TA,
the TCO. transport was 79.2 X 10° mol/s north-
ward between 121 and 123°E but was 156 X
10 mol/s southward between 123 and 130°E. In
other years the 121-123°E segment transported
899, 82% and 38%, respectively, of the north-
ward TCQO, flow.

4. Conclusion

1. The Kuroshio could clearly be identified in
May 1985 and June 1991 when the northward
volume transports above 1000 m were 38 and
53 Sv, respectively, between 121 and 123°E
along 21°45" N. Whereas between 123 and
130°E the transports were southward, 18 Sv
in May 1985 and 3 Sv in June 1991. In Oct.
1990 the Kuroshio was weak yet the total
northward flux of 19 Sv between 121 and
130°E was still mostly concentrated between
121 and 123°E (15 Sv). After the El Nino, the
northward volume transport was large (39
Sv) in May 1992 but widely spreaded be-
tween 121 and 130°E. The Kuroshio trans-
port between 121 and 123°E was relatively
low at 12 Sv.

2. The fluxes of phosphate, nitrate and silicate
by the Kuroshio at 21°45’ N showed along-



Oxygen, nutrient and carbonate fluxes of the Kuroshio Current 175

stream cores between 400 and 600 m, below
the high-velocity core (between the surface
and 200 m) of the Kuroshio current.

3. The distributions of fluxes for dissolved oxy-
gen, alkalinity and total CO. were simialr to
the velocity structure, indicating that they
were dominated by the velocity field.

4. The net northward transports for dissolved
oxygen, phosphate, nitrate, silicate, alkalin-
ity and total CO, were 4.0-86 X 10° mol/s, 11
~21 kmol/s, 164-299 kmol/s, 317-725 kmol/s,
45.3-89.8 X 10° mol/s and 41.8-77.5 X 10° mo
1/s, respectively. These were mostly concen-
trated between 121 and 123° E except after
the 1992 E1 Nino. The fluxes were frequently
southward between 123 and 130°E.
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A study on cutting mechanism of the suction type Nori harvester”

Sadami YADA "™, Jiakang CHEN"

*

and Masayoshi Topa ™~

Abstract: Theoretical analyses were carried out of cutting mechanism, locus of rotary knife
edge, efficiency of pump for harvesting, and cutting torque of Porphyra thallus with the rotary
cutter attached to the suction type Nori harvester. 1) The cutting force by concave or convex
knife was small, but layered Porphyra thalli between both cutting knives slide. When the grasp
angle was small, it was possible to prevent sliding of Prophyra thalli. 2) When the forward veloc-
ity of the rotary cutter was large, no cutting area became wide. However, when the velocity de-
creased, cutting area increased twice to thrice. 3) The cutting efficiency of a harvester with
plural knives was higher than that with a single knife. 4) The cutting torque was 0.5 kgf+cm per
ten sheets of Prophyra thalli. 5) The revolution velocity of the rotary cutter increased with the
flow quantity of pump in the range up to approximately 3,500 rpm.
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Fig. 1. Construction of the suction type Nori har-
vester (a) and measuring method of pump effi-
ciency (b). 1:frame, 2 : engine, 3 : V belt, 4 :
suction pump, 5 : drain port, 6 : suction hose, 7 :
suction pipe, 8 : revolution indicator, 9 : rotary
cutter, 10 : torque transfer, 11 : vacuum guage, 12
: adjusting valve of flow quantity, 13 : trilateral
sluice, 14 : pressure guage.

BHEENcELSVOT, K - UlTsh 3 EkRiE

BEAERRY,

2) EBHEK
(1) ®vrHEEORIEL:

UM DERENE T d 5 £ v 7 DR % Fig. 1
b) KRG, TV Iy ERYy ORI bV R
(K#%! TP-10KMAB, &% 10kgfem) Z&%&EL, HH
e 3HBEFE SV TRE TV F v ERETTRE (BE 2
kgf/cm®) %, £HEFI N FicRIvF v ERESE
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EEEF IO < — 7 25T U, [EEzX Ol E v F
yar—yTHIMUIz, VT CRKBEERIL, *
TRUEEN OB, BOAE R OHHES % 3L
Too WoKBIZEMA=MAEDE GRKRHAE 1989) Ickb
HIE U 2oo

1995
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Fig. 2. Construction of the rotary cutter. 1 : drain
port, 2 : upper cover, 3 : sealing ring, 4 : lower
cover, 5 : fixed knife, 6 : rotary knife, 7 : disk
board, 8 : impeller, 9 : rotary shaft, 10 : revolution
indicator, 11 : inlet port into impeller.

(2) FHEDOUIMT b vy ORERE

Table 1 icftZRFRHOLHOE X EZRT, HE (BX

15—30cm) (FE X459 0.05mm &0 h S, BN/

b QRN bV s OFRNENEE S DT, RN (b

X15X05cm) ICEBEHES (R4 /1)) OREEE10HK

D SO0 TIOMEBICERTEIE L. (LI, BEEE

EHT B) BEFIERLUTOEBDTH B, HENE

Fd 3Ly v ok 1> AN, ERT

R =ERz, BRKICBY 2HBEDOMHE Y ZB5IET

Table 1. Thickness (mm) of fresh porphyra thalli.

No. of layered thalli 10 20 30 40 50

Thickness of
layered thalli

050 1.04 155 195 246

0.050 0.052 0.052 0.049 0.049

Average thickness
of a thallus
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Fig. 3. Measuring method of Porphyra thalli shearing
torque. 1:forcep, 2 :layered Porphyra thalli, 3 : rotary
knife a fixed knife, 4 : impeller, 5 : torque transfer,
7 : strain meter, 8 : recorder, 9 : motor, 10 : inverter.

31729, 2WMOARBEHTHEESREL, A OEE
22U L 7,

FEEOYIM Vs HIEHE%E Fig. 3I1CRT, # v 5D
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T, UFOHFETIT > by 288 (Kiksl TP-20
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5 (A00W) B2 BEE L, 4 voN— & ok b [EEE 42 E18 L
7oo SREARM EFEICERE Lich v 4 0RO, €V
oy b TEE UCERBEESBREL TN L o, mEN
DEEE A 250rpm » 5 650rpm DO &IFE T 100rpm FEIFE
KHRELALEZOUM b2 ZRIEL, Lo — 5t
L7

3. HERUBE
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Fig. 4 lIcUIMriic B B H & Z A L A FHEAD
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LEBNEF, ZADOZT LEENEF, FE s
AR UZHEOHEREREZhT o, L. EEFH
EZAOHAEa ) &3 5&, HHELFEOMICHE

Fig. 4. Acting force balance in cutting (in the case of
forward speed 0). N, : acting force on thallus rep-
resented by concave knife, N.: reaction force rep-
resented by fixed knife, F, : friction force of
rotary knife, F, : friction force of fixed knife, w :
angular velocity of rotary knife, a: angle be-
tween rotary knife and fixed knife, 1 : Porphyra
thallus, 2 : fixed knife, 3 : rotary knife, 4 : locus of
rotary knife edge M.
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Fig. 5. Comparison of acting force by curve knife and
straight knife. N, acting force on Porphyra
thallus represented by concave knife, N/’ : acting
force on Porphyra thallus represented by straight
knife, N,” : acting force on Porphyra thallus repre-
sented by convex knife, IV, : reaction force repre-
sented by fixed knife, w : angular velocity of
rotary knife, 1 : Porphyra thallus, 2 : fixed knife,
3 : concave knife, 3’ : straight knife, 3” : convex
knife, 4 : locus of rotary knife edge M.
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width

Cutting
@

Forward distance of rotary cutter

Fig. 6. Velocity vector of rotary knife edge M. O ini-
tial position of the first rotary knife edge M, O’ :
position of rotary center in the case, M : position
of the first rotary center in the case of rotary
angle 8, N : position of the second rotary knife
edge at phase difference of 180°, 6 :rotary angle,
u : forward speed of rotary cutter, v : peripheral
velocity of the first rotary knife edge, v.: horizon-
tal component of peripheral velocity of the first
rotary knife edge M, v : vertical component of
peripheral edge M, v, : vertical component of pe-
ripheral velocity of the first rotary knife edge M.
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Fig. 7. Locus of rotary knife edge M (1 knife).
I : area of cutting Porphyra thallus once,
11 : area of cutting Porphyra thallus twice,
11 : area of cutting Porphyra thallus thrice,
IV : area of no cutting.
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Velocity dependence on cavitation erosion around bounded jet”

Hiromi MocHIZUKI * *, Motohiro YOKOTA ™~

* * ok & K

and Yukio ITo

Abstract: In order to clear velocity dependence of cavitation erosion around bounded jet flows,
the highly eroded area A, the maximum erosion depth E .. and the emitted noise were measured
in the velocity range of V=44-109 m/s at a cavitation number o =0.25, by means of pure alumi-
num plates and a hydrophone. As V is increased, the eroded area A and the maximum erosion
depth E,... are increased with n-the power of Vie. A< V™ and E ... V", and the exponent nl and
n2 are about 4 and 2 respectively. The adjacing walls is due to the ununiformity of the erosion
pattern. On the other hand, the sound pressure level SPL of noise has two peaks with respect to
o and the higher peak takes at ¢ =0.25, corresponding to hard erosion state.
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@ : Accumulator ® : Test section
©® : Thermometer @QD : Pressure transducer
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@ : Sound level meter @ : FFT
@ : Poppet valve @ : Weight measure
@ : Measuring cup

Fig. 1. Experimental apparatus.
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W : Nozzle width(0.47mm) h : Nozzle height(0. 39mm)
£ :Nozzle length(l.60mm) R :Radius of nozzle inlet(0.96mm)
X : Channel width(2. 06mm)
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@O® : Pressure tap @ : Observation window
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®@® : Thermocouple tap @ : Bolt

(b) Test section
Fig. 2. Test nozzle and test section.
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A series of study on large meander of the Kuroshio and oceanic processes
around the Kuroshio region*
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