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Tide and Tidal Current in the Yellow /East China Seas*

Tetsuo YANAGI™* and Kouichi INOUE**

Abstract: The four major components of tides and tidal currents, M:, S;, K: and O, in the
Yellow/East China Seas are well reproduced except amphidromic points of M: and S; in
Liautung Bay with use of the horizontal two-dimensional numerical model with a
cartesian coordinate of B-plane. The curvature of the earth does not affect the tidal phe-
nomena there. The characteristics of tides and tidal currents in the Yellow/East China

Seas are discussed.

1. Introduction

The Yellow/East China Seas (including Bohai
Sea) are one of the largest shelf sea in the world
(Fig.1). Much land-derived materials flow into
this shelf sea from large rivers such as Huanghe,
Changjiang and so on. They are advected by re-
sidual flow and dispersed mainly by tidal cur-
rent, which is the most dominant flow there,
and some of them deposit to the bottom of this
shelf sea and others flow out to the Pacific
Ocean through the shelf edge or to the Japan Sea
through the Tsushima Strait. It is very impor-
tant to reveal the characteristics of tidal cur-
rent in the Yellow/East Chian Seas in order to
clarify the material transport there.

AN (1977) carried out a numerical experiment
with the cartesian co-ordinate of f-plane includ-
ing the tide-generating potentials on M, tide in
the Yellow Sea. Cuor (1980) revealed the char-
acteristics of four major tidal components, M,,
Sz, Kiand O, in the Yellow/East Chian Seas with
use of the horizontal two-dimensional numerical
model under the spherical co-ordinate of S -
plane neglecting the tide-generating potentials.
Moreover, CHor (1984) revealed the three-
dimensional structure of M: tidal current in the
Yellow/East Chian Seas with use of linear nu-
merical model except a quadratic bottom fric-
tion.

As for field observation of tides there, the
work by Ocgura (1933) is very famous and it
has been used for the verification of numerical

* Received May 4, 1994
** Department of Civil and Ocean Engineering,
Ehime University, Bunkyo 3 Matsuyama 790,
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experiments. Recently, NisHIDA (1980) recon-
structed the co-tidal and co-range charts of four
major tidal components there with new tidal
data.

Here we try to reveal the characteristics of
tides and tidal currents in the Yellow/East
Chian Seas with use of two-dimensional numeri-
cal model under the cartesian co-ordinate of 5-
plane. The aim of this paper is to compare our
results with those by Cror (1980) under the
spherical co-ordinate and to investigate the ef-
fect of earth’s curvature to the tidal phenomena
in the Yellow/East Chian Seas.

2. Field date

The amplitude spectra of tides at two repre-
sentative stations (OGURA, 1941) are shown in
Fig. 2. M, tide is the most dominant and S:, N,
K,, and O, components are dominant. Though
Sa component is also dominant, we do not treat
it in this paper, because it is mainly governed by
meteorological effects, that is, by the seasonal
variations in water temperature, air pressure
and sea surface wind. Such meteorological ef-
fects on the currents there were already investi-
gated by Yanact and TakarAsHr (1993).
Therefore, we try to reproduce major compo-
nents of M., Sz, N, Kiand O, tides and tidal cur-
rents in the Yellow/East Chian Seas in this
paper.

3. Numerical model

The horizontal two-dimensional momentum
and continuity equations for tide and tidal cur-
rent in the homogeneous fluid under the
cartesian co-ordinate are as follows (YANAGI
and Oxamoro, 1985),
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Fig.1. Yellow/East China Seas. Numbers 1 (Ryozyun), 2 (Gunsan) show the tidal

stations.



Tide and Tidal Current in the Yellow,”East China Seas

155

THE HARMONIC CONSTANTS

1 RYOZYUN KO

)

S\ S

N

F=oo-=t

g@m Rl

T
Sa MmMSf Ol Q1

Ssa Mf K1 P1 J1 st

LI i

M1 M2 N2 V2 L2 RZZSMZMSI&MG

S2 K2 p2 T2 M3 M4 s4 S6

THE HARMONIC CONSTANTS

2 GUNSAN KO

(cr

200
200
180
168
140
120
100
80
60
40 -]
0

ST\

\

N

§§§$ mgﬂmm

ININ

1
Mm MSf 01

Ssa Mf K1 P1 J1 si

1

1 |
Q1 M1 M2 N2 v2 L2 RZ 2SM2MSHMG

S2 K2 p2 T2 M3 M4 Su S6

Fig. 2. Tidal amplitude spectra at representative two stations 1 (Ryozyun)

and 2 (Gunsan).
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Here u is the depth-avereged velocity vector, ¢
time, V the horizontal differential operator, f
the Coriolis parameter and f=fo+ 8 (fo=7.7X
107°s7"at 33° N and 8 =0.23 X 10 °s~'degree™,
y the difference of latitude from 33° N, K the lo-
cally vertical unit vector, g (=980cm s ?) the

gravitational acceralation, 7 the sea surface
elevation above the mean sea surface, 7,2
(=0.0026) the bottom frictional coefficient, v
(=107 cm?® ') the horizontal eddy viscosity,
and H the local water depth.

Equations (1) and (2) are approximated by
finite-differences and are solved by the primi-
tive method. The grid size is 25 km X 25 km.
The observed tidal amplitude and phase lag are
given along three open boundaries, Tsushima
Strait, 300 m iso-bath and Taiwan Strait shown
in Fig. 3, on the basis of co-tidal and co-range
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charts by Nisuipa (1980). The quasi-steady field is carried out at the 5th tidal cycle.
state is obtained four tidal cycles after the be-
ginning of the calculation and the harmonic
analysis of sea surface elevation and current
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4. Results
4.1. Tides

The calculated co-tidal and co-range charts of
four major component tides are shown in Fig. 4
with the observational results by NISHIDA
(1980). As for N; tide, its co-tidal and co-rauge
charts are very similar to those of M: and S: ex-
cept the absolute values and they are not shown
here. Calculated result of M, tide well coincides
with the observed ones except an amphidromic
point in Liautung Bay. The numerical experi-
ment by AN (1977), which includes the tide-
generating potential in the Yellow Sea and
Bohai Sea, could not reproduce an amphidromic
point of M; tide in Liautung Bay. AN (1977)
showed that the tidal amplitude due to tide-
generating potential was only about 3 % com-
pared to that due to the incident tidal wave
from the Pacific Ocean. Therefore, the disagree-
ment of an amphidromic point of M, tide in
Liautung Bay between the prototype and our nu-
merical model is not due to the neglect of tide-
generating potential. Also, such disagreement
is not due to the employment of cartesian co-
ordinate of our model because an amphidromic
point of M. tide in Liautung Bay was not repro-
duced by Cmor (1980) with the spherical co-
ordinate  neglecting  the  tide-generating
potential. The amphidromic point of S, tide in
Liautung Bay is also not reproduced as shown in
Fig. 4. The formation of amphidromic point is
the problem of reflection of Kelvin wave at the
back of the bay. LARSEN et al. (1985) inferred
that such discrepancy of amphidromic point be-
tween the prototype and the numerical model
might be due to poor grid resolution and the un-
natural orientation of the grid system with re-
spect to the coastal shape. Anyway, the
reproduction of amphidromic point of semi-
diurnal tides in Liautung Bay will be a future
problem to be solved.

The amplitude of M, tide is over 160 cm at
Seohan Bay, Kyonggi Bay (Inchon Bay is situ-
ated at the head of Kyonggi Bay) and Hangzhou
Bay. The amplitude of S, tide exceeds 80 cm at
the same places. AN (1977) showed that the
resonance of semi-diurnal tide occurred in
Kyonggi Bay, where the period of normal oscil-
lation T = 4L/(gH)"*(L : length of the bay
=100 km and H : the depth of the bay =10 m)

was about 10 hours and it was very near that of
semi-diurnal tides, and the tidal range was
unstably amplified in the frictionless case. CHOI
(1980) showed that such resonance was not oc-
curred in the case of no Coriolis force because
the propagation characteristic of M, tidal wave
in the Yellow Sea was completely changed.

As for K, and O, tides, the calculated results
well reproduce the observed one as shown in Fig.
4. The amplitude of K; and O, tides are ovre 40
cm and 30 cm, respectively, at the head of
Liautung Bay and in Seohan and Kyonggi Bays.
Amphidromic points of K, and O: tides are situ-
ated in the central part of the Yellow Sea while
those of M: and S: tides near the Chinese Coast.
Such facts suggest that the friction to diurnal
tide is smaller than that to semi-diurnal tide in
the Yellow Sea.

4.2. tidal currents

The current patterns of M: tidal current at the
times of maximum flood and maximum ebb
near the mouth of Changjiang are shown in Fig.
5 (a). The phase lag of M, tidal current between
southern Chinese coast and Kyonggi Bay is
about 180 degree, that is, the maximum flood
current occurs in Kyonggi Bay when the maxi-
mum ebb current along the southern Chinese
coast. The phase lag between Kyonggi Bay and
Seohan Bay is also about 180 degree as shown
later. S, tidal current has nearly the same pat-
tern as M; tidal current except the maximum
current speed of 40 to 50 cm s™* (not shown).
The current patterns of K, tidal component at
the times of maximum flood and maximum ebb
near the mouth of Changjiang are shown in Fig.
5 (b). The maximum current speed is about 20
cm s~ and the strong current does not occur
along the Korean coast. This may be due to the
near-resonant responese is only occurred in the
period of M; or S, tidal components in Kyonggi
Bay.

The comparisons of calculated tidal current
ellipses and observed ones (CHoI, 1986) at some
representative stations, shown in Fig.3, are
shown in Fig. 6 (a) and (b). The full circle in
the left part shows the observational result, the
dotted one in the left the calculated one by CHoI

(1986) and the full circle in the right our result.
The calculated M: and K tidal current ellipses
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M, tidal ellipses
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Fig. 6. Observed (full line in the left), calculated by Cror (1986) (dotted line in the left)
and calculated in the present model (full line in the right) M. (a) and K (b) tidal cur-
rent ellipses at representative stations shown in Fig. 3.

by our model well reproduce the observed ones currents are over 80 cm s~' and 50 cm s™, respec-

and they are similar to those by Ctor (1986) as
shown in Fig. 6.

The co-tidal and co-amplitude charts of four
major tidal current components are shown in
Fig.7. The amplitudes of M. and S. tidal

tively, in Seohan, Kyonggi and Hangzhou Bays
and at the southwestern tip of Korea Peninsula.
The amplitudes of K: and O tidal currents are
over 20 cm s~ ! at the mouth of Bohai Sea and in
Hangzhou Bay.
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4.3. Tide-induced residual currents

The calculated tide-induced residual currents
by M: and K tides, which were obtained by aver-
aging calculated tidal currents over one-tidal
cycle, are shown in Fig. 8. The speed of tide-
induced residual currents are very weak, that is,
they are less than 2 cm s™' in the central part of
Yellow/East China Seas except the particular

reginos, e.g. at the mouth of Bohai Sea in the
case of K. tide and at the south-western tip of
Korea Peninsula in the case of M: tide. We can-
not find the remarkable large-scale tide-induced
residual circulations in the central part of
Yellow/East China Seas from Fig. 8.

We carried out the same experiments with the
cartesian co-ordinate of f-plane (that is, the
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Coriolis parameter is constant), but the results
were nearly the same (not shown).

5. Conclusion

We developed two-dimensional numerical
model under the cartesian co-ordinate of B-pla-
ne in the Yellow/East China Seas and compared
its results with those of field observations and
those of CrHo1 (1980 and 1986). The calculated
tides and tidal currents of four major tidal com-
ponents by our model well reproduce the ob-
served ones and they are nearly the same as
those of Cuor (1980 and 1986) which used the
spherical co-ordinate of B-plane. We also car-
ried out the numerical experiments with f-plane,
but the calculated results are nearly the same as
those with AB-plane. Such recults suggest that
the curvature of the earth (spherical co-ordinate
and B-effect) dose not affect the tidal phenom-
ena in the Yellow/East China Seas.
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Some Indications of Excess CQO; Penetration

near Cape Adare off the Ross Sea*

Chen-Tung Arthur CHEN

Abstract : The Antarctic Bottom Water (AABW) is generally believed to be formed in the
Weddell Sea. It contains little anthropogenic CO.. The role of the Ross Sea as a sink for ex-
cess CO: is perhaps even smaller as it contributes much less to AABW than does the Weddell
Sea. On the other hand, I have reported earlier that excess CO: is found on the shelf around
the Antarctica. Excess CO: is also found to penetrate rather deeply off Cape Adare at the
northwest corner of the Ross Sea. I report here more detailed analysis using the GEOSECS,
International Geophysical Year and the RV Polar Sea data.

1. Introduction

Thermohaline circulation transports warm
water poleward from low latitudes. As surface
waters cool, their capacity to absorb CO. from
the atmosphere increases and they act as a sink
for anthropogenic CO.. The ability of the North
Atlantic Deep Water to absorb the excess COq
has been demonstrated (CHEN, 1982, 1987) but
the situation is somewhat different in the
Southern Ocean where the Antarctic Bottom
Water (AABW) plays a mojor role. The AABW
is generally believed to be formed in the Weddell
Sea. Sea ice, however, blocks the air-sea ex-
change of gases thus limits the influx of excess
CO: to the surface water. The upwelled Weddell
Sea Deep Water (WSDW) dilutes the anthro-
pogenic CO; concentration in the surface water,
which then mixes with the Weddell Sea Shelf
Water and more WSDW to from AABW. Since
the WSDW probably was formed before indus-
trialization and the surface water is also defi-
cient in excess CO,, the AABW contains little
anthropogenic CO, (65 g mol kg™ (CHEN and
Poisson, 1984, PorssoN and CHEN, 1987). As a
result, the Weddell Sea is not a major sink for
excess CO; (CHEN and Ropman, 1990; CHEN,
1991).

The role of the Ross Sea as a sink for excess
CO: is perhaps even smaller as it contributes

* Received June 30, 1994
** [nstitute of Marine Geology, National Sun Yat-
Sen University, Kaohsiung, Taiwan, R.O.C.

much less to AABW than does the Weddell Sea.
Recent data, however, indicates that freons
have penetrated throughout the shelf area and
have even appeared near the base of the conti-
nental slope at depths of 2.5 to 3.0 km. This is
a good indication of newly formed AABW (M
ICHEL et al., 1985; TRUMBORE et al., 1991)
which may carry some excess COs.

CHEN (1982) reported earlier that excess CO:
is found on the shelf around the Antarctica. Ex-
cess CO: 1s also found to penetrate rather deeply
off Cape Adare at the northwest corner of the
Ross Sea (CuEN, 1987; 1993a). I report here
more detailed analysis using the GEOSECS and
International Geophysical Year (IGY) data.
The R/V Polar Sea (JACOBS et al., 1989) CO:.
data are spaced too far apart vertically and can
not be used to estimate the excess CO: signal.
The chlorofluorocarbons (CFCs) collected dur-
ing the R/V Polar Sea cruise are, however, quite
usefull for tracing newly formed waters. To my
knowledge no other CO: or tracer data are avail-
able. The station locations are given in Fig. 1.

2. Method

The method of excess CO: computation and its
limitations have been described in detail else-
where (CHEN and MILLERO, 1979; CHEN and
Pyrkowicz, 1979; CHEN et al., 1982: CHEN,
1982, 1984: CLINE et al., 1985). The method in-
volves a back-calculation of the CO, concentra-
tion of a parcel of seawater to its initial
concentration at the sea surface by correcting
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Fig. 1. Station locations in the study area (V GEOSECS; @ IGY; [J Polar Sea).

for changes due to the decomposition of organic
material and dissolution of carbonate tests.

Specifically, the method assumes that a water
parcel maintains a fixed degree of saturation
with respect to atomospheric CO: at the sea sur-
face. Respiration and carbonate dissolution add
carbon dioxide to the water parcel after it sinks.
The respiration induced increase in CO: can be
calculated from the oxygen data using Redfield
ratio (REDFIELD et al., 1963) while CO. changes
due to carbonate dissolution can be calculated
from the alkalinity changes. By correcting the
CO: data for these changes, estimates can be
made of the CO: concentration of the water par-
cel when it was last in contact with the atmos-
phere. These back calculated CO: concentrations
of waters with various ages are then compared
with each other and with the contemporary sur-
face CO: concentrations to obtain the oceanic
CO: increase.

3. Results and Discussion

Fig. 2 shows the north-south cross-section of
excess CO; centered along 160°E based on IGY
data. The lower boundary of penetration is
taken as the level where the excess CO: signal

equals to 5 £ 10 umol/kg. The depth could be
up to 100 m to deep or 300 m to shallow because
of the vertical sample spacing and because of the
uncertainty in the method.

The thin broken line shows the minimum tem-
perature layer which is probably the modified
remnant of the isothermal layer produced dur-
ing the previous winter (FOSTER and CARMACK,
1976: WEIss et al., 1979). The excess CO: con-
tent falls between 20 and 30 £ mol/kg with an
average of 25 ¢ mol/kg in this layer.

The maximum temperature contour (broken
lines) is near the core of the Circumpolar Deep
Water (CDW) which is also at approximately
the same level as the maximum AOU (apparent
oxygen utilization) layer. Excess CO: does not
appear to penetrate deeply enough to reach the
core of the warm, old CDW. Also the deep and
bottom waters do not appear to contain signifi-
cant amounts of anthropogenic CO..

Temperature contours indicate that IGY 62
(at 60°3) is north of the Polar Front. Antarctic
Intermediate Water (AAIW), formed by strong
vertical convection, apparently carries anthro-
pogenic CO. with it more deeply north of the
Polar Front. The anthropogenic CO: penetrates
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less deeply at the more southerly stations due to
the upwelling of the old CDW, evidenced by the
upwardly concaved structure of the maximum
temperature contour. The CDW pushes upward
on and disperses the younger Antarctic Surface
Water (GORDON et al., 1977, 1984). As a result,
the excess CO: penetrates less than 300 m be-
tween 61 and 66 °S.

South of IGY 54, however, the maximum tem-
perature contour deepens again and intersects
the bottom at IGY 336 and 337 near Cape Adare.
This is an indication of some downwelling of the

fresher, newly cooled seawater. Excess CO: also
penetrates to near the bottom at these stations
which are located on the upper continental slope.

Figure 3 shows the excess CO. values at
roughly 166° E based on IGY and GEOSECS
data. Excess CO: penetrates deeper north of the
Polar Front near IGY 365. South of the Polar
Front the contour concaves upward due to
upwelling of CDW but deepens at the southern-
most sation, IGY 373. No excess CO: is evident
in the bottom layer.

Figure 4 shows the west-east cross-section of
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excess CO. concentration along roughly 69° S IGY 339 sits on the lower continental slope
based on IGY and GEOSECS data. All stations with a water depth of 3350 m. No excess CO;
are south of the Polar Front, and all stations, could be detected below 250 m at this station
except for IGY 337, have a water depth deeper (Fig. 4). In fact, all stations except IGY 337 in
than 1000 m. As mentioned earlier, the excess the cross-section show rather shallow excess

CO: penetrates to near the bottom at IGY 337 on CO: penetration.
the upper continental slope. Circulation and hydrography in the vicinity of
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Fig. 6. CFC 11 and CFC 12 concentrations plot-
ted vs. AOU based on the Polar Sea data
(JACOBS et al., 1989).

the Ross Sea continental shelf have been re-
viewed by Jacoss et al. (1985). Water on the
continental shelf is ultimately derived from
CDW, which has upwelled over the continental
slope north and east of the Ross Sea, and has
been modified by mixing with surface and slope
waters. Subsequent interactions with the atmo-
sphere, sea ice and glacial ice cool and reduce the
salinities of the shelf waters. These waters
eventually become cold and dense enough to
move back into and under the CDW to ventilate
the deep ocean much like the situation in the
Weddell Sea (WEISs et al., 1979; CHEN, 1984).
Partial equilibration with atmospheric CO: can
also occur through gas exchange and mixing

with surface and other shelf waters. Direct gas
exchange with the atmosphere, however, is lim-
ited in winter to breaks and polynyas in the sea
ice canopy (TRUMBORE et al., 1991) as sea ice is
not entirely permeable to gases (CHEN, 1988).
Aa a result, only limited amount of excess CO,
moves into the winter-formed deep waters on
the shelf. The partially ventilated deep water
mixes with the surrounding waters as it flows
out near the bottom, further diluting the excess
COs. Finally, the excess CO: becomes undetect-
able excpet in shallow waters or near an area
where vertical mixing of the water column oc-
curs quickly.

IGY 337 is an example where vertical mixing
occurrs quickly as evidenced by its uniformly
low temperature throughout the water column,
all between —1.2 and—1.8°C. The salinity var-
ies only between 34.4 and 34.5 below 100 m.
AQOU varies between 80 and 105 ¢ mol/kg below
100 m (Fig. 5). The relatively low temperature
and AOU are indications of rapid turnover.

Earlier work elsewhere has shown a correla-
tion between CFC-11 and excess CO. (CLINE et
al., 1985; CHEN, 1993b). The Polar Sea stations
87 and 92 sit on the continental slope (Fig. 1).
CFCs 11 and 12 are found throughout the water
column (to 339 m for PS 92 and to 2058 m for PS
87). Excess CO; probably also exists where
CFCs are found. The combined Polar Sea CFCs
show a decreasing trend when plotted vs. AQU
(Fig. 6), reaching zero at an AOU of only about
150 wmol/kg. The IGY and GEOSECS excess
CO:s: signals disappear at an AOU of only about
120 #mol/kg. Because of the poor precision of
the excess CO. signal, it can not be judged
whether the difference is because the excess CO,
(and CFCs) has penetrated deeper during the
Polar Sea expedition, reaching older, higher
AOU waters.

4. Conclusion

The excess CO. does not penetrate more than a
few hundred meters south of the Polar Front
near the Ross Sea except for a small area near
Cape Adare. As a result, the Ross Sea probably
has not been a significant excess CO: sink.
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Three Dimensional Structure of Tidal Currents in Tokyo Bay, Japan”™

Xinyu Guo**

and Tetsuo YANAGI™*

Abstract: Tides and tidal currents in Tokyo Bay are calculated by using a three dimen-
sional numerical model, where vertical eddy viscosity coefficient is computed by the
Prandtl’s mixing length theory. The results well reproduce the two-dimensional structure
of tides and tidal currents in Tokyo Bay, Japan. On the basis of these results, we calculate
the vertical tidal current whose amplitude is smaller than 10 *cm/s in the most places of
Tokyo Bay. At the mouth of Tokyo Bay, where water depth varies rapidly, the amplitude
of vertical tidal current attains to the order of 10"*cm/s. The tidal stresses calculated in two
ways, e.g. two dimensional and three dimensional methods, have no differences in princi-

ple in most places of Tokyo Bay.

1. Introduction

It is well known that the currents play an im-
portant role in the material transport processes
and the tidal currents consist of the major parts
of the movements of water in coastal seas. Be-
cause the tidal currents have some potential ef-
fects to the primary production, the structure of
tidal currents, especially its three dimensional
structure is worth to study.

The tides and tidal currents in Tokyo Bay have
been studied by Yamapa (1971), UNOKI et al.
(1980) and NagasHIMA and Orapa (1984)
based on the observed data. YANAGI and
SHiMIzu (1993) calculated the two dimensional
tidal currents as a part of the research on the
sedimentation processes in Tokyo Bay.

It can be said that we have known the general
characters of tides and tidal currents in Tokyo
Bay. But as for the vertical tidal currents we
have neither observed data nor calculated re-
sults about its order or the place where the ver-
tical tidal current is large. And for the research
of material transport processes, we need a basic
three dimensional current field. For these pur-
poses, we calculate the three-dimensional struc-
ture of tides and tidal currents in Tokyo Bay in
this paper.

2. Model
2.1 Formulation
Based on the fact that tidal waves are
* Recieved July 7, 1994
** Department of Civil and Ocean Engineering,
Ehime University, Matsuyama 790, Japan

gravitaional long-waves (by nature), the first
order linear equations is:

@~ _ 6( 0 du

ot gax ( 62)
2-1-1

ov ot 46* ov

ot T/v="8%, T 5, ( )
(2-1-2)

oL, o [° o [ _

AR o MR f_hudz 0,
(2-1-3)

where the continuity equation (2-1-3) has
been integrated from the sea bed to the sea sur-
face.

The boundry conditions are:

Ou _ dv _ 1
z=—0: 9z 0z =0, (2-1-9)

(2-1-5)

z=—h: u=v=w =0,

along the shore boundary Ci:

0

0
cos ax‘f udz + cosaylj‘ vdz =0,
~h

(2-1-6)
along the open boundary C::

{=8. (2-1-D

In the above, x, y, z constitute a Cartesian co-
ordinate system at the right-hand side, the plane
x, y coinsides with the undisturbed sea surface,
and z is positive upward; ¢t denotes the time; u,
v denote the components of tidal currents in «x,
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vy directions, respectively, and w represents the
vertical component; { is the elevation of the
tide measured from the undisturbed sea surface;
fis the Coriolis parameter (=8.469X 10 %sec™);
v is the coefficient of vertical eddy viscosity; g
is the gravitational acceleration(=980cm/sec?;
S denotes the tidal elevation along the open
boundary; h is the water depthe; cos a ., cos
a, denote the direction-cosines normal to the
boundary.

Before calculation, we have to make a turbu-
lence closure model to decide the value of v . The
simplest one is to take up the vertical eddy vis-
cosity coefficients as a constant (YANAGI et al.,
1983; Fanc and IcHIYE, 1983) or a variable
which can vary in the vertical direction accord-
ing to a given function (WaNG , 1989; 1992) or
vary in horizontal direction by given different
values at different horizontal positions
(YaNacI and Icawa, 1993). But such ways in-
clude too many factors of mankind and usually
fail to give a correct vertical profile of the tidal
currents near the sea bed (FANG and IcHIYE,
1983). If we use the high level turbulence closure
models such as the first order model or second
order model of turbulence described by
Koutitas (1987), we must solve another one or
two different equations of the turbulent kinetic
energy or the rate of dissipation of the
turblulent kinetic energy besides the above equa-
tions. Considering the boundary layer character
of the coastal water (YanG, 1992) and reason-
able time consumption in computer, we would
like to choose the zero order turbulent model,
that is the Prandtl’s mixing length theory as our
turbulence closure model. It will be shown that
in our numerical schemes the Prandtl’s mixing
length theory will not cost much calculating
time than the model where the vertical eddy vis-
cosity coefficient is a constant and this model
really improve the accuracy of calculated re-
sults. The another reason why we choose the
Prandtl’s mixing length theory is that twe pa-
pers (FaNg and IcHIYE, 1983; Yang, 1992)
show that the mixing length theory suits to the
study of tides and tidal currents.

Using the same denotations as the above equa-
tions, we have

Y=yt It [(%)@ (%)] 18

the mixing length [ is

1= ko(z+h+2z) [1 z th ] (2-1-9)

T (A+s)Hh

Where k£, is the Karman constant approxi-
mately equal to 0.4, and zois the sea bed rough-
ness length, s is a parameter introduced by
Fanc and IcHrvE (1983) which express the
roughness of sea surface. Vois a small number
(=2.0cm?/sec) which prevent the vertical eddy
viscosity coefficient from equaling to zero.

2.2 Procedure

The above equations with the constant verti-
cal eddy viscosity coefficient had been solved by
means of the splitting velocity method (SuN,
1992) which was applied to tidal problem in
Bohai Sea (WANG, 1989) or the East China Sea
(Wang, 1992). In their calculations, the
authors mainly follow the line of Hansen’s
boundary-value problem which need many ob-
served data along the coatal line. Usually this
is very difficult. By the thought that a correct
tidal currents field could produce a correct tidal
elevation, we would like to follow the idea of
hydrodynamics numerical methods. Along this
line, YaNG (1992) has calculated the tide in
Bohai Sea. In our paper, we made some im-
provements over his works and calcutated the
tides in Tokyo Bay.

Here, we want to use the A.D.I method
(LEENDERTSE et al., 1973), which had been
proved as an effective and corrective method in
coastal numerical calculations, to treat the
time-depending differential terms in the above
equation. In the first half time step, we have:

un+1/2

PR ) . 6 n+1/2
05A. —JUTimg <a_§>

+2 (v 02, (2-2-1)
-2 (u vy, (2-2-2)
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In the second half time step, we have:
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By this way, in each time step we only need to

solve a triangle matrix which can be easily done

by the Thomas algorithm (RoACHE, 1976).
Other than the finite-difference of the space-

depending terms directly, we would like to split

the horizontal velocities in advance as follows:
in the first half time step,

(2-2-6)

un+1/2: g (%)Vrvzperwl/z_*_f)vnfl/z,
(2-2-1

Un+1/2: g (%%)nGenﬂ/z”}' Gun+1/2; (2_2‘8)

in the second half time step,

n+1/2
wi=g (G5) " Perpo, 229)

bl LN A s o _9_
v —g(ay) Ge 1+ Gu. (2-2-10)

By this way, we separate the velocity into two
parts, in which one is connected to the gradient
of tidal elevation and another one is connected
to other force such as the Coriolis force. This
method had been successfully used in many as-
pects of coastal calculations such as storm
surge, tide and circulations (Sun, 1992) and
were-called as the velocity splitting method in
China.

Here Pe, Pu, Ge, Gu represent the vertical
profile functions of the tidal currents respec-
tively and superscripts n, n+1/2, n+1 represent
different time levels. Substitute (2-2-7) and
(2-2-8)into the momentum equations (2-2-1)
and (2-2-2)in the first half time step or substi-
tute (2-2-9)and (2-2-10) into the momentum
equations(2-2-4) and (2-2-5) in the second half
time step, we can get a series of one dimensional
differential equations about the vertical profile
functions Pe, Pu, Ge, Gu as follows:

0 ( OF\_ 2 . _ 9
62(” az) AtF B, (2-2-11)
—n. OF _

z=0: a2 0,

z=—h: F=0,
where as F=Pe**2 Ge**? Pe"*' or Ge'*!,

B=1;
2

— n+ _— n+1/2__ n.
as F = P! B=— fyr*'? ALY
as F = Gu*", B=fu'—2-un

2

— ntl R . fyyntis2_ n+1/2.

as F = Py, B fu ALY ;

2
— ntl R £+l n+l/2
as F = Gu*', B=fu A7V .

This equation is just a one-dimensional differ-
ential equation which can be solved by many
methods (Sun, 1992). If we have some interests
about the profile of tidal currents near the sea
bed, we can use the logarithm coordinate trans-
fer in the vertical direction such as FANG and
IcurvyE (1983). Here, we just use the general
methods to solve these equations in which we re-
place the unknown vertical eddy viscosity coeffi-
cient by using the upper time level’s value. If we
take the vertical eddy viscosity coefficient as a
constant, we will need not calculate it and even
can get the analytical solotuin about Pe and Ge.
In fact, apart from the calculation of the verti-
cal eddy viscosity coefficient in each time step,
there is no difference between the Prandtl’s mix-
ing length theory and constant vertical eddy vis-
cosity coefficient model in our numerical model.

As for the water elevations, we can substitute
(2-2-7) and (2-2-8) into the continuity equa-
tions (2-2-3) in the first half time step or sub-
stitute (2-2-9) and (2-2-10) into the continuity
equations (2-2-6) in the second half time step
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and get a two dimensional differential equation
only about the water elevations as follow:
in the first half time step,

Ai«l,j{iﬂ,/ + Bi,j:;,j—" Ci+1.jé’i+l.j: Ti.j
(2-2-12);

in the second half time step,

Di‘j—l {i,jfl + Ei,j(i,j + Fi,j+l é’i,j+1:Si,j
(2-2-13);

where the coefficients of these algorithm
equations are the integrated values of Pe, Ge,
Puv and Guv from the sea bed to the sea surface.
By the Thomas Algorithm, we can solve these al-
gorithm equations just on the lines parallel to
X-axis in the firt half time step and on the lines
parallel to Y-axis in the second half time step.

The process in which we solve the equations is
that at first, we solve Ge"*'?, Gv**% and we
can get the value of v""*% according to (2-2-8).
After this step, we solve the Pe"*'? Py **'%
and substitute these values into the tidal
elevation equation (2-2-12) to get the values of
{"*v: Then we can get the value of
u""*"* according to (2-2-7). At the second half
time step, we make some changes on the order of
the solving processes and almost repeat the
same procedure as that at the first half time
step.

By this way, it can be known that instead of
solving a three dimensional tidal problem, we
may solve a two dimensional finite-difference
equation and a series of one dimensional differ-
ential equation at each horizontal point. And
also, if we need, we can get a detail vertical pro-
files of the tidal currents without too much in-
crease of calculating time.

3. Results

The size of horizontal mesh is lkm in X-
direction and Y-direction and we divide the
water depth into 10 layers. The time step is 45
seconds which is 2.8 times longer than Courant-
Friedrichs-Lewy condition. The sea bed rough-
ness length zo is taken as 0.04 cm according to
MaTtsumoro (1983) and SoursBy (1983). The
parameter of s is taken as 0.1 according to
FANG and IcHIYE (1983). The whole time of
calculation is four tidal periods.

Japan

139°40'E
35°40'NF

35°30'NF

35°20'NF

35°10'N

Fig. 1. Water depth in Tokyo Bay.

Figure 1 is the contour line of water depth of
Tokyo Bay which is produced by the water depth
data used in calculation.

The observed and calculated co-range and co-
tidal charts of M: and K; are drawn in Figs. 2
and 3, respectively. As for the M. tide, the cal-
culated amplitudes agree to the observation
very well but the phases have some difference
with the observation. This may be brought by
the no slip condition at the sea bed which lead to
a large velocity gradient near the sea bed in the
vertical direction and then lead to a large sea
bed friction. From Fig. 3, it can be seen clearly
that the calculated phases of K: tide are nearly
the same as the observed ones, but in the head of
the bay the calculated amplitudes are smaller
than the observed ones. We guess that the less
increase of the tidal elevation may be brought
by the large dissipation of the kinetic energy
caused by the large vertical eddy viscosity coef-
ficient.

The M. tidal current ellipses in Tokyo Bay
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M. tide M. tide

- Amplitude(cm)

------ Phase (deg.)

(Observed) (Calculated)
Fig. 2. Observed and calculated co-range and co-tidal chart of M, tide.

K, tide

—— Awmplitude(cm)
------ Phase (deg.)

(Observed) (Calculated)
Fig. 3. Observed and calculated co-range and co-tidal chart of K tide.
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M. tide

+: anticlockwise

Mz tide

+: anticlockwise

— UPPER \\ : clockwise -: clockwise
--- LOWER
~ 20cm/s 40cn/s 40cn/s
— —
(Observed, Unoki et 21.1980)
(Calculated)

Fig. 4. Horizontal distribution of observed and calculated M, tidal current ellipses.

have been drawn by UNOKI et al. (1980). Here
we reprint their chart of tidal current ellipses in
winter season, and draw the calculated M, tidal
current ellipses at the same points in Fig.4
where “upper” represents the results at the
depth of 3 meters below the sea surface and
“lower”represents the results at the 5 meters
over the sea bed. By this way we can know that
the calculated horizontal distribution of Mo,
tidal current ellipses are similar to the observed
results. Noticing the characters of the rotation
direction of M. tidal current ellipses, we can
find easily that the rotation direction varies
from clockwise in the upper layer to the
anticlockwise in the lower layer or keeps
anticlockwise from the upper layer to the lower
layer in the most part of Tokyo Bay. This char-
acter is the same as the conclusion of
NaGgasHIMA and Oxapa (1984).

Figure 5 is the vertical distribution on M.
tidal current ellipses at the points shown in Fig.
1. The left ones is the observed results (reprinted
from the book of Tokyo Bay, ed. by
OGURA, 1993) and the right ones is the calcu-
lated results. From this figure we can see that
apart from the rotation direction of the tidal
currents, the calculated tidal currents are nearly
the same as the observed ones. In fact, we can
not know the rotation direction of the observed
tidal currents from the observed tidal currents
ellipses, so we can not say anything about this

point.

The amplitude and phase of calculated M: and
K. tidal currents at the depth of 10 meters are
shown in Fig. 6 which show that the amplitude
of M: tidal currents is 30-40 cm/s at the mouth
of Tokyo Bay, 15 cm/s in the central part of the
bay and 510 cm/s in the head of the bay. This
result is the same as the observed ones (UNOKI
et al., 1980). From Fig. 6, we can also know
that the tidal currents along the west coast are
stronger than those along the east coast of
Tokyo Bay. This phenomenon had been found by
YaMmapa (1970). The phase distribution of M,
and K, tidal currents show that the shallower
the water depth is, the earlier the turn of tidal
current is.

After the above comparisions, it can be said
that we have well reproduced the tides and tidal
currents in Tokyo Bay by a three dimensional
scheme.

The vertical component of tidal currents have
been thought to have some potential effects on
the primary production in the coastal sea. It is
valueable for us to calculate the vertical compo-
nent of tidal currents in Tokyo Bay. The for-
mula used in the calculation of w is
ov

= d7’

—_ [ ou ,.,_
wl.= fﬁh ox dz Oy

-0
Figure 7 is the calculated amplitude of the
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Fig. 5. Vertical distribution of observed (left) and calculated (right) tidal current ellipses

at 6 points shown in Fig.1

vertical tidal currents. From this figure, we can
know that the order of vertical tidal current in
most of Tokyo Bay is smaller than 10 *cm/s. In
the region such as the mouth of the bay where
the water depth varies rapidly, the vertical tidal
current can get the order of 10 %cm/s. If we di-
vide the speed of horizontal tidal currents to
that of vertical tidal current, we can know the
ratio is about 10°. This order is the same as the
aspect ratio of the horizontal length scale of
Tokyo Bay, 60km, to the characteristic depth of
Tokyo Bay, 20 m, which is usually used to esti-
mate the order of the vertical tidal currents.

4. Discussion

It is a difficult point to decide the values of
the vertical eddy viscosity coefficient in the nu-
merical calculation of coastal oceanography. In
our calculation, we take the vertical eddy viscos-
ity coefficient as a constant (50 cm?*/s) at first
and get the co-range and co-tidal chart of M,
tide as shown in Fig. 8 which could be said hav-
ing the same distributing tendency as the ob-
served ones. But as trying other constants such
as 10 ecm?/s or 100 cm?/s, we got some little dif-
ferent results from Fig.8. This suggests that we
have to choose a high level turbulence closure
model such as the Prandtl’s mixing length the-
ory to enclose our turbulent model.
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C at 10m depth
N
§§§jjj

} , Amplitude
;/g (cm/s)

K. tide

at 10m depth

Amplitude
(cm/s)

at 10m depth

at 10m depth ]

Phase
(deg.)

Fig. 6. Horizontal distribution of the amplitude and phase of horizontal M. and K. tidal currents

at the depth of 10 meters.

Here we show the horizontal distribution of
calculated <v> at the depth of 10 meters in
Fig.9 and the vertical distribution of calculated
< v > for M, tide at one point with the depth of
29 meters in Fig. 10 whose horizontal position is
expressed by “+” in Fig. 9. Here < >> expressed
the average over one tidal period. On the fact

that we have well reproduced the tides and tidal
currents in Tokyo Bay, we think that the value
of <v> calculated by the Prandtl’s mixing
length theory can be accepted although these
values are larger than the general concept. In
fact the order of 10 cm/s has been used for many
times (WanNg, 1989, 1992) and the result of
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LK, tide ’—LLL‘M
= [

)

M. tide

’ <1 _JJJ

f‘Lf) . at 10m depth
. N .

Py ] |
x 107%(cm/s) ’i—é [ [ x107%(cm/s)

Fig. 7. Horizontal distribution of the amplitude of M: and K. vertical tidal currents
at the depth of 10 meters.

FaNG and IcuivyE (1983) has also been this
order. From Fig. 9, we can see that at the
mouth of bay where the tidal currents and water
depth vary rapidly the value of <v>> is large.
From Fig.10, we can see that below the middle
layer of the whole water depth, the <v> take
its maximal value and the distribution curve
from the sea bed to the sea surface approach a
parabola which is similar to the experimental
result reported by Sumi (1991). In fact, this
form is also usually used in three dimensional
coastal ocean models (Nigour, 1977; TEE,
1979). From this chart, we can also see that be-
cause the number of mesh points in vertical
deirection is just 10, there is a little anomalous
near the sea bed.

It is well known that the tide-induced residual
current, which has important effects on the ma-
terial transports processes in the coastal sea, is
produced by the nonlinear effects of the tidal
current. The tidal stress has been accepted as a

— Amplitude(cm) ‘ force which ha}ve the same effects to the sea

] water as the wind or the buoyancy (NIHOUL and

--- Phase (deg.) ; RoNDAY, 1975; YaNaaI, 1989). In a two dimen-

B R sional tidal model, the tidal stress is calculated
(Calculated) by:

Fig. 8. Calculated co-range and co-tidal of M,
tide as v=50cm®/s.
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M. tide

at 10m depth

<v>

(cmZ/S):

vvvvvvv

at 10m depth

<v>
(cm?/s) ;

Fig. 9. Calculated horizontal distribution of <v>> at the depth of 10 meters.

Depth(m)
Or

<v>

Fig. 10. Vertical distribution of <v> for M. tide
at the central part of Tokyo Bay calculated
by Prandtl’s mixing length theory.

50 100 150  200( cm2/s)

- ou

S.= <u gu - 5%‘7> -1
&=<a§§+ag§> 4-2)

where u, U represent the water depth averaged
velocity, < >> represent the average over one-
tidal cycle. In a three dimensional tidal model,
the tidal stress is

Ou Ou

_ Ou Ou Ou _
S.= <uax +o gt su az> 4-3)

S,= @g§+v§§+w%§> (-0

As these two ways are usually used in the cal-
culation of tidal stress, we would like to check
the difference between these two ways. Figure
11 is the results we get by these two ways in
which “2-D”represents the results calculated by
formula (4-1) and (4-2), “3-D” represents the
results at the depth of 10 meters calculated by
formula (4-3) and(4-4), “3-D’” represents the
results at the same depth calculated by the first
two terms in formula (4-3) and (4-4). From
these results we can know that the difference be-
tween 2-D and 3-D models is very small in most
parts of Tokyo Bay. The contribution coming
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M. tide

tidal stress
at 10m depth

3-D Model
%10~ *(cm/s*)

tidal stress
at 10m depth

tidal stress

2-D Model
X 10-*(cm/s?)

3-D' Model
x 107 *(cm/s?)

tidal stress
at 10m depth

3-D Model
X 107*(cm/s?)

tidal stress
at 10m depth

tidal stress

3-D' Model 2-D Hodel

x107“(cm/s?) x107*(cn/s?)

Fig. 11. Tidal stress produced by M: and K. tidal currents.

from the last term of formula (4-3) and (44) is
also small in most parts of Tokyo Bay. By com-
paring to the tidal stress in Osaka Bay
(YanacI and TAKAHASHI, 1995), we can also
know that the tidal stress in Tokyo Bay is
smaller than that in Osaka Bay by one or two
orders. On the other hand, it is clear that we
can ignore the contribution of K, tidal currents
when we calculate the tide-induced residual cur-
rents in Tokyo Bay.

5. Conclusion

(1) The tides and tidal currents in Tokyo Bay
calculated by a three dimensional model well re-
produce the observed ones. The vertical eddy vis-
cosity coefficient has a great influence on the

accuracy of calculated results.

(2) The vertical tidal current is smaller than
10~ %cm/s in most parts of Tokyo Bay. In the
places such as the mouth of Tokyo Bay, where
the water depth varies rapidly, the vertical tidal
current can attain to the order of 10~%cm/s.

(3) The tidal stress calculated by two dimen-
sional model and three dimensional model have
no difference in principle in most parts of Tokyo
Bay. The tidal stress caused by M. tide in Tokyo
Bay suggests that the tide-induced residual cur-
rent is large near the bay mouth but small in
most parts of Tokyo Bay. The tide-induced re-
sidual current caused by K tide can be ignored in
Tokyo Bay.
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Studies on the Accuracy of Counting Seedlings Fry by
Image Processing Techniques”

Sadami YADA ™", Koichi HIGucHI"* and Takatomo KOIKE**

Abstract: To count fry by an image processing system, a counting system comprising first
and second belt conveyors, and a device to prevent multiplication of fry was fabricated,
thereby the effects of the optimum circumferential speed difference between the first and the
second conveyor belts, the threshold selection method for image analyses, lighting direc-
tion and illumination intensity upon counting accuracy were investigated. 1) Threshold se-
lections of fry pictures at threshold values of 40 and 50 are recommended rather than the
discriminant analytical method. 2) Lighting from below the conveyor belt are suitable in
order to obtain stable video pictures. 3) To achieve an efficient and accurate fry count, it is
suitable to maintain the circumferential speed difference between the first and second con-
veyor belts in the range from —5 cm/s to 25 cm/s. 4) If the circumferential speed of the sec-
ond conveyor belt is set at 20 cm/s, it is estimated that 24,000 fry per unit time per one

processing line can be counted by the image processing thchnique.

1. Introduction

Mechanization of manual fish-counting proc-
esses used when seedlings fry is shipped has been
strongly desired. Conventionally, the method of
counting fry, when in a large number, is to ap-
proximate the number through assumptions on
the mean unit weight or volume of fish. This,
however, involves remarkable counting errors
(Cuen, 1992).

In some cases of high-grade fish species, unjus-
tifiably large discrepancies in fish count have
caused lawsuits by both buyers and sellers, be-
cause of the large economic impact involved. A
fry counting system is proposed in studies on
counting systems of fry. However, this system
has multiple drawbacks including the low count-
ing ability per unit time (YADA et al, 1993).
Moreover, bubbles generated from fish bodies at
low pressures, minute bubbles attaching to gills,
and a variety of other bubbles generated at
vents in the system and in low-pressure areas are
detecred by sensors, giving a false count that is
larger than the real count. To solve the problem
of such large counting errors, precision tech-
niques are indispensable (CHEN et al., 1993).

* Received July 11, 1994
** Laboratory of Fishing Technology and Engi-
neering, Tokyo University of Fisheries,
Konan 4-5-7, Minato-ku, Tokyo, 108 Japan

Nothing the background and the problems
above, a fish counting system using image-
processing thchniques designed to enhance
counting accuracy and efficiency, as well as to
prevent duplicated fish counts was test fabri-
cated, and the counting accuracy was evaluated.

2. Experimental Method
1) Experimental equipment

Figure 1 shows experimental equipment com-
prising a vibrating unit that transfers fishes fed
onto the first conveyor by vibratory motion, the
second belt-conveyor that separates multiple
fish in mass, and a video camera (SONY CCD-
TR705) that takes photos of fishes laying on the
conveyor.

An unseparated mass of fish precludes accu-
rate fish counting. To solve this problem, dif-
ferent circumferential speeds are given to the
first belt conveyor and the second belt conveyor;
i.e., the second belt conveyor runs faster than
the first conveyor to break the mass of fish into
individual fish.

As shown in the figure, photos are taken from
above the second belt conveyor with two fluores-
cent lamps (FL20) provided in the space between
the upper and lower belts serving as the light
source to radiate beams from below fishes.

The second conveyor belt is made of transilon
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Fig. 1. Outline of the experimental equipment
1: shoot, 2: fish, 3: the first belt conveyer, 4:
vibratory plate, 5: belt, 6: shaft, 7: crank, 8:
video camera, 9: the second belt conveyer,
10: stand furnished fluorescent light, 11:
fluorescent light (20 W X2, length 57.5cm, in-
tervals 13.5cm, illuminance on the belt con-
veyer 1,100lx), 12: water tank, M: motor

(E2/1 UO/UO-NA FDA, white), which has a
high transmission factor. Two transparent
acrylic partitions (height: 2.3 cm, width: 38.5
cm, thickness: 0.1 cm) are provided 30 cm apart,
and the image between the partitions was ana-
lyzed.

2) Image analysis method

The partition-to-partition picture of the sec-
ond belt conveyor is inputted to an image ana-
lyzer (PIAS, model PIAS M), analyzed to count
the number of fish, and, by intermittent cycled
operations, the sum of the fish count of each
image was determined to yield the total number
of fish. The performance of an analyzer is an
important consideration for image processing,
but the art of photographing images adapted
well to counting fry in seedlings is more impor-
tant. The test image analyzer is capable of in-
putting moving images, but in view of possible
deterioration of analyzing accuracy when high-
speed motion pictures are inputted, studies were
done on the relationship between the
circumferential speed of the second conveyor
belt and analytical accuracy.

Subsequently, each area of the photographed
images taken from the side and back of fish
with the intensity of illumination changed was
subjected to threshold selections by the image
analyzer, and the relationship between the lumi-
nous intensities when photographed with beams
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Fig. 2. A flowchart showing the picture area
measuring procedure using the image proc-
essing technique with particulars
* The pixel at the centre and the eight adjacent

pixels are used as the processing object.

** The threshold selection method prodeces a
picture by designating brightness values at
brightness zero and brightness 255 without
any intermediate brightness. Concretely,
when black is designated at brightness zero,
those with threshold values of 50 or less are
converted into black, and those there-above
are converted into white.

in both normal and reverse directions and the re-
duction in image areas was investigated. Figure
21s an image analysis flowchart. Pictures taken
were subjected to threshold selections and left to
contract after being smoothened on eight sides
for the approximation.

Subsequently, picture areas were measured
after removing noise formed after exclusive en-
hancement by the mass of minute pixels (hereaf-
ter referred to as “particles”). The term
“smoothening on eight sides for approxima-
tion” means to remove image noise from the
eight pixels on the periphery of a pixel, “con-
traction” means to reduce the boundary of a pic-
ture by one pixel, and “exclusive enhancement”
means to enhance without overlapping adjacent
pictures. The term “removing particles” is a ge-
neric term indicating the deletion of unnecessary
date that cause errors (TAMURA, 1985).

3) Transferring fish by vibration

To measure the travelling speed of fish con-
veyed by vibration motion, the video camera
was set 80 cm immediately above the second belt
conveyor. One fish placed on the second vibrat-
ing conveyor belt was photographed at the video
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camera shutter speed of 1/100 second, and the
travelling speed was determined by image proc-
essing.

The coefficient of friction between fish and
the conveyor belt was measured by pulling a fish
placed on the non-moving first conveyor belt
using the method reported by HIGASHIKAWA et
al., (1993).

4) Fish counting method and experimental pro-
cedure

Twelve carp fry with a length ranging from 6
cm to 8 cm were fed from a water-filled vessel to
the first belt conveyor through a chute. The
circumferential speeds of the first belt conveyor
were set at 5 cm/s to 40 cm/s at regular inter-
vals of 5 cm/s, while the circumferential speeds
of the second belt conveyor were set at 10 cm/s
to 20 cm/s, and the effects of conveyor vibra-
tions upon analytical accuracy were investi-
gated.

Figure 3 is a frowchart showing the fish
counting method. According to degree of reduc-
tion of picture area after image processing, the
picture can be classified into three categories;
1.e., the group of the pictures taken from behind
the fish, which have relatively small picture
areas (hereafter called the “back picture area”),
the group taken from the side, which have inter-
mediate picture areas (hereafter called the “side
picture area”), and the group taken on a mass of
fish in close contact, which have relatively large
picture areas (hereafter called the “multiple pic-
ture area”). The picture areas after image proc-
essing are considered to represent the number of
fry with greater accuracy if the numbers of fry
in each category are summed. To determine the
sectional paramenters of each picture area in the
three sections, the back picture area and the side
picture area of sample fry are measured in ad-
vance with a planimeter, whereby sectional pa-
rameters P and P; were determined according to
the frequency distribution of the picture areas
after image processing each picture relative to
the class value.

Similarly, parameter Ps;, which discriminates
the side picture area and the multiple picture
areas, was determined according to the fre-
quency distribution of the side picture area and
the multiple picture area.

START

IMAGE PROCESSING

FRY COUNTING CONTINNUE
OR NOT

END [
NUMBER OF FRY = N+ M+ | >\ END

CONT (NUE \L
6¥ PICTURES < -

FRY PICTURES <
///

FRY ﬂmunzs&

BACK P1CTURE ARE:[ SIDE PICTURE AREA || MULTIPLE PICTIRE ARER |

| FRY PICTURES

Fig. 3. A flowchart showing the fry counting
procedure

Notes:

N: Number of fry after processing fry pic-
tures taken from behind by the threshold
selection method

M: Number of fry after processing fry pic-
tures taken from the side by the threshold
selection method

I: Number of fry in contact

P.: Parameter representing the back picture
area of sample fry measured with a
planimeter

P.: Parameter representing the side picture
area of sample fry measured with a
planimeter

Ps: Parameter representing the multiple pic-
ture area of sample fry measured with a
planimeter

S: Calculated parameter of the back picture
area and the side picture area of sample
fry measured with a planimeter

Parameter S is a mean value of the back pic-
ture areas and the side picture areas. Because
there are possibilities of counting picture noise,
for example, which is a minute area comparing
the back picture area, can be counted as one
piece of fry, any area smaller than parameter
P, was neglected as picture noise.

In summary, areas equal to or greater than
parameter P, and less than P, were classified
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into the back picture area, areas equal to or
greater than P; and less than P; were classified
into the side picture area, and areas equal to or
greater than Ps, which were assumed to be dupli-
cations of multiple fry, were classified into the
multiple picture area. As a result, the respective
unit numbers of fry classified into the back pic-
ture area and the side picture area were the fry
count, the values obtained by dividing the multi-
ple picture areas by section parameter P were
also counted as fry number, and the aggregate
number of fry was taken as the total fry count.
Analytical accuracy is shown by the ratio of the
number of fry counted by image processing to
the actual fry count.

3. Experimental Results and Discussion
1) Luminous intensity when pictures are taken
and image processing accuracy

Figure 4(a) shows the luminous intensity of
the overhead light and the analytical accuracy
of fry images after image processing, converted
in to areas. Analytical accuracy on the ordinate
is expressed in terms of the ratio of the side pic-
ture area determined by the image processing
equipment and planimeter to the back picture
area.

When lighting is provided from an overhead
light source with a intensity of illumination of
not less than 1,600 lx immediately above the belt
conveyor, the area measured with a planimeter
reduced to less than approximately 50 persent,
due to intense reflection from the fry. Table 1
shows factors that cause variations of picture
areas after image processing when lighting is
provided from above or below the belt conveyor.
For image a analyses with a high accuracy,
clear-cut outlines after processing are essential,
but lighting is provided from above, variation
factors become larger at illumination intensi-
ties of 280, 1,100 and 1,950 Ilx, with dispersed
analytical accuracy, and no images with clear-
cut outlines can be obtained.

Figure 4(b) shows the relationship between
the illumination intensity immediately above
the conveyor belt when lighing is provided from
below the conveyor belt and the analytical accu-
racy available with the image analyzer. The
discriminant analytical method proved that the
analytical accuracy of fry back images was high
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Fig. 4. Ilumination intensity when taking
video pictures and analytical accuracy
Analytical accuracy (%) =(B/A) X 100
where
A: Area of video picture of fry measured
with a planimeter

B: Area of video picture of fry after image
processing by the threshold selection
method

at the illumination intensities of 850 lx to 1,400
lx, but that of fry side images dropped at the il-
lumination intensities of 280 Ix to 1,950 Ix. The
analytical accuracy of fry back and fry side im-
ages at the threshold values of 40 and 50 was 100
persent at the illumination intensities of 280 to
1,950 Ix, decreased slightly at the illumination
intensity of 1,600 lx and above. When analytical
accuracy is evaluated in terms of factors caus-
ing variations of image areas after image proc-
essing, the factors were small when lighting was
provided from below the conveyor belt with pic-
tures taken from above at a high illumination
intensity; i.e., 1,100 and 1,950 lx comparing
with the low illumination intensity of 280 Ix,
where analytical accuracy was high. However,
uniform images of fry could not be obtained at
the illumination intensity of 900 Ix or below,
and if threshold selections were made at the
threshold values of 40 and 50, the picture areas
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Table 1. Variation coefficient (%) of picture area after image processing back picture

Direction
Directionof lighting at taking

video pictures

[llumination intensity (Ix)

Method of notchless

280 1,100 1,950

Notchless 40 8.9 7.0 10.4

Side picture

50 8.7 6.9 10.7

Discriminant analysis method 15.3 7.7 11.6

Lighting from

at the threshold value

above the belt

Notchless 40 8.1 3.2 13.5

conveyer

Back picture

50 9.3 5.4 13.7

Discriminant analysis method 11.2 8.7 15.8
at the threshold value
Notchless 40 4.9 1.0 0.5
Side picture 50 4.9 1.4 04
P Discriminant analysis method 9.6 3.0 4.0

Lighting from

at the threshold value

below the belt

conveyer Notchless 40 3.1 1.9 0.8
Back picture 50 3.3 2.7 1.0
ack pictur Discriminant analysis method 7.2 6.6 2.2

at the threshold value

Note: The tabulated data were obtained by processing the back picture areas and the side

picture areas of fry (still pictures at illumination intensities: 280, 1,100 and 1,950 Ix) by
the discriminant analysis method at the threshold values of 40 and 50.

obtained were smaller than those measured with
a planimeter.

The picture areas determined by the dis-
criminant analysis method were larger than
those determined by the threshold selection
method at threshold values of 40 and 50. Be-
cause the best threshold values are automati-
cally set on the basis of a density histogram of
pictures by the discriminant analysis method,
the geometrical structure of pictures is not con-
sidered, and they do not necessarily agree with
human vision (AuTsu,1980). For these reasons,
threshold values in the discriminant analysis
method were set lower than those of the thresh-
old selection method at threshold values of 40
and 50. As a result, measured picture areas of
fry were considered to become slightly lager.
Furthermore, the discriminant analysis method
failed to produce fry pictures after threshold
selecrion, loosing the original geometric iden-
tity of the fry, and this method is considered to
be unsuitable for the purposes of this experi-
ment. It is inferred from the discussion above

that lighting should be provided from below the
conveyor belt, the intensity of illumination
should be set at 1,100 Ix to 1,400 Ix to obtain
stable fry pictures, and the threshold selection
method at threshold values of 40 and 50 is better
than the discriminant analysis method.

2) Circumferential spped of belt conveyor and

analytical accuracy of fry pictures

Figure 5 shows the relationship between the
circumferential speed of the conveyor belt and
analytical accuracy. A high analytical accuracy
of 98 to 99.5% is available at circumferential
speeds of 20 cm/s or below, but the accuracy was
low at speeds of 30 cm/s or more. The causes of
this are assumed to be that fry pictures taken
are displaced in the travelling direction of the
fry at a high conveyor belt speed, as a result, the
outlines of fry are subjected to threshold selec-
tions in minute particles with a resultant reduc-
tion of the number of pixels; these particles are
deleted, the outlines of fry pictures become
vague, and the picture areas after image
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Fig. 5. Circumferential speed of the second con-

veyor belt and analytical accuracy

Analytical accuracy (%)=(B,A) X 100

where

A: Area of video picture of fry measured with a
planimeter

B: Area of video picture of fry after image proc-
essing by the threshold selection method

processing decrease.

At a circumferential speed of 20 c¢cm/s or
below, the analytical accuracy does not decrease
due to the generation of the phenomena men-
tioned. This proves that the circumferential
speed of the second conveyor belt of 20 cm/s or
below is suitable in the absence of the aforemen-
tioned phenomena.

3) Behaviour of fry on the vibrating conveyor
belt

It is assumed here that fry lay on a conveyor
belt that undergoes sinusoidal vibratory mo-
tions as shown in Fig. 6, and the coordinate sys-
tem of the conveyor belt is denoted by Xi, Yi,
the coodinate system of fry, X:, Y., the
circumferential speed of the conveyor belt, Vi,
and the travelling speed of fry, V..

According to TANIGUCHI et al.,(1962), it is
considered that fry laying on a flat conveyor
belt undergo the following modes of behaviour
A, BandC.

Y. Ye

1

X2
Fry —>
Conveyor belt —> ¥,

Fig. 6. Co-ordinate axis of conveyor belt and fry

Namely, the conveyor belt moves faster than
the travelling fry in behaviour A, and the
travelling speed of fry is expressed by the fol-
lowing equation:

VAIJ£9+(1«) @)
W

where,
Va: travelling speed of fry in behaviour A
u : coefficient of friction between fry and
conveyor belt
: gravitational acceleration
: angular velocity of crank
: rotating angle of crank
: amplitude of crank
Travelling fry in behaviour B move faster
than the conveyor belt, and the travelling speed
of the fry is expressed by the following equa-
tion:

Q OE ™

VB=—u§—6+aw @
15

where,

Vs: travelling speed of fry in behaviour B

Travelling fry behaviour C move at the same
speed as the conveyor belt, where fry undergoes
vibratory motrions as an integral part of the
conveyor and are not transferred. The
travelling speed of fry in this case is expressed
by the following equation:

Ve=a wcos 8 3)

where,

V¢ : travelling speed of fry in behaviour C

Variations of these three modes of behaviour
are determined by the accelerations of the fry
and the conveyor belt. When the amplitude is ex-
tremely small, the frictional force of the con-
veyor belt acting upon the fry is larger than the
inertial force. As a result, fry undergo
vibratory motions as an integral part of the
conveyor belt at all times, and therefore the fry
are not transferred.

When type A behaviour and type B behaviour
appear in one period with type C behaviour ap-
pearing between them, fry are not transferred as
they slip. When types A, B and C behaviour ap-
pear in a normal sequence within one period, the
fry are transferred.

Theoretical travelling speed of fry V. in this
case is expressed by the following equation:
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Figure 7 shows the theoretical travelling speed
of fry V... when the acceleration of the conveyor
belt is changed and at the travelling speeds
measured by a video camera.

The acceleration of fry caused by the first belt
conveyor when the transfer of fry is started is
7.1 cm/s? or thereabouts, at which the theoreti-
cal value agrees well with the measured value.
However, the measured values of travelling
speed are slightly larger than the theoretical
values within the acceleration range of
apporoximately 7.1 cm/s? to 18 ¢cm/s* involving
disagreements, but they agree in the higher ac-
celeration range than above. These dis-
agreements featuring the trend of a gradual
increase are considered to have been caused by
mechanical resistance, viscosity, inertial force,
and loss of kinetic energy due to collisions
among fry, all of which were difficult to meas-
ure and were neglected in introducing the theo-
retical equations.

This, therefore, means that the travelling
speed of fry will not increase even if they are
subjected to acceleration at 18 cm/s? or greater.

4) Avoiding multiplication of fry on the con-
veyor belt
The variations of picture areas of fry due to
close contact and multiplication of fry causes a
degradation of analytical accuracy, and hence
must be eliminated. Figure 8(a) shows the rela-
tionship between the speed difference between

EN
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Travelling speed
of fry (cu/s)

o
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20 30

Acceleration of the first conveyor belt (cm/s )

Fig. 7. Acceleration of the first conveyor belt and
travelling speed of fry
Note: The coefficient of friction between fry and
the conveyor belt was assumed to be 0.2.

the first and the second conveyor belts and the
analytical accuracy. The circumferential speed
defference between these conveyor belts was ob-
tained by deducting the circumferential speed of
the second conveyor belt from that of the first
conveyor belt. The negative sign on the abscissa
shows that the circumferential speed of the sec-
ond conveyor belt is greater than that of the
first conveyor belt. If the first conveyor belt is
vibrated when the circumferential speed of the
second conveyor belt is at 10 cm/s, the analyti-
cal accuracy was 10096 for the speed differential
range of 10 cm/s to 30 cm/s between these belts,
but is dispersed and degraded when the first con-
veyor belt is not vibrated.

If the first conveyor belt was not vibrated,
even when the circumferential speed of the sec-
ond conveyor belt was 20 cm/s, analytical accu-
racy was unstable and dispersed as shown in
Figure 8(b). When, however, the first conveyor
belt was vibrated, the analytical accuracy regis-
tered 1009 for the circumferential speed
deifference range from —5 cm/s to 20 cm/s.

On the basis of the results above, it was con-
cluded that rapid and accurate fry counts by the
image processing technique are available if the
circumferential speed of the second conveyor
belt is set at 20 em/s, the first conveyor belt is
forced to vibrate, and the circumferential speed
difference between these conveyor belts is main-
tained at from —5 cm/s to 20 cm/s. In commer-
cial applications, it is necessary to do these
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Fig. 8. Relationship between the circumferential
speed difference between the first and second
conveyor belts and analytical accuracy
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operations on a real-time basis.

If the circumferential speed of the second con-
veyor belt is set at 20 cm/s, it is estimated that
24,000 fry per unit time per one processing line,
or 120,000 fry per unit time per five processing
lines can be counted by the image processing
technique.

4. Conclusion

To count fry by an image processing system, a
counting system comprising first and second
belt conveyors, and a device to prevent multipli-
cation of fry was fabricated, thereby the effects
of the optimum circumferential speed difference
between the first and the second conveyor belts,
the threshold selection method for image
analyses,lighting direction and illumination in-
tensity upon counting accuracy were investi-
gated. The results of the investigation are
summarized below:
1) Threshold selections of fry pictures at thresh-
old values of 40 and 50 are recommended rather
than the discriminant analytical method.
2) To obtain stable video pictures, lighting from
below the conveyor belt and an illumination in-
tensity of 1,100 [x to 1,400 lx immediately above
the conveyor belt are suitable.
3) Excited vibration of the first conveyor belt is
effective for preventing multiplication of fry,
but the travelling speed of fry neither increases
nor decreases at acceleration of 18 cm/s? or
above.
4) To achieve an efficient and accurate fry
count, it is suitable to set the circumferential
speed of the second conveyor belt at 20 cm/s,
and maintain the circumferential speed differ-

ence between the first and the second conveyor
belts in the range from —5 cm/s to 25 ¢cm/s or
thereabouts.

Acknowledgment

We wish to thank graduate students of de-
partment of fishery mechanical engineering,
Tokyo University of Fisheries for their assis-
tance in experimenting

References

Cuen, H. (1992): Studies on the conveying and
counting system for seedlings fry sucked. The-
sis for a degree of master (Tokyo university of
Fisheries), 4-7.

Yapa, S., H. CHEN, H. Sakal and H. AKIzawa
(1993): Studies on the counting system for
seedlings fry sucked by the vacuum pump.
Fisheries Engineering, 30(2), 93-99.

CHEN, H., S. YADA and H. Saka1 (1993): Effect of
bubbles on the count accuracy of seedlings fry
sucked with vacuum pump. Fisheries Engi-
neering, 30(2), 100-101.

Higasuikawa, N., H. Yapa, H. Sakal and H.
Ak1zawa (1993): Study on the automatic ar-
rangement system of catched fresh fish for
packaging. Fisheries Engineering, 30(1), 9-14.

Orsu, N. (1980): Automatic threshold selection
method based on discriminant and least
squares criteria. ICE Trans, 1(4) J63-D, 349-
356.

TaMURA, H. (1985): Introduction to picture proc-
essing with computer compiled. Japan indus-
trial technology center, Souken, Tokyo, 66-68.

Tanicuchl, 0., M. SakarTa, Y. Suzukl and Y.
OsaNal (1962): Studies on vibratory feeder.
Transaction of the JSME, 18, 485-491.

B AFHTIC & 2 E SR O ERE ISR 2 #F5E
REEE « B — « /N#R]

B HRMATREC I IEHNAOREGIHREENE LT, REOERIEEEBICET 2 24K
DA kA vy OMERTE WE, BERCEIEREE, RIEEKO 2 MILTE BAG®E

BIFRE I WTHEIH L 72,



La mer 32: 195-207, 1994
Societe franco-japonaise d’oceanographie, Tokyo

Distribution of Diatom Assemblages in and around a Warm
Core Ring in the North Pacific Polar Frontal Zone*

Kuo Ping CHIANG**', Akira TANIGUCHI** and Satoshi KATO**

Abstract: Distribution of diatom assemblages in the North Pacific Polar Frontal Zone east
of northern Japan in late spring was investigated in relation to distribution of water types.
By principal component analyses, nine diatom assemblages and five water types were de-
fined. Patterns of distribution of the diatom assemblages and the water types were not al-
ways consistent with each other, probably because of more conservative nature of the
diatom assemblages than physico-chemical properties of the water types. The most widely
distributed diatom assemblage, which is named as the Background Assemblage, was
mainly composed of neritic cosmopolitan species and was observed to be small in popula-
tion density. Production of the diatom assemblages is likely to be enhanced in the surface
layer when water types other than a background mixed water intrude and then the new

assembalges are formed there.

1. Introduction

The Kuroshio flows along the south coast of
Japan archipelago and turns around 36°N into
the Kuroshio Extension flowing eastward. The
latter forms the southern border of the North
Pacific Polar Frontal Zone, which demarcates
the frontal zone from the subtropical waters in
south. When the Kuroshio Extension has an ex-
tensive meander to north, a warm core ring is
sometimes pinched off and shifts to further
north. On the other hand, the Oyashio is usually
flows in far north and demarcates the frontal
zone from the subarctic water in north by form-
ing the Oyashio Front. In addition to these two
currents a less prevailing Tsugaru Warm Cur-
rent intrudes from the Japan Sea through the
Tsugaru Straits into the western edge of the
frontal zone and flows southward along the east
coast of Sanriku District. Consequently, oceano-
graphic conditions in the western part of the
Polar Frontal Zone are very complicated due to
the interaction of several different water
masses such as warm and cold core rings and

* Received July 20, 1994
** Laboratory of Biological Oceanography, Fac-
ulty of Agriculture, Tohoku University,
Sendai, Miyagi 981, Japan
t Present address: Department of Fishery Sci-
ence, National Taiwan Ocean University,
Keelung 20224, Taiwan, R.O.C.

streamers, coastal Tsugaru warm water, and
neritic water which are scattered over a so-
called mixed water (e.g. Kawal, 1972; Kawal
and SAITOH, 1986: NAGATA et al., 1992). The
last water mass, which is the final mixture of
all the water masses listed just above, occupies
widely and then forms a background water mass
of the frontal zone. It has been pointed out that
identification of these water masses by a con-
ventional T-S analysis is difficult (HANAWA and
MITSUDERA, 1987).

A low productive diatom assemblage which is
composed mainly of neritic cosmopolitan spe-
cies is almost homogeneously distributed in the
mixed water and named the Background Assem-
blage in the Polar Frontal Zone (CHIANG and
TANIGUCHI, 1993). This assemblage is likely to
be formed by winter convection of water which
selects a few tolerant species to winter condi-
tions. It has been suggested that some other pro-
ductive assemblages are formed during warm
seasons on this Background Assemblage particu-
larly at the Kuroshio Front and coastal front
and in a cold ring (e.g. MARUMO and AMANO,
1956: MArRUMO, 1967; YAMAMOTO et al., 1981,
1988). Therefore, the distribution of diatom as-
semblages in warm seasons can indicate the ori-
gin of very slightly different water masses that
can not be identified by the T-S analysis.

In this paper, we try to identify water masses
of different origins in detail by principal
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component analyses of diatom assemblages in
the western Polar Frontal Zone. Possible en-
hancement of diatom productivity in the locali-
ties where different waters intrude into the
background mixed water mass is suggested.

2. Materials and methods

Samples were collected on the Cruise KT-90-7
of R/V “Tansei Maru” of the Ocean Research
Institute of the University of Tokyo (Fig.1).
The cruise was divided into two legs. Leg 1 was
for samplings at Sts. C20-C22 arranged on a lon-
gitudinal section crossing a warm core ring and
St. C18 as a reference station in the Kuroshio
Extension. Leg 1 was carried out during the pe-
riod from 29 May to 2 June 1990. Leg 2 was for

N
440

azo |

400

380

360 |

140° 142° 1440

Fig. 1. Sampling stations occupied on the Cruise

KT-90-7 to the western North Pacific Polar

Frontal Zone during the period from 29 May to

10 June, 1990. Isotherms at the sea surface are

adapted from the Japan Fisheries Informa-
tion Service Center (1990)

146° E

samplings at Sts. C30-C35 on a section crossing
the edge of the same warm core ring, and Sts.
C40 and C59 as references in cold mixed water
and the Oyashio. Leg 2 was done in 3-10 June
1990. The section through Sts. C19-C22 and a
supplemental St. C40 is named Line A and that
through Sts. C30-C35 is Line B below.

Water samples were collected from 8-12
depths in the surface layer down to 75 m on Line
A and down to 200 m on Line B. Methods of mi-
croscopic examination of diatom assemblages
and chemical analyses of the nutrients such as
dissolved silica, phosphate, nitrite, nitrate and
ammonia were given in CHIANG and TANIGUCHI

(1993).

To see relationships between diatom assm-
blages and water types in distribution, principal
component analyses (PCAs) and cluster analy-
ses (PiELoU, 1984) were done by using the
oceanographic data set on temperature, salinity
and five nutrients (PCA-OD) (Table 1) and the
diatom data set. The latter was processed in the
following two ways to reduce number of pa-
rameters reaching 160 species in total. At first,
diatom species identified were grouped into 14
types according to their distributional charac-
teristics (DC) reported in literature (KokKuBo,
1960, MARUMO et al., 1966, YamaJjr, 1984)
(Table 2). In the second way 24 common and
dominant species (DS) which occurred in more
than 50 % of samples were selected (Table 3). In
the following sections, we describe the first as
PCA-DC and the second as PCA-DS.

Position of the first principal component PC1
on X-axis and that of the second principal com-
ponent PC2 on Y-axis in scatter diagrams of
PC2 on PC1 were used to identify clusters of
components by an average clustering method
(Euclidean distance=0.6).

3. Results
3.1. Water Types

Line A: Data on the surface temperature over
the sea areas around Japan gathered during the
period from 1 to 5 June were compiled by the
Japan Fisheries Information Service Center
(Fig. 1. It gives general configuration of water
masses at the surface around the day of the pre-
sent sampling; the Kuroshio Extension which
flowed eastward along the 22°C isotherm, a
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Fig. 2. An image of the warm streamer shot to the warm core ring around St. C22
(¢f. Fig. 1) from the other ring in the east (NOAA-AVHRR Channel 4)

warm core ring which centered around 38°30" N,
143°30" E, and a narrow coastal flow or the
Tsugaru Warm Current which flows southward
along the isotherms of 12-14°C. Although a
warm streamer seems to extrude from the
Kuroshio Extension and form a mushroom-
shaped warm water body in this figure, satellite
imagery (NOAA AVHRR) taken on 30 May in-
dicates that the streamer ran out of the other
warm core ring in the east (Fig. 2), which is in-
dicated by a 20°C isotherm on the right end of
Fig. 1. The streamer was taken into the south-
western edge (around St. C31) of the warm core
ring which occupied the area around Sts. C20-22
(see blow).

Thermal structure in the longitudinal vertical
section along Line A illustrates the lens-shaped
warm core between 100 m and 400 m depths
(Fig. 3). Therefore, we could identify position
of the sampling stations in relation to the warm
core ring: St. C19 was in south and St. C40 were
in north of the ring, Sts. C20 and C22 were at the
edge and St. C21 was at the center of the ring.
Details of hydrographic structure in the surface
layer of these stations, where the plankton sam-
ples were collected are given in Figs. 4 and 5.
High temperature and high salinity water

St. C-l19 C-IZO C;21 C-IZZ C-40
0 -

200 -

Depth (m)

(]

Q

o
1
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Fig. 3. Distribution of temperature (°C) in vertical
section along the longitudinal Line A(143°30' E)
crossing the warm core ring. Data were ob-
tained by CTD casts down to 1000 m. Since Sts.
C19-C22 and St. C40 were occupied on different
legs of the same cruise, a space is set between

Sts. C22 and C40.
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Fig. 4. Detail of temperature (°C) section in 0-200
m layer on Line A. Since Sts. C19-C22 and St.
C40 were occupied on different legs of the same
cruise, a space is set between Sts. C22 and C40.
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Fig. 6. Temperature(°C) section in 0-200 m layer
on Line B crossing western edge of the warm
core ring. Data were obtained by CTD casts
down to 1000 m.

(C>19°C, >>384.7 psu) originated from the warm
streamer was observed in 0-20 m at Sts. C19 and
C20 and in 0-40 m at St. C22. Low salinity sub-
surface water observed between 20 m and 60 m
at St. C19 might be derived from the coastal
water off Joban District (c¢f. Fig. 1.

Line B: In the vertical sections of temperature
and salinity along Line B (Figs. 6 and 7), low
temperature and low salinity coastal water
originated from the Tsugaru Warm Current can
be seen in the layer between 10 m and 50 m at St.
C34, while the same current is illustrated at St.
(35 in Fig. 1. In this vertical section, St. C30
was judged to be at the western edge of the ring
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Fig. 5. Salinity (psu) section in 0-200 m layer on
Line A. Since Sts. C19-C22 and St. C40 were
occupied on different legs of the same cruise, a
space is set between Sts. C22 and C40.
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Fig. 7. Salinity (psu) section in 0-200 m layer on
Line B.

because edge of the lens-shaped core was de-
tected by the CTD casts (CHIANG, 1993). This is
partly illustrated by 10°C isotherm in Fig.6. St.
C31 was judged to be in the warm streamer,
which intruded into the surface 40 m at St. C31.
Consequently, thermocline and halocline were
bent upward to the surface at Sts. C33 and C34
and downward to the subsurface at St. C31.

By the method of T-S analysis described by
Hanawa and Mirsupera (1987), following
three water systems were defined. First, high
temperature and high salinity water (10-20°C,
>>34.2 psu) occupied most part of the top 200 m
water columns in and south of the warm core
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ring was recognized as derived from the
Kuroshio Current. HANAWA and MITSUDERA
(1987) named this type of water the Kuroshio
Water System. Second was high temperature
and intermediate salinity water (56-20°C, 33.7-
34.2 psu) which was observed in west of the
ring. This type was named the Tsugaru Warm
Current Water System by HANAWA and M-
TSUDERA (1987). Third was low temperature
and low salinity water (0-7°C, 33.0-33.7 psu)
named as the Coastal Oyashio Water System
(HaNAWA and MITSUDERA, 1987). This type
was observed in north of the ring (St. C40) indi-
cating the influence of the Oyashio Current. In
this paper, however, water types were defined by
the principal component analysis using oceano-
graphic data including not only temperature and
salinity but also five nutrients (PCA-OD)
(Table 1). PC1 explains 47.31% of total vari-
ance and positively correlates with dissolved sil-
ica and nitrate but negatively with temperature.
PC2 accounts for 15.15% of the variance and
positively correlates with salinity and nitrite.
In a scatter diagram of PC2 on PC1 eight clus-
ters were identified (Fig. 10), which are given in
column OD of Tables 4 and 5. Then, five water
types could be recognized (cf. Figs. 13 and 14).
The first was high temperature surface water
(Cluster A) occupied the surface layer in and
south of the warm core ring (Sts.C19-C22,C30-
(33) as well as in the Kuroshio Extension (St.
C18). This is named here the Surface Water
Type. The second which occupied the surface lay-
ers in west (Sts. C34-C35) and north (St. C40)
of the ring is named the Coastal Water Type

Table 1. Oceanographic data used as variables
for the PCA-OD and their eigenvectors of PC1
and PC2. Percentage of variance explained is
indicated below each of PC1 and PC2.

. PC1 PC2
Variables 47.31% 15.15%
Temperature -0.499 0.242
Salinity -0.385 0.511
Dissolved Silica 0.450 0.111
Phosphate 0.326 0.023
Nitrate 0.483 0.154
Nitrite 0.182 0.743
Ammonia 0.166 0.302

st.C.19 C20 C.21 C-22 C-40

Depth (m)
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Fig. 8. Distribution in cell number of total diatom

populations (10° cells 17') in vertical section
along Line A.

(Clusters B and E). This seems to be originated
from the northern coastal area off Sanriku Dis-
trict. Similar water type was also found in sub-
surface at St. C19 (Cluster B), which is likely to
be originated from the Joban coastal area in-
stead of the Sanriku coastal area (Fig. 1) and
named the Joban Coastal Water Type. The
fourth was the Mid-layer Water Type (Clusters
C, D and F) widely occupying subsurface layer
in almost entire area. The fifth was the Oyashio
Water Type (Clusters G and H) which was found
in subsurface at Sts. C40 and C59.

3.2. Diatom Assemblages

On Line A, the maximum abundance of dia-
toms in vertical distribution was found in sub-
surface layer except at St. C40 where the
maximum was found at the surface (Fig. 8). It
should be noted that the subsurface maximum
around 50 m at St. C19 was coincident with posi-
tion of the Joban Coastal Water Type described
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Fig. 9. Distribution in cell number of total diatom
populations (10° cells 17) in vertical section
along Line B.
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Fig. 10. Scatter diagram of PC2 on PC1 of the prin-
cipal component analysis using oceanographic
data (PCA-OD) (¢f. Table 1). Envelops denote
eight clusters identified by an average cluster
analysis.

above. On the other hand, abundance of diatoms
was low at St. C22 and in the warm streamer in
the surface layer shallower than 20 m at Sts.
C19-C20.

On Line B, the maximum abundance was gen-
erally found in the top 20 m except Sts. C31 and

ARe
B

0 ﬂ cnc
s A

PC1
Fig. 11. Scatter diagram based on 14 groups of
diatoms which were grouped by their distribu-
tional characteristics (PCA-DC) (c¢f. Table 2).
Envelops denote 11 clusters identified by cluster
analysis. Five points out of envelops A-K are
marked # in Tables 5 and 6.

(C32, where diatom became abundant in 50-100 m
layer (Fig. 9). In the surface layer at St. C31
occupied by the warm streamer, diatom stock
was low as observed at Sts. C19 and C20.

In the principal component analysis based on
groups of diatom species classified by the distri-

Table 2. Fourteen types of diatoms grouped by their distributional characteristics used as
variables for the PCA-DC and their eigenvectors of PC1 and PC2. Percentage of variance
explained is indicated below each of PC1 and PC2.

. . PC1 PC2
Diatom group/Variable 98.43% 18.04%
Cold oceanic centric diatoms (COC) 0.074 0.572
Cold neritic centric diatoms (CNC) 0.452 0.158
Warm oceanic centric diatoms (WOC) 0.306 -0.235
Warm neritic centric diatoms (WNC) 0.154 0.311
Oceanic cosmopolitan centric diatoms (OCC) 0.268 -0.267
Neritic cosmopolitan centric diatoms (NCC) 0.321 0.035
Other centric diatoms (OC) 0.430 -0.057
Cold oceanic pennate diatoms (COP) 0.040 0.570
Cold neritic pennate diatoms (CNP) 0.000 0.000
Warm oceanic pennate diatoms (WOP) 0.057 -0.076
Warm neritic pennate diatoms (WNP) 0.249 -0.266
Oceanic cosmopolitan pennate diatoms (OCP) 0.000 0.000
Neritic cosmopolitan pennate diatoms (NCP) 0.193 0.127
Other pennate diatoms (OP) 0.457 0.042
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Fig. 12. Scatter diagram based on 13 dominant
and common daitom species which occurred in
more than 50 % of samples (PCA-DS)(cf. Table
3). Envelops denote seven clusters identified by
cluster analysis. Six points out of envelops A-K
are marked # in Tables 5 and 6, two of which
are far out of this diagram.

bution nature (PCA-DC), the first (PC1) and
second principal components (PC2) account for
46.47% of total variance (Table 2). PC1 posi-
tively correlates with three groups of cold
neritic centric diatoms, other centric diatoms
and other pennate diatoms, and PC2 with two
groups of cold oceanic centric diatoms and cold
oceanic pennate diatoms. In principal compo-
nent analysis based on dominant diatom species
(PCA-DS), PC1 and PC2 account for 36.16% of
the variance. PC1 is influenced by Bacteria-
strum delicatulum, Chaetoceros compressum, C.
didymum, C. radicans and Nitzschia seriata,
and PC2 by Corethron criophilum, Denticulopsis
marina and Thalassiosira sp. (Table 3). Figs.
11 and 12 illustrate scatters of PC2s on PCls in
PCA-DC and PCA-DS, respectively, and eleven
and seven clusters were identified. These results
are summarized in the columns of DC and DS in
Tables 4 and 5. Compiling these results nine dia-
tom assemblages were finally defined as below
(also cf. Table 6).

(1) Kuroshio Extension Assemblage: This as-
semblage was defined by the combinations of
Cluster A in PCA-DC and Cluster C or Cluster F
in PCA-DS. These combinations can be expressed
in A-C and A-F and found only in the surface

Table 3. Twenty-four dominant diatom species,
which occurred in more than 50% of samples,
used as variables for the PCA-DS and their
eigenvectors of PC1 and PC2. Percentage of
variance explained is indicated below each of
PCl1 and PC2.

. PC1 PC2
Variables 23.00% 13.16%

Asterionella glacialis 0.191  -0.070
Bacteriastrum delicatulum 0.377  —0.022
Chaetoceros compressum 0.326 0.045
Chaetoceros decipiens 0.134 0.014
Chaetoceros didymum 0.323 -0.101
Chaetoceros peruvianum 0.160 0.069
Chaetoceros radicans 0.330 0.157
Corethron criophilum 0.031 0.481
Denticulopsis marina -0.017 0.470
Leptocylindrus danicus 0.070  -0.125
Navicula distans 0.134 0.056
Navicula membranacea 0.170  -0.082
Navicula sp. -0.022  -0.041
Nitzschia closterium 0.232 0.096
Nitzschia longissima 0.277 0.008
Nitzschia seriata 0.324  -0.057
Nitzschia sp. -0.001 0.361
Rhizosolenta alata 0.191 0.108
Rhizosolenia bergonit 0.124  -0.154
Rhizosolenia fragilissima 0.247  -0.004
Rhizosolenia stolterfothii 0.164  -0.187
Pseudoeunotia doliolus 0.124 0.031
Thalassionema nitzschiotdes 0.119 -0.144
Thalassiosira sp. 0.042 0.488

layer between 0 m and 35 m at St. C18 (Table 4).
Dominant species in this assemblage were C.
compressum, Hemiaulus sinensis, Leptocy-
lindrus danicus, N. seriata and Thalassionema
nitzschioides, which have been reported as warm
neritic or neritic cosmopolitan species. Popula-
tion density of this assemblage (3 X10*—1.2 X
10° cells 17!) was not large comparing to the
other assemblages in this season.

(2) Joban Coastal Assemblage: This assem-
blage was defined by Clusters D, E, F, G, H in
PCA-DC, all of which appeared in the fourth
quadrant of scatter diagram (Fig. 11), and
Clusters B and G in PCA-DS (Tables 4 and 5).
Isolated Cluster # in PCA-DS found at 10 m at
St. C21, which is different from Clusters B and
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G but very similar to them, appeared in the first
quadrant of Fig. 12. Therefore, this cluster was
also categorized in this assemblage. This assem-
blage was found in the subsurface layer (20-50
m) at St. C19 below the warm streamer and in
the surface and subsurface layer of the warm
core ring, i.e. 20045 m St. C20, 0-35 m at St. C21
and 0-35 m at St. C30. Dominant species were
Chaetoceros compressum, C. peruvianum, C.
radicans, N. seriata and Pseudoeunotia doliolus.
Peak-forming species, whose peak (or one of
peaks) in distribution occurred in the distribu-
tional range of this assemblage, were C.
compressum, C. peruvianum, C. radicans, P.
doliolus, B. delicaturum and Rhizosolenia
fragilissima. These species indicate the rela-
tively warm water preference of this assem-
blage, while a few cold neritic species were
mixed with. Population density was intermedi-
ate being 4 X10*—4.8 X10° cells 17",

(3) Coastal Front Assemblage: This assem-
blage was clearly defined by combinations of
clusters of G-# and H-# and also by D-B, E-E
and F-A. The latter three were considered to be
derived from A-A and similar to H-# in the
scatter diagrams. This assemblage was interme-
diate in population density (1x10°—6X10° cells
1) and found only in frontal zone between the
warm core ring and the coastal water (Sts. C32
and C33) (Table 5). Dominant species were B.
delicatulum, C. compressum, C. peruvianum, C.
radicans and N. seriata, and the peak-forming
species were Asterionella  gracialis, B.
delicatulum, C. compressum, C. didymum, C.
peruvianum and P. doliolus. This species compo-
sition seems to be similar to the Joban Coastal
Assemblage, but the neritic nature 1s much
stronger.

(4) Tsugaru Warm Current Assemblage: This
assemblage was defined by Cluster I and its
closely allied Cluster # in PCA-DC and by Clus-
ters B, C and F in PCA-DS. This assemblage was
found in 5-20 m at St. C34 where the Tsugaru
Warm Current flowed from north. The maxi-
mum diatom abundance throughout this investi-
gation was observed in this assemblage (10 m
at St. C34). The dominant species were C.
compressum, C. frichei, C. radicans, L. danicus
and N. seriata, and the peak-forming species
were C. frichei, R. fragilissima, R. stolterfothii,

Skeletonema costatum and T. nitzschioides.
These species indicate the neritic nature of this
assemblage. Population density was 2Xx10°—1.1
X10° cells 17",

(5) Southern Sanriku Coastal Assemblage:
The assemblage defined by C-C was found in 0-
25 m at St. C35 which was the nearest station to
the coast. However, neritic nature as well as
population density (3X10°—9X10° cells 17') of
this assemblage was smaller than those of the
Tsugaru Warm Current Assemblage. The domi-
nant species were C. compressum, C. curvisetum,
C. frichei, L. danicus and N. seriata, and the
peak-forming species were C. curvisetum, C.
decipiens and L. danicus.

(6) Northern Mixed Assemblage 1: The as-
semblage defined by D-B and I -B occurred in 0-
10 m at St. C40 which was located in north of
the warm core ring. The dominant species were
C. curvisetum, C. radicans, L. danicus, N.
closterium and N. seriata, and the peak-forming
species were A. gracialis, B. delicatulum, C.
compressum, C. curvisetum, C. decipiens, C.
frichei, C. radicans, L. danicus and T.
nitzschioides. This species composition indicates
that this assemblage was formed by mixing of
cold-water species such as C. decipiens into the
Background Assemblage, which is described
later. Population density was intermediate,
being 1.1 X10°~3X10° cells 17"

(7) Northern Mixed Assemblage 2: This as-
semblage defined by A-D and A-E occurred in 20-
40 m at St. C40 or just below the Northern
Mixed Assemblage 1. Therefore, population den-
sity was one order of magnitude lower than the
Assemblage 1, being 1.2 X10‘—4 X 10* cells 17",
The dominant species were C. curvisetum, D.
marina, L. danicus, N. closterium and N.
seriata. The peak-forming species was not found
in this assemblage.

(8) Ovyashio Assemblage: This assemblage
was defined by combinations of Clusters #, K
and B in PCA-DC and of Cluster #, D and E in
PCA-DS. This was found at 0-50 m and 100-150
m at St. C59 and dominated by Chaetoceros
concavicorne, C. curvisetum, C. radicans, D.
marina and Thalassiosira nordenskioldii. Since
St. C59 was isolated in north of the Polar Fron-
tal Zone, the peak-forming species were not
judged. Nevertheless, cold-water nature of this
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Table 4. Distribution of the clusters separated by three PCAs based on oceanographic data (OD),
and abundances of distributional groups (DC) and dominant species (DS) as variables for Leg

1 of the Cruise KT-90-7.

]SDES‘ 0D DC DS ST& 0D DC DS ST& 0D DC DS ST& © 0D DC DS ST& - OD DC DS %ng 0D DC DS
C180 A A C c19_0 A A A CZO—OA A A 021-0 A DB c22-0 A A ACIOE I B
5 AAC 5 AAA 5 AAA 5 ADB 5 AAA 5 BDB
0 AAC 10 AAA 10 AAA 10 AEG# 10 AAA 10 BDB
5 AAF 15 AAA 15 AAA 15 ADB 15 x A A 2 E A D
0 A AC 20 BFA 2 AEB 2 CEUB 20 AAA 3 DA E
% A AF 2 BFA 2% * EB 2 AHB 2 AAA 40 G AD
30 AAC 3 C * * 3 AGB 30 CFA 3 AAA 5 E A A
35 A AC 49 BGB 3 * GB 35 FDA 3 AAA T DA A
40 A A A 5 BHB 4 CF A 40 F A A 40 A A A 100 G A A
45 A AA 5 CAA 4 F F A 45 C A A 4 A A A 125 D A A
50 A A A 50 F A A 50 CAA 5 AAA 150 G A A

% F AA 75 CAD 75 AAA 20 G A A

*: Samples were not collected from the layers.
#: The community is different from all others.

Table 5. The same as Table 4 but for Leg 2.

ST&

opDCDS Y ST& ODDCDS D ST& oD DCDS S ST& 0D DC DS

ST& ST&

Dep. Des 0D DC DS e 0D DC DS L& 0D DC DS
C30-0 A J GCSl-OA A AC32-0A A AC33-OA J #C340B A AC35-0B C CC59—0E # B
5 AEB 10 AAA 10 AAA 10 AJ# 5 BI1C 5 BAA 5 B % *
10 AHG 20 AAA 20 AAA 20 CH# 10 B#F 10 BCC 10 E#E
15 CHB 30 AAA 3 ADB 3 CAA 2 BI1B 15 BCA 15 BEK #
20 CGB 4 AAA 4 CAA 4 CAA 30 DAA 2 BCC 20 G#E
2 DG B 5 BAAGS CEE 5 CAA 4 CAA 2 BBA 3 DK #
30 CGB 6 CAA T DFA G CAAGS CAA 30 BAA 4 GBE
3 CFA 8 CAA 8 CAA 8 CAA 8 BAA4 BAA 5 GBE
40 C A A 100 CAAI0DAATIOCAATIDCAAS CAA T GAA
50 CAA 125 CAAI0DAATIL CAAIBCAAT CAAILWHAD
75 CAA 150 DAA 160 DAAIOCAAIOCAAIO0CAAI0HBD
100 BAA 20D * * 20 DAA20DAAZ20DAAIM CAA20HAA

*: Samples were not collected from the layers.
#: The community is different from all others.

assemblage is clearly indicated by these domi-
nant species, while a few warm neritic species
were mixed. Population density was intermedi-
ate being 2X10*—8X10° cells 1%

(9) Background Assemblage: This assemblage
was defined by A-A. Neritic cosmopolitans C.
compressum, N. closterium, S. seriata, T.
nitzschioides, and a cold neritic C. radicans were

major components of this assemblage. Impor-
tant is that this assemblage was smallest in
population density but most widely distributed
over the sampling area. The density rarely ex-
ceeded 1X10* cells 17" with a few exceptions in
the surface layer at St. C34. This assemblage is
considered to be produced and distributed homo-
geneously in water column by winter convection
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St. C-19 C-20 C-21 C-22 C-40

Fig. 13. Distributions of water types and diatom assemblages defined by PCAs in vertical
section along Line A (¢f. Table6). 1: Background Assemblage, 2: Joban Coastal Assem-
blage, 3: Northern Mixed Assemblage 1, 4: Northern Mixed Assemblage 2.
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Fig. 14. Distributions of water types and diatom assemblages defined by PCAs in vertical
section along Line B (¢f. Table 6). 1: Background Assemblage, 2: Southern Sanriku
Coastal Assemblage, 3: Tsugaru Warm Current Assemblage, 4: Coastal Front Assem-
blage, 5: Joban Coastal Assemblage
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down to the permanent halocline in the entire
Polar Frontal Zone (CHIANG and TANIGUCHI,
1993).

4. Discussion

PCA-OD yielded double layered structure of
water column in vertical sections along Lines A
and B where the shallow Surface Water Type
covers the thick Mid-layer Water Type except
the southernmost (St. C19) and northernmost
stations (St. C40) outside of the warm core
ring. At the latter two stations the Joban
Coastal Water Type, the Coastal Water Type
and the Oyashio Water Type were identified
separately from the prevailing two water types
in the surface and mid-layers. This result gives
rather simple picture of hydrographic feature in
this area as if foreign water masses other than
the Surface and Mid-layer Water Types intrude
only at both edges of Line A (Sts. C19 and C40)
(Figs. 13 and 14).

Distribution of the nine diatom assemblages
defined above indicates configuration of water
types of different natures much more precisely.
The Kuroshio Extension Assemblage which was
composed of warm neritic species existed only in
the top 35 m at St. C18. This indicates that the
Kuroshio Extension water carrying neritic spe-
cies entrained by the Kuroshio during its flow
along southeast coast of western to central
Japan (YAMAMOTO et al., 1988) did not extend
to the other stations. Although the warm
streamer is illustrated as if ran out from the
Kuroshio Extension in Fig. 1, no direct influence
of the Extension water was observed in the dia-
tom assemblages at the surface at Sts. C19, C20,
C31 and C32 in and near the streamer.

At the latter stations the Background Assem-
blage was found, below which the Joban Coastal
Assemblage containing a few cold neritic species
was found (Figs. 13 and 14). Coexistence of the
cold neritic species indicates that the Joban
Coastal Assemblage came from the Joban
coastal region north of the Kuroshio Extension.
The Joban Coastal Assemblage was found as in-
truded subsurface layer (20-70 m) at St. C19 and
uplifted to the surface at Sts. C21 and C30. Low-
salinity water (<(34.5 psu) found at Sts. C19
and C21 seems to indicate partly this course
(Fig. 5) but PCA-OD as well as conventional T-

S analysis could not reveal this. Such a discrep-
ancy is thought to be produced by different na-
tures between the physico-chemical property of
water and the plankton assemblage. The former
(temperature, salinity and five nutrients)
changes gradually and continuously by mixing
of water types. However, individual plankters
continue to exist after their populations are
mixed. This conservative nature vests plankton
assemblage with practical value as the tracer of
changing and mixing water types
(FRYXELL et al., 1984; KACZMARSKA et al.,
1986). PCAs can identify those assemblage dif-
ferent from neighboring assemblages being com-
posed of similar species.

At St. C39 in the northern extreme of the
study area the Oyashio Assemblage was found.
Since this assemblage contained a few warm
water species, it can be understood that influ-
ence of the warm water had extended to east of
Hokkaido in this season. The Oyashio Assem-
blage was likely to be modified into the North-
ern Mixed Assemblages 1 and 2 by further
mixing with warm water at St. C40, which indi-
cated by relative position of respective clusters
in Figs. 11 and 12. Degree of the mixing of warm
water was lesser in subsurface (Assemblage 2)
than in the surface (Assemblage 1) as expected.
On the other hand, typical Oyashio Assemblage
was not found even below the Assemblage 2
where the Oyashio Water System was identified
by T-S analysis; the Background Assemblage
was found there. This fact demonstrates that
the Background Assemblage which had been
formed in winter through entire water column in
the Oyashio and the mixed water regions
(CHIANG and TANIGUCHI, 1993) was kept un-
changed below the euphotic zone. This is the pos-
sible reason why the Background Assemblage
was pervading the deeper part of water columns
over the entire area (Figs. 13 and 14).

In the Coastal Water Type at Sts. C34 and C35
which was identified by PCA-OD, two different
diatom assemblages,i.e.the Tsugaru Warm Cur-
rent Assemblage and Southern Sanriku Coastal
Assemblage, were found. The Tsugaru Warm
Current 1s known as a narrow coastal flow in
the surface layer which is hardly distinguished
from the Sanriku coastal water system by con-
ventional T-S analysis (cf. Kawal, 1972; Ha-
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NAwWA and MITSUDERA, 1987). The present
PCA-OD could not distinguish these two waters
too, but the PCA-DC and PCA-DS detect the dis-
tinction between them. Revelation of the
Coastal Front Assemblage at Sts. C32 and C33 is
an another example showing high ability of dia-
tom assemblage to distinguish slightly different
water types. Two-layered structure of this as-
semblage at St. C32 (Fig. 14) strongly indicates
the complexity in fine scale of local mixing proc-
ess of converging waters at frontal region.

The facts described above demonstrate that
the distribution pattern of diatom assemblages
was not always consistent with that of the
water types, usually being more complex. The
Background Assemblage pervaded the entire sec-
tion, on which seven other assemblages were dis-
tributed in different way from the distribution
of water types (Figs. 13 and 14). In other words,
PCA-DC and PCA-DS can trace distribution of
different waters more precisely than PCA-OD
and conventional T-S analysis as well.

It should be noted again that the Background
Assemblage was smallest in population density
among assemblage found in this season except
the Nothern Mixed Assemblage 2 which was at
the same level or exceeded very slightly the
Background Assemblage in the density. Since the
Northern Mixed Assemblage 2 occurred in sub-
surface layer at St. C40, low underwater light
intensity may be primarily responsible for its
lower population density. The same can un-
doubtedly be the case for the Background As-
semblage distributed in subsurface layer over
entire area. However, although the Background
Assemblage was also found commonly in the
surface layer (Figs. 13 and 14), its size was
small. This is most likely to indicate that the
diatom production is not high in the background
water type occupying large part of the North
Pacific Polar Front (cf. TANIGUCHI, 1981). The
production is enhanced in the surface layer
where the other water types such as warm
streamer and coastal water as well as the
Oyashio water intrude, where, in turn, new as-
semblage are formed.
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On Storm Surge at Typhoon with Packed Heavy Rain*

Shigehisa NAKAMURA™*

Abstract: Storm surge caused by typhoon with packed heavy rain is studied using the sea
level records on the coast of the Japanese Islands in 1993. One case of typhoon 9311 brought
a heavy rain in the urban area of Tokyo, which induced storm surge in the eastern Japan
mainly by barometric effect. The other case is that of typhoon 9313 which caused a heavy
rain as a trigger of land slides in Kagoshima, Kyushu. No hazardous storm surge was
observed at typhoon 9313 in the coastal zones. There are left many problems to be solved

at evaluationg storm surge quantitatively.
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Fig. 1. Tracks of typhoon 9311 and 9313.
1) As for typhoon 9311, during period of 21h on
24 August to 28 August 1993.
2) As for typhoon 9313, during period of 18h on
1 September to 4 September 1993.
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Fig. 2. Location map of the tide stations.
Notations are ABU for Aburatsu, TOS for
Tosa-shimizu, MUR for Muroto —misaki,
KUS for Kushimoto, OMA for Omaezaki,
HAT for Hachijyo-jima, TAT for Tateyama,
ONA for Onahama, AIU for Ayukawa, URA
for Urakawa, NGT for Niigata, MAI for
Maizuru, KOB for Kobe, TAK for
Takamatsu, HAM for HAMADA, HIR for
Hiroshima and MAT for Matsuyama.
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Fig. 3. Meteorological anomaly (solid line) of the sea level and the inversed barometric
variations (broken line) with arrow indicated th

e time of the minimum pressure of
the atmosphere, for typhoon 9311.
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Fig. 4. Meteorological anomaly (solid line) of the sea level and the inversed barometric
variations (chain line) with arrow indicated the time of the minimum pressure of the
atmosphere and the maximum of the sea level, for typhoon 9313.
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“JECSS and CREAMS™”

I have noticed in recent publications like JOSJ
and La mer that United States of America and
European Oceanographic Community do not res-
pond to calls by Japanese oceanographers or there
is no indication of participations by U.S. or Euro-
pean oceanographers in these Japanese calls for
international research program.

Of course, oceanographers of Korea, China and
Japan participate. But without participation from
U.S.A. and European oceanographers, the most
important group of the world oceanographic com-
munity, the program will not succeed.

Takashi Ichiye
NE 855 “D” St., Pullman, WA 99163, U.S.A.
*Circulation Research of the East

Asian Marginal Seas

Creams Secretary Office

Prof. Jong-Hwan Yoon, Prof. A. Ostrovskii
Research Institute for Applied mechanics
Kyushu University

6-1 Kasuga-koen, Kasuga, Fukuoka,

816 Japan

Telephone: 81-92-573-9611 ex. 755

Telefax: 81-92-582-4201 (to RIAM/Kyushu
Univ.)

e-mail: €76104a@kyu-cc.cc.kyushu-u.ac.jp
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