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Lower Trophic Level Ecosystem in Jakarta Bay, Indonesia

Nurdjaman SUSANNA™ and Tetsuo YANAGI™

Abstract : The lower trophic level ecosystem of Jakarta Bay, Indonesia in wet and dry seasons
is studied by using observed data and a box ecosystem model. The observed values of chloro-
phyll-a and Dissolved Inorganic Nitrogen (DIN) concentration are well reproduced by a vertical
one-dimensional ecosystem model except in wet season 1976. Chlorophyll-a and DIN concentra-
tions are higher in wet season than in dry season. Generally, concentrations of ecosystem com-
partments are higher in wet season than in dry season. Rainfall directly affects on the growth
of phytoplankton in Jakarta Bay and the primary production in Jakarta Bay (416-830 mgC/
m’/day) is larger than in Banten Bay (84-122 mgC/m’/day; SUSANNA and YANAGI, 2002). Ac-
cording to primary production Jakarta Bay is classified under mesotrophic and Banten Bay is
oligotrophic. In Banten Bay, the regenerated production is higher than the new production and
plays an important role, while in Jakarta Bay the ratio of new production to regenerated pro-
duction is almost one. Both nutrient load and recycling DIN play an important role in the in-
creasing of chlorophyll-a concentration in Jakarta Bay.

Keywords : Jakarta Bay, DIN, chlorophyll-a, box ecosystem model, primary production, Banten

Bay.

1. Introduction

Jakarta Bay is a semi-enclosed bay, and is
connected to the Java Sea. This area is directly
affected by human activities because it is close
to the large city, Jakarta, which is one of the
fast growing Asian mega-cities that have
sprung up during the past few decades. As the
urbanization and industrial activities extend,
the nutrient supply has increased. The waters
of Jakarta Bay are fed by several major coastal
rivers, which transport sediments and sewage
water, as well as agricultural and industrial ef-
fluents (Fig.1). This has resulted in high levels
of nutrients concentration and in the contami-
nation of coastal waters extending for a consid-
erable distance into the Java Sea. In recent
years, a severe water pollution accompanied
with red tides and oxygen-depleted water mass
has been frequently observed in Jakarta Bay.
These phenomena are said to be related to the
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increase in the coastal nutrient supply. High
nutrients level can lead to enhanced
phytoplankton growth and potentially to
eutrophication. Repeated observations in Ja-
karta Bay revealed that the bay water is very
productive. The averaged chlorophyll-a concen-
tration ranged from 0.9 to 5.41 mg/m’ with a
maximum value of 17.96 mg/m®(PRASENO et
al., 1978). The highest chlorophyll-a concentra-
tion was found in the sample taken in front of
the river mouth. Blooming of a single species
was observed in Jakarta Bay by Praseno and
ADNAN (1978). The plankton Noctiluca was of-
ten found blooming in waters influenced by
river discharge, appearing in great numbers af-
ter the heavy rainfall.

There are many studies concerning the
coastal marine ecosystem and many attempts
to estimate the environmental management
strategy (SOHMA et al., 2001). Simulation by
numerical model is one of tools that can be used
to predict the management effect quantita-
tively.

FasHAM et al. (1990) presented a model of
the annual cycle of plankton dynamics and
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Fig. 1 Jakarta Bay and observation stations. Numbers with contour show the depth in meters.

Broken line shows the model boundary.

nitrogen cycling in the oceanic mixed layer at
Station "S" near Bermuda. KAWAMIYA et al.
(1995) also developed a model which has con-
structed a vertical one-dimensional ecosystem
and applied to Station Papa.

In this paper, a box ecosystem model has
been described that reproduces the observation
field, using the best available parameters. An
application of the model has been a calculation
of detailed budget of bioelement through the
coastal ecosystem. The results are compared

with the previous estimate of nutrient fluxes in
Banten Bay (SusaNNA and YANAGI, 2002),
which is located next to Jakarta Bay (Fig.1) to
assess the performance of the model and to
identify which process requires a detailed
study.

2. Observation

Research and Development Center for
Oceanology of the Indonesia carried out field
observations at 22 stations shown in Fig. 1
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Fig. 2 Seasonal variation of light intensity at Jakarta (a) and average water temperatures in the

upper and lower layers of Jakarta Bay (b).

DIN (micro mol/l)

16
o

12 |-

]

08
L ]

04 5

® e
o ‘ .
Wet'76  Dry'76  Wet77  Dry'77

“ Upper O Lower I

@

Chlorophyll-a (mg/m®)

25
2| s —
15
1 (o]
[ 4 [ ] i
05 [0 3N Q

Wet '76 Dry'76 Wet 77 Dry 77
[. Upper © Loweﬂ

)

Fig. 3 Seasonal variation of DIN concentration (a) and chlorophyll-a concentration (b) at outer

bay.

during 1976 to 1977. Samplings were carried
out during both wet and dry seasons, and they
were 21-23 January 1976 (wet season), 10-12
August 1976 (dry season), 26-29 January 1977
(wet season) , and 10-13 August 1977 (dry sea-
son). The field observations of water tempera-
ture, dissolved inorganic nitrogen (DIN) and
chlorophyll-a concentrations were taken at the
depths of 0, 5, 10, 15, 20... meters. The data of
stations 5 to 14, 16 and 17 are used as outer val-
ues (boundary condition of the model) and
those of stations 1 to 4, 15, 18, 19, 20, 21 and 22
as inner values (for verification). Seasonal
variation of solar radiation (I) at Jakarta was
observed by Geophysics and Meteorology

Agency, Indonesia (Fig. 2 (a)). The thickness
of the euphotic layer (H.) is taken to be 7.0 m
in wet season and 10.0 m in dry season, on the
basis of the sechi disk depth data in the bay
(ANONYMOUS, 1976 a, b, 1977 a, b). Euphotic
depth is 2.8 times the Sechi disk depth (PAR-
SONS et al., 1984). Variation of water tempera-
ture in the upper (euphotic) and lower
(aphotic) layers are shown in Fig. 2(b). Esti-
mation of land effect on water temperature in
Jakarta Bay showed that there was convection
of heat energy from land to sea water
(ILAHUDE and SIANIPAR, 1977). Besides, water
temperature near river mouth was higher than
other sites in Jakarta Bay in January 1977
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(wet season) (ILAHUDE and SOEPANGAT, 1977).
Concentrations of DIN and chlorophyll-a at
outer bay are used for the boundary conditions
of the model calculation (Fig. 3).

The average load of DIN from rivers, indus-
trial and sewage treatment plants, which flow
into Jakarta Bay, is estimated to be 305.8 g/sec
in wet season and 235.8 g/sec in dry season
(ANONYMOUS, 1997¢).

3. Model Description

We consider that the simplest model capable
of capturing the essence of nitrogen cycling re-
quires five compartments. These compartments
are: Phytoplankton (PHY), Zooplankton
(ZOO), Particulate Organic Nitrogen (PON),
Dissolved Organic Nitrogen (DON) and DIN.
The structure of nitrogen based material flows
are described by SUSANNA and YAaNAGI (2002).
All compartments of ecosystem are applied in
the upper (euphotic) and lower (aphotic) lay-
ers. Major flows include nitrogen uptake by
phytoplankton, excretion, ingestion, grazing,
mortality and decomposition of particulate ma-
terials. While bacteria plankton is not modeled
explicitly, their effects are modeled indirectly
through the decomposition and cycling of or-
ganic substances from the senescent cells of
phytoplankton and zooplankton. The dynamics
of each compartment are described with differ-
ential equations, which are composed of bio-
logical source and sink terms, and diffusion
terms. Details are given below (based on
KAawaMIYA et al,. 1995) :

dPHY

Y W PHY + Diffusion(PHY)

+(APHY — BZOO— APHY

— APHY?) (1)
dzd?o — Diffusion(Z0O) + (BZOO— BZOO

— BZOO— BZOOY 2)
de?N — — 1, PON + Diffusion(PON)

+ (APHY*+ BZOO + BZOO?

— CPON— G,PON) 3)
d%?N — Diffusion(DON) + (A,PHY

+ CPON— DDON) )

% — Diffusion(DIN) + (— A,PHY + BZOO
+C,PON+D,DON) (5)

where Diffusion(C:) is vertical and horizon-

tal diffusion of C; (one of the compartment con-

centration in this model). Vertical diffusion is

i(Kb 9C; > and horizontal diffusion is
0z 0z
9 <Kthi > , where K, and K, denote the ver-
ox ox

tical and horizontal eddy diffusivities. Horizon-
tal diffusivity (K,) is 13 m*/sec and vertical
diffusivity (K,) = 2.0X10 * m*/sec are decided
based on SUSANNA and YANAGI (2002). wp and
wp denote the sinking velocity of phytop-
lankton and PON, respectively.
The following are explanation of biochemical
formulations.
a. Photosynthesis (A,)
Photosynthesis is assumed to be a function
of temperature, nutrient concentration and
light intensity. The Michaelis-Menten equa-
tion is used to define the nutrient limited
growth rate (FASHAM et al., 1983). As for the
dependence on light intensity, the formula
used by STEELE (1962), by which light inhibi-
tion can be expressed, is employed.

B DIN,
Al - I/maar< D]Nu+KN >erp<k7;4)

1, 1
exp < 1— 7 > (6)
opt opt

I
where V... 1s the maximum nitrogen uptake
rate, Ky is a half saturation constant for
DIN, k denotes the temperature dependency
of photosynthesis, 7. is temperature in the
upper layer, I,,. is optimum light intensity
for photosynthesis and 7. is average light in-
tensity in the upper layer :

L= [ 05texp(~k2)dz, ™

H,Jo
where 0.5 is the conversion factor for the
fraction of photosynthetically active radia-
tion in the total radiation (PARSONS et al.,
1984), I is the total surface radiation ob-
served at Jakarta (shown in Fig. 2a) and k.
is the extinction coefficient as estimated by
k. = 4.6/H., where H, is the thickness of the
euphotic layer (PARSONS et al., 1984).

b. Extracellular Excretion (A»)
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Table 1 Parameter values used in this model. Values in parentheses are those used by Kawamrya
et al. (1995).
Viar Maximum photosynthesis rate at 0°C 1.3(1.0) /day
K Temperature coefficient for Photosynthesis rate 0.063 /C
Ky Half Saturation constant for dissolve inorganic nitrogen 0.98(3.0) umol/1
Ly Optimum Light Intensity 18.0(4.21) MJ/m’/day
7 Ratio of Extra cellular Excretion to Photosynthesis 0.135
Mpro Phytoplankton Mortality Rate at 0°C 0.0281 1/umolN day
Rap Temperature Coefficient fot Phytoplankton Mortality rate 0.069 /C
a Assimilation Efficiency of Zooplankton 0.7
B Growth Efficiency of Zooplankton 0.3
GR,... | Maximum Grazing Rate at 0°C 0.3 /day
ke Temperature Coefficient for Grazing 0.0693 /C
A Ivlev Constant 14 1/umolN
PHY | Threshold Value for Grazing 0.043 #molN/1
Mo Zooplankton Mortality Rate at 0°C 0.0585 1/umolN day
Rz Temperature Coefficient for Zooplankton Mortality rate 0.0693 /C
Vero PON Decomposition Rate at 0°C(to DIN) 0.03 /day
Verr Temperature Coefficient for PON Decomposition(to DIN) 0.0693 /C
Veno PON Decomposition Rate at 0°C(to DIN) 0.03 /day
Veor Temperature Coefficient for PON Decomposition(to DIN) 0.0693 /C
Voo DON Decomposition Rate at 0°C 0.03 /day
Vorr Temperature Coefficient for DON Decomposition 0.0693 /C
w, Sinking speed of phytoplankton 0.037(0.05) | m/day
wo Sinking speed of detritus 0.38 (0.5) m/day

Extracellular excretion is the fraction of net
primary production exuded by
phytoplankton as DON (GIN et al., 1998),
which is assumed to be proportional to pho-
tosynthesis (KAWAMIYA et al., 1995).

A2: Y A1 (8)
where 7 r is phytoplankton exudation rate.

c. Mortality (A, By

Following STEELE and HENDERSON (1992),
mortality of phytoplankton and zooplankton
is assumed to be proportional to the second
power of plankton concentration and depend-
ent on temperature.

Mortality of phytoplankton(A;) =

Mpo exp (kMPT) 9)
Mortality of zooplankton(By) =
Mzo exp (kMZT) (10

where M,, and M., are mortality rates of
phytoplankton and zooplankton at 0°C, re-
spectively. The dead plankton forms the or-
ganic nitrogen pools (PON, DON) and are
subject to mineralization by bacteria to form
DIN. In order to keep the model simple, a

linear decay function is used, instead of in-
troducing a separate bacterial compartment.

d. Grazing (B))

Grazing process is assumed to be as a func-
tion of temperature, phytoplankton concen-
tration and zooplankton concentration.
Bi=Guu(1—exp( A (PHY*—PHY))
cexp(k,T) (11

where G... refers to maximum grazing rate,
A is Ivlev's constant, PHY* is a threshold
value for grazing, k., is temperature coeffi-
cient for grazing, and 7 is water tempera-
ture. Grazing rate is saturated when phytop-
lankton concentration is sufficiently large,
while no grazing occurs when phytoplankton
concentration is lower than the critical value

PHY*.

. Excretion and Egestion (B, By)

Excretion and egestion are assumed to be
proportional to grazing rate.
Excretion(B) =(a — 8)B: (12
Egestion(By)=(1 —a) B, 13
where a and B are assimilation efficiency
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Fig. 4 Comparison between calculated and observed values for DIN and chlorophyll-a concentra-

tions in Jakarta Bay.

and growth efficiency of zooplankton, respec-
tively.

f. Decomposition of Organic Matters (Ci, C;,
Dy
Decomposition of PON into DIN(C)) =

Vo exp (VMTT) (14)
Decomposition of PON into DON(C,) =

Vo exp (VPDTT) (15)
Decomposition of DON into DIN(D,) =

Voro exp (VDITT) (16)

where Ve, Ve, Voo are decomposition rates

at 0°C, Ve, Vepr, Vior are temperature coeffi-

cients.
Parameters used in this box model analysis are
shown in Table 1.

According to Parsons et al. (1984), the range
of photosynthetic rate (V,.) is 0.05 /day —
8.1/day, and 1.3 /day (at 0°C) is adopted in this
model. Larger V,.. than by KAwAMIYA et al.,
(1995) may be due to that their model was ap-
plied to Station Papa which is in the open ocean
or oligotrophic condition. For the half satura-
tion constant of DIN (KN), PARSONS et al.

(1984) shows that the range is 0.01 — 4.21
mmol/l, and 0.98 mmol/l was reported for
eutrophic tropical Pacific (PARSONS et al.,
1984). Such small Ky in tropics is considered to
be due to that DIN concentration in tropics is
much lower than that in mid-latitude.

The initial condition is given as the same val-
ues as those at outer bay (Fig. 3). The quasi-
steady state is obtained 50 days after the
beginning of the calculation. As the horizontal
gradient terms are much larger than the tem-
poral changing terms in equations (1) to (5), we
consider the quasi-steady state is established in
each observation time.

4. Results and Discussion
a. Comparison with observed data

Fig. 4 shows the seasonal variations of calcu-
lated and observed DIN and chlorophyll-a in
Jakarta Bay. Calculated chlorophyll-a and DIN
concentrations well reproduces the observed
values in the upper and lower layers of Jakarta
Bay except in wet season 1976. Concentration
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Fig. 5 Results of calculated zooplankton, PON and DON concentrations in Jakarta Bay.
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Fig. 6 Normalized nitrogen flux based on the photosynthesis flux in January 1977 (wet season) (a)
and August 1977 (dry season) (b) in Jakarta Bay (unit in kg/day)

of chlorophyll-a in Jakarta Bay is higher in The discrepancy in wet season 1976 in DIN con-
wet season than in dry season. From model re- centration is due to the insufficiency of data
sults, chlorophyll-a concentration in the lower for DIN load each year, that is, only averaged
layer seems to show little seasonal variation. DIN load data are given in this model.
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Table 2 Comparison of average ecosystem conditions between Jakarta Bay and Banten Bay

during wet and dry seasons.

Jakarta Bay Banten Bay
Way 1977 Dry 1977 Wet 1979 Dry 1980
DIN upper 1.40 0.20 1.19 0.23
(microg/1) lower 1.44 0.23 1.25 0.30
Chl-a upper 3.93 2.29 0.79 0.95
(mg/m?) lower 0.89 0.53 0.65 0.86
Nitrogen Flux
DIN-Phy(kg/day) 56700 28400 2220 3220
Load(kg/day) 20900 12200 63 21
New Production
(ke/day) 31100 14000 460 430
Regenerated Prod.
(kg/day) 25800 16300 1770 2730
Ratio new production 1:0.8 1:1.2 1:3.9 1:6.3
/regenerated prod. (1.25) (0.80) (0.26) (0.15)
Primary production
(mg C/m?/day) 830 416 83.9 122
Secondary production
(mg C/m?/day) 231 199 154 25.3
Transfer Efficiency(%) 28 48 18 21

Calculated DIN concentration is higher in wet
season than in dry season, because the load
from river is larger in wet season than in dry
season. Rainfall played an important role on
the growth of phytoplankton and nutrient con-
centration, which is higher during the north-
west monsoon (wet season) (ARINARDI, 1978).

Fig. 5 shows the variation in zooplankton,
PON and DON. Generally, all the concentra-
tions are higher in wet season than in dry sea-
son. This pattern is related to chlorophyll-a
and DIN concentrations, being higher in wet
season than in dry season.
b. Nitrogen Cycling

Nitrogen flux (Fig. 6) from DIN to
phytoplankton is higher in wet season (56,700
kgN/day) than in dry season (28,400 kg
N/day). Such a flux difference is caused by
higher chlorophyll-a concentration in wet sea-
son than in dry season. The inflowed DIN flux
from land in wet season (20,900 kg/day) is
higher than in dry season (12,200 kg/day). It
means that large DIN load from land causes
high chlorophyll-a concentration in Jakarta

Bay. The ratio of inflowed DIN flux to photo-
synthesis-DIN flux is 2.7 in wet season and 2.3
in dry season.

From model results, seasonal variation of
new production and regenerated production
can be estimated. New production, which is de-
fined as DIN flux in the upper layer from rivers
or rain (load) and from the lower layer by dif-
fusion, is larger in wet season (31,100
kgN/day) than in dry season (14,000
kgN/day) due to higher river load. Besides the
vertical diffusion is also larger in wet season
than in dry season. Regenerated production,
which is defined as DIN flux in the upper layer
by decomposition of PON and DON and excre-
tion of zooplankton, is larger in wet season
(25,800 kgN/day), when the primary produc-
tion is large, than in dry season (16,300
kgN/day). The ratio of new production to re-
generated production is 1: 0.8 in wet season and
1:1.2 in dry season. It means that new produc-
tion is higher than regenerated production in
wet season. The higher new production in wet
season is due to the increasing of load from
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river and the diffusion from the lower layer,
while in dry season, the nutrient load is small
and regenerated production plays more impor-
tant role. The transfer efficiency from the pri-
mary production to the secondary production
is 28 % in wet season and 48 % in dry season.
c. Comparison with Banten Bay.

DIN and chlorophyll-a concentrations in Ja-
karta Bay during wet season are higher than in
Banten Bay (SUSANNA and YANAGI, 2002) (Ta-
ble 2). In both bays, the values of DIN concen-
trations in the upper and lower layers do not
have great differences. They are 1.19-1.44 1 g/1
in wet season and 0.20-0.30 ©g/1in dry season.
On the other hand, the values of chlorophyll-a
concentration in both bays are not the same es-
pecially in the upper layer. The range of chloro-
phyll-a concentration in the upper layer is 2.29
3.93 mg/m’ in Jakarta Bay, while in Banten
Bay it has low concentration with the range of
0.79-0.95 mg/m®. In Jakarta Bay chlorophyll-a
concentration is higher in wet season than in
dry season while in Banten Bay it is higher in
dry season than in wet season. In Jakarta Bay,
the rise of chlorophyll-a concentration in wet
season is due to high rainfall and large nutri-
ent load, but in Banten Bay, the nutrient load
from river is so small that the chlorophyll-a
concentration does not rise in wet season. Ratio
of new production to regenerated production in
Jakarta Bay is higher than in Banten Bay,
which is over 0.8 in Jakarta Bay and under 0.26
in Banten Bay. In Jakarta Bay, high nutrient
load makes the ratio of new production to re-
generated production to balance, however, in
Banten Bay, regenerated production is domi-
nant due to small nutrient load and high water
temperature. The primary production ranges
from 416 to 830 mgC/m*/day in Jakarta Bay
and 84 to 122 mgC/m’/day in Banten Bay. R
YTHER (1969) estimates that the primary pro-
duction is 137 mgC/m’/day for the open ocean
and 822 mgC/m’/day for the coastal upwelling
area and HINGA et al. (1995) classified the wa-
ters by the rate of organic carbon production:
oligotrophic (< 274 mgC/m?*/day), mesotrophic
(275-824 mgC/m*/day), eutrophic (825-1370
mg C/m’/day) and hyperthropic (>1370 mg
C/m?/day). According to RYTHER (1969) and
HINGA et al. (1995), Banten Bay is oligotrophic

condition (similar to the open ocean) and Ja-
karta Bay is mesotrophic condition.

5. Conclusion

The model calculation in Jakarta Bay shows
good agreement with the observed ones except
in wet season 1976. Chlorophyll-a concentra-
tion is higher in wet season than in dry season.
The variation pattern of chlorophyll-a concen-
tration coincides with that DIN concentration.
High load of nutrient from industry, domestic
and rainfall causes DIN concentration higher
in wet season than in dry season. Generally,
concentrations of lower trophic level ecosystem
compartments are higher in wet season than in
dry season in Jakarta Bay. This study shows
that Jakarta Bay water is strongly affected by
the seasonal variation.

Rainfall and recycling DIN play an impor-
tant role in the increase of chlorophyll-a con-
centration. The primary production in Banten
Bay is smaller than that in Jakarta Bay. Ac-
cording to the primary production level,
Banten Bay is oligotrophic and Jakarta Bay is
mesotrophic.

The box ecosystem model presented here still
has limits. One of these is that the deposit ma-
terials at the bottom and release from the sedi-
ment have not been taken into account.
However, as a whole, we find that a relatively
simple box ecosystem model can reproduce the
biochemical data at both sites.
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The Formation of Thick and Stable Warm Eddies inside
the Large Meander of the Kuroshio South of Honshu, Japan

Yoichi MAEKAWA ", Makoto UCHIDA ", Shozo YOSHIDA ™ and Yutaka NAGATA™

Abstract : During the period from January 2000 to October 2001, the Kuroshio was flowing in
a large meandering south of Honshu, Japan. However, the flow pattern was changeable both
in time and space. Two warm eddies both having a long lifetime of about 200 days were ob-
served inside the meandering Kuroshio path, which is usually occupied by a cold-water mass
(Large Cold Water Mass). XBT observations conducted on board of the R/V Seisui-maru
showed that these eddies had a thick structure of several hundreds meters. Such thick and sta-
ble warm eddies have scarcely been reported in the past, except for a report by Minamr (1989).
The evolution of the abnormal warm eddies were analyzed by using the Prompt Report of Oce-
anic Status in the Sea off Sagami Bay and near the Izu Islands, which is published weekly by
the Service Division of the Marine Information Research Center, JHA. It was shown that both
warm eddies were generated from a warm-water tongue extending westward from a kink in

the Kuroshio off the Izu Peninsula.

Keywords : warm eddy, Large Meander of the Kuroshio, kink of the Kuroshio path,

warm-water tongue, Enshu-nada

1. Introduction

The Kuroshio has two stable paths while
flowing along the south of Honshu, Japan: a
straight path and a large meander path (e.g.
SHOJI 1972 and TArT, 1972). Both of the flow
patterns are stable and are maintained for sev-
eral months to several years after being estab-
lished. In the case of the meandering path, the
Kuroshio flows around the Large Cold Water
Mass generated off Kumano-nada and/or
Enshu-nada (see Fig. 1 for the place names cited
in this paper). The usual evolution of a large
meander of the Kuroshio is as follows: the me-
ander is generated abruptly to the southeast of
the Kii Peninsula (e.g. SHOJI, 1972, KAWABE,
1980, FuJita et al., 1998 and NAGATA et al.,
1999a), and stays for a considerable time as
mentioned above. In the last stage, the eastern
edge of the meander (or the eastern edge of the

* Training/Research Vessel Seisui-maru, Faculty of
Bioresources, Mie University, 2072-2 Takanoo-cho,
Tsu, Mie, 514-2221, Japan

““Marine Information Research Center, Japan
Hydrographic Association, 7-15-4 Ginza, Chuo-ku,
Tokyo, 104-0061, Japan

cold-water mass) shifts eastward, and after it
passes the Izu-Mariana Ridge, the meander de-
cays gradually (e.g. SHOJI, 1972). Other flow
types of the path pattern have been discussed
and defined by various investigators (e.g.,
KoOBAYASHI et al., 1986, KASAI et al., 1993), how-
ever, except for the two basic patterns, the
other patterns have a relatively short lifetime.

The Kuroshio took the large meander pat-
tern in January 1999, and the meandering path
was maintained until the end of October 2001,
but the flow pattern was very changeable in
time and space. The patterns, which have been
thought to be transient, were often sustained
for several months. Warm eddies were often
generated inside of Large Cold Water Mass off
Enshu-nada. Two of them had a stable nature,
and persisted for about 200 days.

Intrusions of the warm Kuroshio Water into
Large Cold Water Mass region have often been
reported by various investigators (e.g.
TAKEUCHI, 1989, Minami, 1989, KIMURA and
SUGIMOTO, 1990, KASAT et al., 1993, and SEKINE
and OKUBO, 2000). However, except for the
warm eddy reported off Enshu-nada by
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Fig. 1 Names of the locations referred to in this paper: A is the Kumano-nada, B Ise Bay, D the
Enshu-nada, E Suruga Bay, F Sagami Bay, and a is the Kii Peninsula (Cape Shionomisaki is the
tip of the Kii Peninsula), b Cape Daio, ¢ Cape Omaezaki, d Miyake Island, e Hachijo Island, f the
Izu Peninsula, g the Boso Peninsula, h Kushimoto, i Cape Shionomisaki, and j Uragami. Depth

contours are also given for several depths.

MiNaMI (1989) in 1984, these warm eddies have
been shown to have a short lifetime of less than
a few weeks, and structurally they were con-
fined to the surface layer shallower than 100 m
depth (TAkEUCHI, 1989, and SEKINE and OKUBO,
2000). The warm eddy found by MiNamI (1989)
had a thick structure, and the eddy could be
identified at least up to the depth of 400 m.

In order to evaluate the vertical structure of
the two warm eddies found in 2000 and 2001, we
carried out 4 surveys using R/V Seisui-maru of
the Mie University to detail the temperature
structure of the stable warm eddies. Also, we
analyzed the time evolution of the warm eddies
by using the Prompt Report of Oceanic Status
in the Sea off Sagami Bay and near the Izu Is-
lands, published weekly by the Service Division
of the Marine Information Research Center,

JHA.

2. Data and materials used

The Service Division of the Marine Informa-
tion Research Center, JHA publishes weekly
the Prompt Report of Oceanic Status in the Sea
off Sagami Bay and near the Izu Islands (we
shall to refer to this report as the Prompt Re-
port, hereafter). The Prompt Report is com-
piled by using oceanic data collected by the
Hydrographic Department of Japan Coast
Guard, and by analyzing the NOAA satellite
infrared image, TOPEX/POSEIDON sea level
distribution which is provided on a near-real-
time base by the Colorado Center for
Astrodynamics Research of Colorado Univer-
sity (MAEKAWA et al., 2001), sea level data
along the coast, and so on. The Prompt Report
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Table 1 List of the warm eddies observed in the period from January 2000 to December 2001. Time
of generation indicates the edited date of the Prompt Report in which the isolated warm eddy
was first found. Time of disappearance indicates that the warm eddy disappeared. Location of
initial path kink is the place where the kink of the current path of the Kuroshio occurred prior
to the generation of the warm eddy. See the text for the definition of reinforcement.

No. | time of generation time of period of initial location reinforcement
) & disappearance continuation of the path kink
1 Feb. 9, 2000 Feb. 17, 2000 9 days 138°E
M| Mar. 23, 2000 Sep. 21, 2000 183 d south of Izu Jun. 1, 2000
ar. 29, °p- 2% ays Peninsula(139° E) un- b
east of Kii
il Nov. 23, 2000 Dec. 21, 2000 29 days Peninsula(137° E)
south of Izu Apr. 19 and Jun. 7,
v Jan. 18. 2001 Aug. 23, 2001 218 days Peninsula(139° E) 2001
south of Izu
A% Sep. 20, 2001 Oct. 25, 2001 15~36 days Peninsula(139° E)
VI Dec. 26, 2001 Jan. 17, 2002 23 days 138~139°E
Table 2 XBT observations conducted on board R/V Seisui-maru. The positions of XBT observa-
tions are shown. The name of each observation run is shown in the uppermost row, and the date
of the observation is shown in the second row. The numbers in the first column are the station
numbers.
XBT1 XBT 2 XBT 3 XBT 4 XBT 5 XBT 6
date Mar.
Sta. Aug. 21, 2000 | Aug. 30, 2000 | Nov. 09, 2001 | Jan. 12, 2001 | Jan. 30, 2001 05-06, 2001
1 34-15.1N 33-08.35N 32-59.84N 34-20.04N 34-20.02N 33-34.52N
137-00.09E 136-02.13E 137-01.01E 137-19.96E 137-07.83E 136-01.48E
9 34-05.00N 33-14.99N 33-10.02N 34-15.07N 34-10.00N 33-34.97N
137-00.10E 136-15.38E 136-59.91E 137-29.93E 137-14.26E 136-10.00E
3 33-55.02N 33-24.00N 33-19.93N 34-10.01IN 33-59.99N 33-35.13N
137-00.01E 136-31.78E 137-00.02E 137-40.01E 137-20.00E 136-19.99E
4 33-45.02N 33-31.94N 33-29.92N 34-05.05N 34-00.01N 33-35.06N
136-59.99E 136-45.62E 136-59.98E 137-50.05E 137-30.06E 136-30.00E
5 33-34.99N 33-41.03N 33-39.97N 34-00.19N 34-00.02N 33-35.06N
137-00.04E 137-00.57E 136-59.92E 138-00.06E 137-40.03E 136-40.00E
6 33-25.49N 33-45.92N 33-50.40N 34-00.02N 33-00.01N 33-35.11N
137-00.18E 137-10.66E 137-00.17E 138-10.04E 137-50.04E 136-49.97E
7 33-50.40N 33-59.97N 33-59.97N 33-00.00N 33-35.00N
137-19.99E 137-00.47E 138-20.08E 138-00.04E 137-00.00E
8 33-56.63N 34-10.00N 34-00.06N 34-00.00N 33-45.02N
137-30.31E 136-59.83E 138-30.25E 138-10.04E 137-00.16E
9 34-00.50N 34-00.05N 33-55.20N
137-40.30E 138-20.02E 137-00.37E
10 34-04.50N 34-04.21N 34-05.18N
137-50.00E 138-30.00E 136-59.90E
1 34-09.75N 34-15.25N
138-00.21E 136-59.97E
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Fig. 2 Temperature cross-section along the observation line XBT2 taken on August 30, 2000 (right
figure). Isotherms are given at intervals of 1 °C, and the station names (see Table 1 for their po-
sitions) are given above the upper margin. The position of the observation line is given in the left

figure together with the Prompt Report No. 35, 2000 edited on August 31.

W and C indicate the

warm eddy and the cold eddy (cold-water mass), respectively.

was used to monitor the warm eddies in order
to determine the navigation route for the R/V
Seisui-maru.

The Prompt Report was also used to deter-
mine the duration of the warm eddies inside the
Kuroshio Large Meander off Enshu-nada and
off Kumano-nada, and their time evolution.
The warm eddies found in the period from
January 2000 to December 2001 are listed in Ta-
ble 1.

The R/V Seisui-maru of the Mie University
was sent a total of 6 times to the area under
consideration on ways to or back from the
scheduled observation sites, and made XBT ob-
servations as shown in Table 2. Among these
cruises, the ship course run outside of the
warm eddy in the first cruise, XBT1, and the
observation XBT3 was conducted at a time
when no conspicuous warm eddy occurred in-
side the Kuroshio Large Meander. So, the

observational results of these cruises will not
be discussed in this paper.

3. Occurrence of the warm eddy inside the
Kuroshio Large Meander in 2000-2001
Warm eddy was observed 6 times during the

period from January 2000 to December 2001 as

listed in Table 1. Among these eddies, Warm

Eddy IIT (Roman numerals correspond to those

in Table 1), and Warm Eddy VI are not so con-

spicuous and the period of continuation might
be overestimated. Warm Eddy I was relatively
small but conspicuous. This eddy traveled
quickly around the Large Cold Water Mass and
disappeared after being absorbed into the

Kuroshio just off Cape Shionomisaki. Judging

from this nature, the eddy would have had a

relatively shallow structure and been carried

counter-clockwise around the Large Cold Wa-
ter Mass. We tried to find a signature of the
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Fig. 3 The same as in fig.2, but for together with the Prompt Report No. 2 edited on January 11
(upper left figure) and No. 3 edited on January 18 (lower left figure).

warm eddies in the TOPEX/POSEIDON sea
level distribution which is provided on a near-
real-time base by the Colorado Center
(MAEKAWA et al., 2001), but no signature was
found corresponding to these warm eddies.
These warm eddies are considered to have had
a similar nature to those reported by various
investigators (TAKeucHI, 1989, KiMURA and
SuGIMOTo, 1990, KASAT et al., 1993, and SEKINE
and OKUBO, 2000).

In general, a kink in the current path of the
Kuroshio occurred before the generation of the
warm eddies. The warm-water tongue, which
extended from the kink of the current path,
penetrated into the cold-water region. The ini-
tial position of the kink of the Kuroshio path is
shown for each warm eddy in Table 1. The
warm eddies with a short lifetime were gener-
ated from kinks occurring just to the east of
Cape Shionomisaki (the tip of the Kii

Peninsula) or at the eastward flowing outer
margin of the large meander. On the other
hand warm eddies with a long lifetime, i.e.,
Warm Eddy IT and Warm Eddy IV were initi-
ated from kinks just off the Izu Peninsula. The
warm eddy with a thick structure reported by
MiNaMI (1989) was generated just off the Izu
Peninsula. Warm Eddy V was also generated at
the same position, but its period of continua-
tion was relatively short. This might be attrib-
uted to the change of the flow pattern from the
meandering path to the straight path, which
occurred in October 2001.

4. The vertical structure of the stable warm
eddies.
4-1. Temperature cross-section across Warm
Eddy II
XBT observations of Warm Eddy II were
conducted on August 30, 2000 (XBT2: see Table
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Fig. 6 Evolution of the oceanic state for the generation stage of Warm Eddy II. The current path
of the Kuroshio is indicated with a hatched band, and the edges of the relatively warm water ar-
eas are shown with bold line. The distributions are derived from the Prompt Reports edited on
the date shown in each figure. W indicates the warm eddy or warm area.

2). The observation line of XBT2 is shown with
a bold line on the Prompt Report No. 35 edited
on August 31 (left figure of Fig. 2: the Prompt
Report is usually issued one or two days after
its edition, and we show the date of edition
here), and the temperature cross-section along

the line is shown in the right figure of Fig. 2.
The warm eddy is clearly seen off Enshu-nada
at the time of the observation.

The sharp temperature gradient between
Sta. XBT2-1 and Sta. XBT2-3 corresponds to
the current zone of the Kuroshio. Warm Eddy
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Fig. 7 The same as in Fig. 6 but for
Warm Eddy IV.

1T is seen between Sta. XBT2-6 and Sta. XBT2-
11 as a depression of isotherms below 23 °C. The
depression is recognized to a depth of 300 m or
more. Though the observation line may not
pass through the center of Warm Eddy II (left
figure of Fig. 2), the observed results indicate
that Warm Eddy II had a considerably deep
structure.

4-2. Temperature structure of Warm Eddy IV

We found a conspicuous kink of the Kuroshio
path off the Izu Peninsula on the Prompt Re-
port edited on January 11, 2001 (upper left fig-
ure of Fig. 3). The kinked Kuroshio path can be
seen from off Sagami Bay to Suruga Bay, and
the warm water tongue extended westward
from the tip of the kink passing off Ise Bay. We
anticipated the generation of a new warm eddy,
and sent the R/V Seisui-maru on January 12,
2001 to this area. The Prompt Report edited on
January 18 (lower left figure of Fig. 3) indi-
cated the formation of Eddy IV. The position of
the observation XBT4 is shown on both of the
Prompt Report figures (Fig.3). The tempera-
ture cross-section along the line is shown in the
right figure of Fig. 3. The line runs through
the central part of the warm eddy, and the tem-
perature structure is monotonous except for
Sta. XBT4-1, which was located at the edge of
the warm eddy. It should be noted that the
temperature at 200 m depth is between 17 and
18 °C. The 15-16 °C isotherms at 200 m depth
are used as indicators of the position of the cur-
rent axis of the Kuroshio in the sea to the
south of Japan. This high temperature indi-
cates that the Kuroshio Water south of the axis
had been brought into Warm Eddy IV.

The second observation (XBT5) of Warm
Eddy IV was conducted on January 30. The po-
sition of the observation line is shown on the
Prompt Report No. 5 edited on February 1,
2001 (left figure of Fig. 4), and the obtained
temperature cross-section is shown in the right
figure of Fig. 4. Though the observation line
appears not to run across the central part of
Warm Eddy IV, the temperature at 200 m
depth exceeds 15 °C at all stations except at Sta.
XBT5-1, indicating that the water near the cur-
rent axis of the Kuroshio was kept inside of the
warm eddy.

The third observation (XBT6) of Warm Eddy
IV was conducted on March 56, 2001. The tem-
perature cross-section is shown in the right fig-
ure of Fig. 5, and the observation line is shown
in the left figure of Fig. 5 together with oceanic
status on March 8. Sta. XBT6-7 appears to be
located near to the center of Warm Eddy IV.
The stations from Sta. XBT6-1 through Sta.
XBT6-T are aligned from west to east, and the
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Fig. 8 The same as in Fig. 6 but for the
reinforcement stage of Warm Eddy
IT on June 8, 2000.

stations from Sta. XBT6-7 to Sta. XBT6-11
aligned from south to north. Judging from the
temperature distribution, Sta. XBT6-1 and Sta.
XBT6-11 were taken near the edge of Warm
Eddy IV. The temperature at 200 m depth at
Sta. XBT6-7 exceeds 17 °C. Though the size of
the eddy was significantly decreased by this
time, the water at the center of the eddy main-
tained a high temperature corresponding to the
current zone of the Kuroshio.

4-3. Thick structure of the stable warm eddies

As discussed above, both of the stable warm
eddies had a thickness of several hundreds me-
ters, and the temperature of the water inside
the eddies was very high, and the water inside
the eddies is thought to have originated from
the Kuroshio current region. Thus, these eddies
are sustainable for relatively long period. We
shall discuss the generation procedure of these

136° 137° 138° 139° 140° 141°

Fig. 9 The same as in Fig. 6 but for the
reinforcement stage of Warm Eddy
IV on May 1, 2001.

eddies by referring to the Prompt Reports in
the next section.

5. Evolution of the oceanic status in the gen-
eration stage of the thick and stable warm
eddies
The current zone of the Kuroshio is referred

to from the Prompt Reports, and the evolution

from the generation stage of Warm Eddy II is
shown in Fig. 6. The current zone is shown as

a hatched zone, and the relatively high tem-

perature area inside the large meander of the

Kuroshio is shown with bold lines. On Febru-

ary 24, a cold-water mass was seen to the

southeast of the Kii Peninsula, and another
cold-water mass to the southeast of the Boso

Peninsula. The Kuroshio path shifted north-

ward between the two cold-water masses, and a

wide warm water region reached near to the

coast. A kink of the Kuroshio path was seen off
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Fig. 10 The same as in Fig. 6 except for
the reinforcement stage of Warm
Eddy IV on June 14, 2001.

Cape Omaezaki (138" 10" E), and warm water ex-
tended westward to off Ise Bay. A western
cold-water mass developed, and its eastern
margin shifted to the east from February 24 to
March 9. While, the warm water tongue re-
mained almost at the same position, and its
east-west length increased gradually. Then, the
main path of the Kuroshio retreated south-
ward by March 16. The warm-water tongue
widely extended in an east-west direction is
seen from the tip of the retreated Kuroshio
zone to off Kumano-nada on March 16. On
March 23, an isolated warm eddy, Warm Eddy
II, was generated off Enshu-nada from the
warm-water tongue.

The evolution of the oceanic condition for
the generation stage of Warm Eddy IV is
shown in Fig. 7 in the same manner of Fig. 6.
The Kuroshio path was kinked just off the Izu
Peninsula on January 4, 2001 (upper figure),

and a large warm-water tongue extending
westwards was created on January 11 (middle
figure). On January 18, an isolated warm eddy,
Warm Eddy IV, was generated (lower figure).
The sea level records at Hachijo and Miyake Is-
lands indicated that the Kuroshio path had
moved to the east of the Izu Ridge by January
18. The generation process of Warm Eddy IV is
very similar to that of Warm Eddy II.

The temperature structure shown in the
Prompt Report represents that for the surface
layer. Judging from the vertical structure
measured by XBT (the previous section), the
Kuroshio Water appeared to intrude along the
warm-water tongues much more than shown in
Fig. 6 and Fig. 7. The origin of the warm water
in the thick and stable warm eddies would be
brought about by the cut off of the Kuroshio
meander.

6. Reinforcement or replacement of thick and
stable warm eddies

The thick and stable warm eddies were
weakened several times: once on June 1, 2000
for Warm Eddy II and on April 19 and on June
7, 2001 for Warm Eddy IV as indicated in the
last column in Table 1. The evolution of the oce-
anic conditions are shown in Fig. 8, Fig. 9 and
Fig. 10, respectively. In each case, the warm
eddy was weakened and moved near to the east
of Cape Shionomisaki just before its reinforce-
ment event (upper figures in Fig. 8, in Fig. 9
and in Fig. 10). At the same time, a warm-
water tongue intruded from the east into the
area under consideration. Then, one week later,
the strengthened warm eddy was established
off Enshu-nada.

The disappearance stage of the thick and sta-
ble warm eddies were not clear, but the weak-
ened warm eddies shown in these upper figures
resembles the situation of the disappearance
stage. So, the reinforcement event shown here
might be understood as the replacement of the
old eddy by a newly generated warm eddy. If
so, the period of continuation shown in Table 1
might be overestimated, but it is hard to con-
clude from the limited available data.
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7. Sea level difference between Kushimoto
and Uragami

The position of the Kuroshio axis off Cape
Shionomisaki can be monitored by the sea level
difference between Kushimoto and Uragami.
KAwABE (1980) showed that the sea level differ-
ence (the sea level at Kushimoto minus that at
Uragami) i1s small and is stable when the
Kuroshio takes a typical meandering path and
is large and very variable when the Kuroshio
takes a straight path. FuJita (1997) analyzed
the correlation between the sea level difference
between these two stations and the separation
distance of the Kuroshio axis measured south-
ward from the tip of the Kii Peninsula (Cape
Shionomisaki) (see Fig. 11 of NAGATA et al.,
1999b) . When the Kuroshio takes a straight
path and the distance is smaller than 50 km,
the sea level difference is higher than 25 cm.
While, when the Kuroshio takes a meandering
path and the distance is larger than 50 km, the
sea level difference is almost constant and less
than 25 cm. (Here, the reported sea level values
are used, and a 25 cm difference corresponds to
a zero difference in absolute sea levels). FuJiTa
(1997) discussed about the half-month aver-
aged values. TAKEUCHI et al. (1998) and NAGATA
et al. (1999b) discussed the detailed oceanic
structure in the vicinity of Cape Shionomisaki
and clarified why the sea level difference is well
correlated to the separation distance of the
Kuroshio, and UcHIDA et al. (2000) indicated
that the similar correlation is found even if
daily averaged values are used.

However, a good correlation between the sea
level difference and the separation distance of
the Kuroshio could not be found in the period
from January 2000 to May 2001 as shown in
Fig. 11. The separation distance was very
changeable, but the sea level difference was al-
most steady during this period. It is plausible
that the appearance of the thick and stable
warm eddies influenced the sea level at
Uragami to minimize the sea level difference.

8. Concluding remarks

Two thick and stable warm eddies were
found in 2000 and in 2001 inside the Kuroshio
Large Meander. The period of continuation of
these two warm eddies were 183 days and 218

L s L s L L L L
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

2001

The sea level difference (cm)

The separation distance (km)

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Fig. 11 Variations of the separation dis-
tance of the Kuroshio measured
southward from the tip of the Kii
Peninsula (Cape Shionomisaki) (bold
line: the scale of distance is given on
left side of the figure in km) and of
the sea level difference between
Kushimoto and Uragami (thin line:
the scale is given on right side of the
figure in cm) in the period from
January 2000 to December 2001 (af-
ter J. Takeuchi of the Wakayama
Research Center of Agriculture, For-
estry, and Fisheries). Note that the
scale of the sea level difference is
given inversely.

days, respectively. These eddies were formed
from warm-water tongues extending westward
from the kinked current path of the Kuroshio
off the Izn Peninsula, and contained the warm
Kuroshio water up to several hundred meters
in depth. The warm eddy reported by MINAMI
(1989) would be very similar to these stable
warm eddies, though its detailed nature was
not fully clarified due to the limited observa-
tional data.

Another warm eddy (Warm Eddy V) was
formed on September 20, 2001 in a similar for-
mation processes, but it had relatively short
lifetime. The flow pattern of the Kuroshio was
changed from the meandering path to straight
path at the decaying stage of Warm Eddy V. If
the warm eddy approaches to the current zone
of the Kuroshio, strong current shear would be
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generated and the warm eddy would become
unstable. So, the stable warm eddy would be
well separated by cold-water mass from the
current zone of the Kuroshio. It is understand-
able that the stable warm eddy is usually from
the warm-water tongue extended westward
from off the Izu Peninsula, as the intruded
warm water would be well separated from the
current zone of the Kuroshio in such condition.
Also, when the straight path is established,
there would not be enough space to create a
stable warm eddy off Enshu-nada.

Acknowledgements

We would like to thank Profs. Takashi KOIKE
and Yoshitaka MORIKAWA of the Faculty of
Bioresources for their valuable advice and dis-
cussions, and to the captain, Mr. Isamu
ISHIKURA, and crew of R/V Seisui-maru for
their help in the field observations. We also
thank the staff of the MIRC Service Division,
Ms. Keiko TAaJiMA and Mr. Ken-ichiro SUZUKI
of the Marine Information Center, JHA for
their efforts to prepare the Prompt Report of
Oceanic Status in the Sea off Sagami Bay and
near the Izu Islands. Thanks are also due to
Mr. Junichi TAKEUCHI of the Wakayama Re-
search Center of Agriculture, Forestry and
Fisheries, who supplied valuable research re-
sults to us.

References

Fuaira, K. (1997): Study on the relation between the
variation of the Kuroshio path south of Japan
and the sea level difference between Kushimoto
and Uragami. Dr. Thesis, Faculty of
Bioresources, Mie University 136 pp. (in Japa-
nese)

Fuaira, K., Y. Nacara and S. YosHipa (1998): Does
small-scale meander travel eastwards and trig-
ger large-scale meander of the Kuroshio. Acta
Oceanographica Taiwanica, 37, 127-138.

Kasarl, A., S. KIMURA, and T. SucivoTo (1993): Warm
water intrusion from the Kuroshio into the
coastal areas south of Japan. J. Oceanogr., 49,
607-624.

KawaBg, M.(1980): Sea level variation along the south
coast of Japan and the large meander in the
Kuroshio. J. Oceanogr. Soc. Japan, 36, 227-235.

Kimmura, S. and T., Sucimoro (1990): Intrusion proc-
esses of warm mass from the Kuroshio into the

coastal area of Kumano-nada and Enshu-nada
Seas. Bull. Japan. Soc. Fish. Oceanogr., 54, 19-31
(in Japanese) .

KoBayasHi, M., T. Sucimoto, and T. HiraNo (1986):
Surface current patterns in the Kumano-nada
and the Enshu-nada Seas for different types of
the Kuroshio paths based on GEK data— II, —For
periods with large meander of the Kuroshio,
Bull. Japan. Fish. Oceanogr., 50, 2-11 (in Japa-
nese).

MagekAawA, Y., M. UcHipa and Y. Nacata (2001):
Utilization of the near-real-time altimeter data
given by Colorado Center for Astrodynamics Re-
search of University of Colorado. Bull. Faculty
of Bioresources, Mie University, 27, 1-15 (in
Japanese).

Minami, H. (1989): Warm water structure that ap-
proaches to Kii Peninsula, separated from the
straight zonal Kuroshio path. La mer, 38, 87-93
(in Japanese).

NaGAaTa, Y., S. YosHipA and K. Fudrra (1999a): Small
scale meander as the trigger of the Kuroshio
Large Meander. La mer, 36, 119-130 (in Japa-
nese).

NacaTa, Y., J. Takeuchi, M. UcHIDA, [. ISHIKURA, Y.
Morikawa, and T. Koike (1999b): Current nature
of the Kuroshio in the vicinity of the Kii Penin-
sula. J. Oceanogr., 55, 407-416.

SEKINE, Y., and T. OkuBo (2000): Warm water struc-
ture that approaches to Kii Peninsula, separated
from the straight zonal Kuroshio path. La mer,
39, 87-93.

SnoJ1, D. (1972): Time variation of the Kuroshio
south of Japan. 217-234. In Kuroshio — Its Physi-
cal Aspect, H. STomMMEL and K. YOsHIDA, (eds.)
Univ. of Tokyo Press.

TarT, B. A. (1972): Characteristics of the flow of the
Kuroshio south of Japan. 165-216. In Kuroshio
—Its Physical Aspect, H. StommeL and K.
YosHIDA, (eds.) Univ. of Tokyo Press.

TakrUcHI, J. (1989): Warm water intrusion in the
southern area of Kumano-nada. Bull. Japan.
Soc. Fish. Oceanogr., 53, 242-254 (in Japanese).

TakeucHI, J., N. Honpa, Y. Morikawa, T. Kolke and
Y. Nacara (1998): Bifurcation Current along the
southwest coast of the Kii Peninsula. J.
Oceanogr., 54, 45-52.

UcHiba, M., J. TaxkgeucHi, Y. MoRikawa, Y.
Magekawa, O. Momosk, T. Koike and Y. NAGATA
(2000): On structure and temporal variation of
the Bifurcation Current off the Kii Peninsula.
J. Oceanogr., 56, 17-30.

Received October 11, 2002
Accepted November 14, 2002



La mer 40 : 183-189, 2002
Société franco-japonaise d'océanographie, Tokyo

HEEETIZ L 5 B S AL

B, RE HSES

Measurement of heart rate in Paralichthys olivaceus
by image analysis
Yutaka HIROTA®, Sadami YADA"

Abstract : To count heart rates , we tried to analyze image of heartbeat movement which it per-
meated with the fiber light. In this paper, we used the juvenile flounder Paralchthys olivaceus
in the case of normal and albinism fish body. The results are as follows.

1. In the same fish body width, a transmissivity of a fiber light of albinism fish was higher

by 1.2 ~1.6 times than normal one.

2. There was need 10,030 1x for analyzing the fish body width 6.85 mm. When a fish body
width was widened, a minimum illuminance to permeate the heart increased.
3. The high correlation was recognized between operculum moving number and heart rate in

condition of optical irradiation.

4. The preparation time to measure the heart rate with this system needs for approximately

40 minutes.

This measuring method is useful to research the physiological influence of fish body in the ex-
ternal environment changing and the anesthesia treatment.

Keywords : heart rate, operculum moving number, Paralchthys olivaceus , image analysis
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a : albinism * without irradiation b ! albinism * optical irradiation

”~

¢ ! mormal = without irradiation d : normal * optical irradiation

Fig. 1. Photography image of Paralchthys olivaceus
a ! albinism ¢ without irradiation. b : albinism * optical irradiation. c¢ : normal ¢ without irra-
diation. d : normal ¢ optical irradiation.
a . Heartbeat movement can observe from back of fish body without irradiation. b : Heartb
eat movement can observe under the low iluminance. ¢ : Heartbeat movement can't observe
without irradiation. d : Heartbeat movement can observe under the high iluminance.

Table 1 Size of test Paralchthys olivaceus

Albinism Normal
Mean S.D. Mean S.D.
Body length (mm) 26.211+1.27 56.65+8.00
Body width (mm) 2.75%0.08 4.64£0.55
Body weight (g) 0.41+0.05 3.03+0.82
n 10 10
Relationship BL vs BW v=0.06x+1.1, r=0.99 v=0.06x+0.82, r=0.99
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Fig. 2. System for measuring heart
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and body width.
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Table 2 Operculum moving number and heart rate when a fish body is normal condition.

Albinism Normal
Mean S.D. MeansS.D.
Operculum moving number (times/min) 54.2+1.25 54.3%+1.01
Heart rate (times/min) 87.8£1.97 —
n 10 10

a : Opercutum moving number

g
E
~ 09 L I L . L I
2 0 5 10 15 20 25 30
: Elapsed time ( min )
B 0 5 10 15 20 25 30
g 1.7 T T T T T !
E - Hes
5 b : Heart rate
= 16 -

15 q—

1.4

13

12

1O+

0.9 -

Fig. 5. The enhancement ratio of
operculum moving number and heart
rate when a fish body was transfered
into other water tank. @ : normal.
O : albinism.
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b I Heart rate
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f=3

0.9

Fig. 6. The enhancement ratio of
operculum moving number and heart
rate under the low iluminance.
@ : normal. O : albinism.

720

5) ERERMHL OB L DBF

IKFER RS, JEHRSTRIC IR — (kD S R ICH S h e,
BB SO & DB £ Fig. 8ITRd, LD
HIThrrb o, MBHABE MM E ORI EVIE
DA o fe GEFER 1 r=0.96, ELMERE  r=
0.92),



188 La mer 40, 2002

a I Operculum moving number

8
E
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g Elapsed time ( min )
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5
| b : Heart ratc
g 16
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13
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1l
1.0
09 b
Fig. 7. The enhancement ratio of
operculum moving number and heart
rate under the high iluminance.
® : normal. O : albinism.
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Fig. 8. Relationship between operculum
moving number and heart rate.
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On the Possibility of Improving the Flow and Water
Quality in a Closed Inland Bay by Using Cooling Water
for a Power Generating Plant

Tairyu TAKANO", Michihiro SHIBAZAKI™ and Akira WADA™

Abstract : A quasi 3-dimensional flow model and a water quality model (the Chesapeake Bay
Model) were applied to a hypothetical power station to investigate whether it is possible that
the intake and discharge of cooling water for a station located on a closed inland bay might
bring beneficial change to the oceanic environment. The results of the flow and water quality
calculations show that the intake and discharge of cooling water promote water exchange in
the inland bay; in particular, there is accelerated exchange of the nutrient - enriched water in-
side the bay with cleaner water from outside the bay, so that there is at least a possibility that
water quality will gradually be improved. In addition, bottom water pumped up continuously
in front of the power plant brings about water quality changes in a concentric circular pattern:
significant water quality changes are limited to the region within which the sea water tempera-

ture rises 1°C or more.

Keywords : Water flow and water quality analysis. Cooling water discharge

1. Introduction

In Japan there are many thermal and atomic
power plants, which are located along the coast
so that they can use seawater for cooling.
These power plants do not release pollutants
into the water, but by affecting the water flow
and temperature fields, they must have secon-
dary effects on the marine environment. Until
now most investigations on the environmental
effect of the power plant discharges have been
limited to investigating the extent of the area
within which water temperature increases. But
recent progress in methods of modeling water
quality has made it possible to investigate the
change of water quality as well.

When warm water is discharged from a
power plant, the water temperature in the
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0064, Japan

“* Marine Ecology Research Institute, Kanda Jimbo-
Cho 3-29 Chiyoda-ku, Tokyo, 101-0051, Japan

“**College of Industrial Technology, Nihon Univer-
sity, Izumi 1-2-1, Narashino, Chiba, 275-8575, Ja-
pan.

ocean in front of the power plant rises, causing
photosynthesis to become more active and
phytoplankton to multiply. If the water is rich
in nutrients, this can give rise to more water
pollution. However, at the same time intake
and discharge of cooling water by the power
plant promotes greater circulation of the water
in the bay, which can be expected to have the ef-
fect of transporting nutrients out of the bay,
(Supo, 1993) so it is unclear what net effect
there will be if the power plant is located at the
shore of a closed inland bay. For this reason,
we have performed calculations with a flow and
water quality model to estimate the difference
that can be expected between the present situa-
tion in such a bay and the situation that would
exist if a power plant were built on its shore.
There was particular interest in the possibility
that the cooling water discharge might en-
hance the water flow and improve the water
quality. We took as the object of our study
Mikawa Bay (Fig. 1), where at present there is
no power plant in the interior of the bay, in the
summertime, when water quality is known to
deteriorate.
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Fig. 1. Bottom topography of Mikawa
Bay and the location of the hypo-
thetical power plant.

2. The Model Calculation Method
2.1 The basic equations of the flow model
The tides in Mikawa Bay have strong
cooscillating tide characteristics. The long axis
of the M, tide is along the long axis of the bay;
proceeding along this axis toward the interior
of the bay, its amplitude decreases to 1/10 of its
value at the mouth(Unok1, 1978). The mean
current, which consists of a component caused
by the river inflow and the tidal residual cur-
rent, primarily controls the transport of mat-
ter. In the flow calculation, the tide, density
structure, river inflow and heat exchange at
the sea surface are considered. The model con-
sists of momentum, continuity and heat and
salt diffusion equations.
* Equations of conservation of momentum
ou ou ou ou
EJr uavt v@Jr wgffu =
2 2 2
et A A AT,
%+u%+v%+w%+fu =
1 oP 0%y 0% 0*v
o0 0y T ox’ 4, oy* +4, 0z
* Continuity equation
ou  0v , Ow
0x+6y+02 = 0. (3)
* Surface boundary condition
%—&-(us%-ﬂzsgi +ws>2:{0 = 0. (4)
» Hydrostatic equation and equation of state

P = gfipdz, (5)

(1)

(2)

o=ps (T, S. (6)
* Heat diffusion equation

oT oT oT oT

ot “or "Voy Wz

2 (2T 40 (9T
oxr K"@x +0y K”dy

0 oT 1 0
+62 <KZ 0z >+C-p 62<Q1 .
* Salt diffusion equation

95,0805 | 05 _ 0 (4 05)
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+é%(@%§)+§%(&%§) ®)

Here, t is time; x, y and z are the space coor-
dinates; u, v and w are the velocity components
in the x, v and z directions, respectively; us, vs
and w, are the velocity components at the sea
surface; A, A, and A. are the eddy viscosity co-
efficients in the coordinate directions; { is wa-
ter level; P is pressure; g is gravitational
acceleration; o is density; ©0s is a reference
density; C is specific heat; T is water tempera-
ture; S is salinity; K., K, and K. are the eddy
diffusion coefficients in the coordinate direc-
tions; @ is the flux of heat exchange with the
atmosphere; @, is the flux of heat exchange
with the atmosphere at the initial water tem-
perature, at grid points not on the sea surface
Ql - Qo: 0.

@: and @, are shown by the following equations

@,0=Q.— (@1 Q.+ @,

@:=0.239(1—a) BQu

@,=0.315x10""(273+T)*—0.296
X107"(273+ T (1+0.17C)

®.=0.0069C,(T— T.) ul0

Q.= 0.010Cz(e.— e ul0.

Here Q. is the absorptive solar radiation; Qs
is the solar radiation; @, is the effective long
wave radiation; . is the sensible heat flux; Q.
is the latent heat flux; a is the heat reflection
coefficient of sea surface (0.060 in August); B
is the heat absorption coefficient of sea surface
(0.69); T'is the water temperature, 7, is the air
temperature, C;is Cloud amount (0~1); Cy is
the sensible heat transport coefficient; Cr is the
latent heat transport coefficient; u is the wind
speed in 10m above sea surface; e, is the satu-
rated water vapor pressure at T and e, is the
water vapor pressure in the atmosphere.
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2.2 Boundary conditions of the flow model

At the sea surface, du/0z=0v/0z=0 and
0T/0z=0S/0z=0. At the bottom, u=v=0
and 07T/0z=0S/0z=0. Heat exchange with
the atmosphere is treated as an external force.
At the boundary with land, u=v=0ando7/01
=0S/01=0. Here [ is vertical direction toward
boundary. The tide at the open boundary is as-
sumed to be the M, tide of a period of 12 hours
with a sinusoidal curve. The flow is assumed to
have zero first derivatives at normal to the
boundary. Water temperature and salinity at
this boundary are adjusted to the values of the
open ocean when there is inflow; when there is
outflow, the second derivative is assumed to be
Zero.

2.3 Basic equations of the water quality

model

The water quality model consists of equa-
tions for the advection and diffusion of water
quality elements (MULLIGAN, 1987). Letting C
be the present value of one of the water quality
elements, the equation for the local change
with C over time is expressed in terms of
advection, diffusion, inflow load, settling, depo-
sition and biochemical processes by the follow-
ing equation.

0C _ 6<K60>+0< 6C>

ot ox\oxr/) ay\"Voy
9 (), 9C o€
+62 KZ@Z) u@x U@y

w 0z Oz Oy 0z

Here C is the concentration of the compo-
nent; ¢ is time; K., K, and K. are the diffusion
coefficients in the x, y and z directions; u, v and
w are the velocity components in the x, y and z
directions; and M is a quantity which expresses
the change in the concentration due to inflow
load, settling, deposition, biological and chemi-
cal processes.

We used the primary ecological model that
was basically developed by the United States
Environmental Protection Agency for Chesa-
peake Bay. This model includes 10 elements,
which are shown in below.

oC . 0 0 6M(x,y,z,t). ©)

1) Phytoplankton (p.p.) carbon (P.)
0(P.)/ot=(P. increase by p.p. growth) —

(Oxidation of organic carbon by p.p. respi
ration) — (p.p. death) + (p.p. sinking) +
(p.p. advection and diffusion) (10)

2) Dissolved organic phosphorus (DOP)

0(DOP) /ot= (p.p. recycle to DOP by p.p. res-
piration and death) — (DOP mineralizatio-
n) — (DOP advection and diffusion) (11

3) Particulate organic phosphorus (POP)

0(POP) /ot= (p.p. recycle to POP by p.p. res-
piration and death) — (POP minerali-
zation) + (POP sinking) + (POP advection
and diffusion) (12)

4) Dissolved inorganic phosphorus (DIP)

0(DIP) /dt= (p.p. recycle to DIP by p.p. res-
piration and death)+ (DOP minerali-
zation) + (POP recycle to DIP by POP
mineralization) — (DIP uptake by p.p.
growth) + (DIP elution from the sediment)
+ (DIP advection and diffusion) (13

5) Dissolved organic nitrogen (DON)

0 (DON)/ot= (p.p. recycle to DON by p.p.
respiration and death) — (DON minerali-
zation) + (DON advection and diffusion)

(14

6) Particulate organic nitrogen (PON)

0(PON) /ot= (p.p. recycle to PON by p.p. res-
piration and death) — (PON minerali-
zation) + (PON sinking) + (PON advection
and diffusion) (15)

7) Ammonia nitrogen (NH,)

0(NH,) /ot= (p.p. recycle to NH, by p.p. res-
piration and death) +(DON minerali-
zation) + (PON  mineralization) — (NH,
uptake by p.p. growth) — (NH, nitrifica-
tion to NO;)+ (NH, elution from the
sediment) + (NH, advection and diffusion)

(16

8) Nitrogen as nitrate and nitrite (NO, +
NO; : NOza)

0 (NOy) /0t= (NH, nitrification to NOs) —
(NOy uptake by p.p. growth) + (NOy elu-
tion from the sediment) + (NO,; advection
and diffusion) i)

9) Carbonaceous biochemical oxygen demand
(CBOD)

0 (CBOD)/ot=(CBOD production by p.p.
death) — (CBOD decay by oxidation of or-
ganic materials) + (CBOD inputs from the
sediment) + (CBOD advection and diffu-
sion) (13
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Flow calculation condition

Ttem

value

Horizontal grid

Vertical grid

Initial Temperature

Initial Salinity

Horizontal eddy viscosity
Vertical eddy viscosity
Horizontal eddy diffusivity
Vertical eddy diffusivity
Tide level change

Yahagi River run off
Toyokawa River run off
Temperature of river water

50m to 1000m transformed grid
1m to 5.2m transformed grid
Observed average distribution
Observed average distribution

10° (m’sec ')

1/5 of Horizontal eddy viscosity
10 (m*sec ')

55.3cm at boundary (M, tide)
56.47Tm’sec '

46.30m’sec

Calculation Temp. of run off cell

Transformed value (Smagorinsky scheme)

Salinity of river water
Meteorological condition

Calculation period

Yahagi R.; 16.8 psu, Toyokawa R.; 17.6 psu
Observed average value by Nagoya,Tsu
and Irako weather stations

20 cycles of M, tide

10) Dissolved oxygen (DO).
0(DO) /ot= (DO production by photosynthe-
sis) — (DO loss by p.p. respiration) + (DO
input by aeration) + (DO loss by nitrificat-
ion) — (DO loss by oxidation of organic
carbon) — (DO loss by sediment oxygen
demand) + (DO advection and diffusion)
(19
BOD is also treated in the calculation but
since only measured values of COD are avail-
able in this region, the calculated values of
BOD were converted to COD from the relation-
ship between TOC and COD obtained from the
relationship between observed values of TOC
and BOD in the inland bay (Japan Environ-
ment Agency: 1989 The Oceanographical
Society of Japan, 1985) and the model calcula-
tion. In this study, the magnification between
CBOD and BOD were 1-3 and the relationship
between COD and TOC, BOD and COD were as
follows.
COD=1.6TOC—0.26 20
BOD=3(0.56COD—0.06Chl-a+0.14) )
Here, TOC=Pc+1/a,XBOD, Pc=60,/1000 X
Chl-a and 1/a,.=12/32.

2.4 Boundary conditions of the water quality
model
At the sea surface and the bottom, 0 C/ 0z
=0. At the boundary with land, 0 C/ 0 [=0.
Here C is concentration of water quality. [ is
the normal direction toward the boundary. The

water quality at the open boundary is adjusted
to the value of the open ocean when it is inflow,
and when it 1s outflow, the second derivatives
are assumed to be zero. At the sea surface, sun-
light intensity is given for photosynthesis. At
the sea bottom, there is nutrients elusion from
bottom mud. The other boundary conditions
used for the water quality calculation follow
those used for the flow calculation.

3. Results of flow calculation
3.1 Flow calculation conditions

The initial density distribution was given
based on data observed by the Aichi Prefectural
Fisheries Experiment Station from 1979 to 1984
and by the Aichi Prefecture Environment De-
partment from 1979 to 1988. The river inflow
data were obtained from the summertime aver-
age of measurements made by the River Bu-
reau of the Ministry of Construction.
Meteorological conditions were obtained as the
averages from 1961 to 1990 of observations by
Irako Weather Observatory. The average of the
M; tides at Irako and Morozaki, 55.3cm, was
used as the tide level at the bay mouth. The
specifications of the hypothetical power plant
were intake of 400 m’® s™' of cooling water at the
bottom, discharge of the same amount at the
surface and temperature increase of 7°C of cool-
ing water passing through the power plant.
Horizontal grid spacings gradually increased
from 50m at the outlet of the power plant to
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Distribution of calculated horizontal mean flow and flow pattern of cross section.

(Solid line in the upper panel shows the position of cross section below.)

1,000m in open water; there were 20 vertical
layers, increasing from 1m thick at the surface
to 5.2m thick at the bottom. These conditions
are shown in Table 1.

3.2 Results of flow calculation

The mean current in Mikawa Bay was ob-
tained by averaging over the tidal period of cal-
culation in the present state, without a power
plant. In most places the mean current was on
the order of several cm s, but at and around
the bay mouth it reached 10cm s '. The mean
current pattern shows outflow at the surface

and inflow at the bottom (Fig. 2). This pat-
tern, which is believed to be driven mainly by
the density difference, agrees well with the
summer mean current obtained from 15 days of
continuous observation (Fig. 3). The tidal el-
lipse of numerical calculation agrees well with
the observed M, tidal ellipse in axial direction
and amplitude (Fig. 4).

From the difference between the mean cur-
rents at present and in the case with a hypo-
thetical power plant installed, shown in Fig. 5,
it is seen that the effect of the power plant dis-
charge extends out horizontally from the
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Fig. 5. Differences between the present

flow and after construction of a hy-
pothetical power plant.

discharge outlet, and vertically to a depth of
5m. It was found also that both the outflow
from the bay in the upper layer and the inflow
in the lower layer increased due to the intake
and discharge. The effect of power plant
discharge(UNOKI, 1998) is further shown by
comparisons of the flow with and without dis-
charge across cross sections in the bay interior

T T

5 L T
Upper layer

T T T T T T

-10 . 8 e
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=30 |- 1000m¥/s ! i
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Distance from discharge outlet (km)

and at the bay mouth in Fig. 6. In the bay inte-
rior, the lower layer inflow increases from 225
m’ s~ ' without the discharge to 424 m® s ' with
the discharge.

The increase corresponds to 50% of the
amount of the discharge. In the cross section at
the bay mouth, 27 km from the discharge out-
let, the inflow increases about 40 m® s, from
1316 m’ s ' without the discharge to 1354 m*s™'
with the discharge. This corresponds to 10% of
the amount of the discharge and 3% of the in-
flow at the bay mouth, and is significant com-
pared to the estimated error of 0.3% (Table 2)
in the calculated inflow and outflow.

4 Water quality calculation
4.1 Calculation conditions

July average values computed from observa-
tions from 1979 to 1984 by the Aichi Prefectural
Fisheries Experiment Station and from 1979 to
1988 by the Aichi Prefecture Environment De-
partment were used as initial conditions for the
water quality variables. Results of calculations
without a power plant were compared against
averages of observed values in August. The val-
ues calculated by the Aichi Prefecture Environ-
ment Department (1994) were used for the
river load. Since the Irako Weather Observa-
tory does not observe sunlight intensity or per-
centage of possible sunshine, averages of values
observed from 1961 to 1990 by the Nagoya Dis-
trict Meteorological Observatory were used.
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Lower layer
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Fig. 6. Comparison of inflow and outflow rates at present and after construction of a hypothetical

power plant.
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Table 2. Inflow and outflow water volume through the Bay mouth and volume error of flow calcu-

lation
Outflow | Inflow | Volume gap | River run off | Volume error | Volume error/Inflow
(m’/s) | (m’/s) (m’/s) (m’/s) (m’/s) (%)
Without 1421 | 1316 105 103 2 0.2
discharge
With discharge 1461 1354 107 103 4 0.3

Table 3. Water quality calculation condition

Ttem

value

Water Temp.

Chl-a

COD

Other variables of water quality
Toyokawa River load

Yahagi River load

NH,; flux from bottom mud
NO; flux from bottom mud

PO, flux from bottom mud
Sediment oxygen demand
Sunshine intensity

Power plant cooling water volume
At of cooling water

Other parameters

Result of heat diffusion calculation
3ug/l

Observed minimum value in each layer
Observed average distribution

T-N:5542;T-P:123;COD:7610;DIP:112;DIN:4990 (Kg day )
T-N:4823;T-P:448;COD:15653;DIP:215;DIN:1981 (Kg day )

2.054 (mgN m *day ')

2.054 (mgN m *day )

0.456 (mgP m *day ')
SOD=400Xxe """ T: water temp.
397.5 (Iy day™)

400 (m’sec )

7 (C)

Omission

Values given by the dJapan Environment
Agency (1989) were used for the nutrient elu-
tion rate from bottom mud. Elution rate of
DIN is 28.75 mg m * day ' and elution rate of
DIP is 14.60 mg m * day '. For oxygen con-
sumption rate by bottom mud, we used a func-
tion [SOD=400 X e “*7 where T is water
temperature] given in Aichi Prefecture Envi-
ronment Department (1994). These conditions
are shown in Table 3.

4.2 Results of water quality calculation

Calculated values were compared with aver-
age values and standard deviations of water
quality variables observed in the bay from 1979
to 1988, and the reproducibility of the results
was investigated. The elements that were com-
pared are Chl-a, DO and COD. The results of
the comparison are shown in Fig. 7.

The calculated values for Chl-a in Chita Bay
are a little small, but otherwise values for Chl-
a show good agreement. The calculated values
are within the standard deviations of the ob-
served values at 12 to 17 points in the bay.
Comparisons were done for DO and COD at 12
points in the bay. There is good agreement for

DO at all points, and for COD except in the
lower layer at 2 points. These 2 points are lo-
cated near the calculation boundary; we believe
that the effect of the boundary is responsible
for the disagreement between these 2 points.
Overall the agreement is good, and the water
quality calculation gives good reproducibility.

Next, from comparison of water quality cal-
culations before and after installation of the
hypothetical power plant, the cause of the wa-
ter quality change and the effectiveness in im-
proving water quality were analyzed. For all of
the water quality elements, the isolines spread
out in concentric circles from the discharge
outlet. After the water in the bottom layer
upwelled and reached the surface, favorable
conditions for primary productivity to become
active were fulfilled, and as phytoplankton
multiplied the water quality steadily changed.
The changes in the various water quality ele-
ments are shown in Fig. 8. This figure com-
pares the concentrations of these elements
before and after installation of the hypotheti-
cal power plant along the water discharge axis.

When the water is discharged after having
its temperature increased 7°C as it passed



Improving the flow and water quality in a closed inland bay 199

5000

=3
T

-5000

-100001

-160001

20000 -

250001

120
(d) Chl-a in the surface

: gé

Chl-a (u g/t)

X1 —

e
-

~
[— ]

.
ks xm—
K6 [y
K7 | C—=mo—
As [
as [ xo
-
as 8

A-10 HCRIW—

Al | X3 B
=n—

30000 . . . N
35000 -30000 -25000-20000-15000-100005000 0 5000 10000 g ;-‘ ; 2 2 2 1 E
Stns.
120 - )
100 + (b) DO in the surface layer | | (¢) COD in the surface layer
$8o
Eeo b S N
Q
2 40 | a
20 + L
0.0 N N s U S TR TS
1 2 3 4 5 6 7 8 9 1011 12 1 2 3 4 5 6 7 8 % 1011 12
Stas. Stns,
9.0 ) 45
8.0 | (¢ DO in the bottom layer 40 | (D COD in the bottom layer
70 | 35 a
<60} <30 @l
™
?5.0 - a E 25 . . g H
a0 | S20
g @ ¥ Q20
g o r o I o115
2.0 } » - 0t a
X a
10 - l I 05 |
0.0 PR 00 b
2 3 4 5 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 1011 12
Stns. Stns.

Fig. 7.

Comparison between calculated values and observed average values of water quality vari-

ables. (@ : Calculation value without discharge, /\ : Calculation value with discharge, X: Meas-

ured mean value, Box : Standard deviation around mean value,

minimum value.)

through the power plant, the temperature
drops to 1°C 10km offshore.

The discharged cooling water has 2 times the
DIN concentration and 1.5 times the DIP con-
centration compared with the ambient surface
water; 6km offshore both are reduced to the
levels in the ambient surface water due to con-
sumption by phytoplankton en route. In the
case of DIN, beyond 6km consumption by
phytoplankton that have multiplied in the
heated cooling water outflow exceeds the
amount of DIN upwelled from deeper layer,
causing the level to drop below the level before
installation of the hypothetical power plant.
The amount of phytoplankton at the discharge
outlet is only 60% of the amount before instal-
lation of the hypothetical power plant, but

Line : Measured maximum and

increases rapidly until it exceeds the previous
level 3km offshore. The phytoplankton concen-
tration reaches a peak 6km offshore, then de-
creases gradually to the previous level.

In this calculation, the COD concentration
essentially reflects the level of internally pro-
ductive pollutants, and varies in a manner simi-
lar to the Chl-a concentration.

DO has a concentration of 3.5mg 17", 50% of
the level before installation of the hypothetical
power plant, at the discharge outlet, but due to
multiplication of phytoplankton and aeration
by 8km offshore it has returned to the previous
level.

It is clear from these changes that the princi-
pal variations in water quality occur within the
limits where the increase in water temperature
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Table 4.

Comparison of concentrations of selected water quality variables in a crossed section

across the bay mouth at present and after construction of the hypothetical power plant.

Upper layer (0 to 9m depth)

Chl-a COD DO T-N T-P
(ug/l) (mg/1) (mg/1) (mg/1) (mg/1)
(OWithout discharge 12.2881 2.0996 5.0694 0.6299 0.0914
@With discharge 12.2992 2.107 5.0804 0.6278 0.0912
-0 0.0111 0.0074 0.011 —0.0021 —0.0002
% 0.1 0.4 0.2 —0.3 —0.2
Lower layer (9 to 256m depth)
Chl-a COD DO T-N T-P
(g/l) (mg/1) (mg/1) (mg/1) (mg/1)
DOWithout discharge 4.8526 1.1061 3.6151 0.6489 0.089
@With discharge 4.7882 1.0947 3.6298 0.6477 0.0887
@-0 —0.0644 —0.0114 0.0147 —0.0012 —0.0003
9% ~1.3 ~1 0.4 0.2 —03
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is 1°C or greater. Chl-a and COD continue to
change somewhat a bit farther offshore, but
even in these cases the peaks are reached within
the area of temperature increase 1°C or greater.

Next, to investigate the effect of intake and
discharge of cooling water on water quality
throughout the entire bay, the changes in the
average concentrations of water quality ele-
ments flowing in and out through a cross-
section at the bay mouth were investigated
(Table 4). As a result, it was found that after
construction of the power station, in the upper
layer, where the flow is outward from the bay,
the concentrations of Chl-a, COD and DO in-
creased, while in the lower layer, where the
flow is into the bay, Chl-a, COD, T-N and T-P
decreased. Accordingly, it appears that there is
a net outflow of organic matters out of the
bay. T-N and T-P decrease slightly both in the
upper and lower layers; further investigation is
needed to determine the cause of this
(MATSUKAWA, 1993).

5 Summary

The changes in flow and water quality envi-
ronment in a relatively large scale, nutrient -
enriched, closed inland bay, were analyzed
quantitatively using a quasi 3-dimensional flow
model and a primary ecological model, when a
power station is constructed in the innermost
of the bay. We investigated how the intake and
discharge of cooling water by the power plant
would affect seawater exchange and water
quality in the closed inland bay.

In this research, we found from the differ-
ence between the present flow in the bay and
the flow after a hypothetical power plant is in-
stalled that, the heated cooling water dis-
charged from the power plant clearly had the
effect of increasing the inflow and outflow of
sea water into and out of the bay. It is believed
that this effect on sea water exchange varies
with the amount of discharge water compared
to the volume of the bay. Moreover, the loca-
tion in where the power plant is constructed
will also affect the sea water exchange. In the
case of Mikawa Bay with a volume of 5.4km?,
the water exchange rate increases 3% at the
mouth of the bay if the discharge flow rate is
about 400 m’s '. Since the exchange of sea

water at the mouth of Mikawa Bay in summer
is about of 1300 m® s', the effect of the intake
and discharge of cooling water is expected to be
large in small bays.

We studied the effect of power plant con-
struction on the water quality environment
from the calculated difference in water quality
between the present and the case in which a
power plant is constructed. We showed that
there was a tendency for phytoplankton and
COD, at high concentrations, to flow out
through the bay mouth in the upper layer and,
at low concentrations, to flow in through the
lower layer, so that the water quality in the
bay is improved, as the circulation intensifies.
The concentrations of water quality parame-
ters increase and decrease following a typical
pattern around the discharge point, but these
changes are limited to a relatevely narrow area
where the water temperature increase 1°C or
more.

In this study we quantified the effect of a
power plant cooling water discharge on the
flow and water quality in a bay. It was shown
clearly that there was at least a possibility that
the water intake and discharge could improve
the flow and water quality environment of a
closed inland bay.
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that it has not been published or accepted for publication elsewhere. The editorial board decides the acceptance
of the manuscript on the basis of peer-reviews and is responsible for its final editing. The Society reserves the
copyright of all articles in the Journal.

. Submission: Manuscripts must be written in French, English or Japanese. Authors are requested to submit

their original manuscript and figures with one copy to the Editor in chief.

. Publication charges: For members, there will be no page charge for less than eight printed pages and

10,000 yen will be charged per page for the excess, except for color pages. For nonmembers there is publication
charge of 10,000 yen per printed page except for color pages. Color illustrations will be provided at cost.

. Proofs and reprints: Fifty reprints of each article will be provided free of charge. Additional reprints can be

provided in blocks of 50 copies. Proofs will be sent to the corresponding author. A reprint order form will be
sent with the proofs.

. Manuscripts should be sent to

Editor in Chief of “La mer”

Jiro Yoshida

Department of Ocean Sciences
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Konan, Minato-Ku, Tokyo, Japan 108-8477

Manuscript Preparation

. General

1) Manuscripts must be typed with double-spacing on one side of A4 size white paper with wide margins.

2) Figures, tables, and figure captions should be preparaed separate from the main text.

3) Authors should submit an electronic copy of their paper with the final version of the manuscript. The elec-
tronic copy should match the hardcopy exactly and should be stored in CD-R/W or FD. MS-
WORD(Windows) and PDF formats are accepted.

. Details

1) The first page of the manuscript should include the title, author's full names and affiliations including Fax
numbers and E-mail addresses. The corresponding author should be designated. Key words(up to four
words)and running head should be written at the bottom of the page.

2) An abstract of 200 words or less in English or French should be on the second page.

3) The main text should start on the third page. Please adhere to the following order of presentation: main
text, acknowledgements, appendices, references, figure captions, tables. All pages except the first page must
be numbered in sequence.

4) Mathematical formulae should be written with a wide space above and below each line. Systéme
International (SDunits and symbols are preferred.

5) All references quoted in the text sohuld be listed separately in alphabetical order according to the first
author's last name. Citations mus be complete according to the following examples:

Article: YANAGI, T., T. TakA0 and A. MoriMoT0(1997): Co-tidal and co-range charts in the South China Sea
derived from satellite altimetry data. La mer, 35, 85-93
Chapter: WyYNNE, M. J. (1981): Pheaophyta: Morphology and classification. In the Biology of Seaweeds.
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LosBaN, C. S. and M. J. WyNNE(eds.), Blackwell Science, Oxford, p. 52-85.
Book: SvERDRUP, H. U., M. W. JounsoN and R. H. FLEMING (1942): The Oceans: Their Physics, Chemistry
and General Biology. Prentice-Hall, Englewood Cliffs, New York, 1087pp.

6) Illustrations: All illustrations should be provided in camera-ready form, suitable for reproduction(which
may include reduction) without retouching. Photographs, charts and diagrams are all to be referred to as
“Fig(s).” and should be numbered consecutively in the order to which they are referred. They should accom-
pany the manuscript, but should not be included within the text. All figures should be clearly marked on the
back with the figure number and the author's name. All figures are to have a caption. Captions should be
supplied on a separate sheet.

T) Photographs: Orginal photographs must be supplied as they are to be reproduced(e.g. black and white or
color). If necessary, a scale should be marked on the photograph. Please note that photocopies of photo-
graphs are not acceptable. Half-tone illustrations should be kept to a minimum.

8) Color illustrations: The printing cost of color illistration must be borne by authors or their institution.
Authors will recieve information about the cost on acceptance of the manuscript.

9) Tables: Tables should be numbered consecutively and given a suitable caption on top and each table typed
on a separate sheet.
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