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A Shallow Water Front and Water Quality in Chinhae Bay
sigEol ToRkEl S BaigRt ARES

Cha-Kyum Kim*
& K

Abstract[]In order to investigate the formation of a shallow water front and its relation to water quality
distributions, oceanographic measurements were made, and the numerical computations of the Simpson-Hunter
stratification parameter log(H/U®) were performed. It is shown from satellite image and hydrographic data that
the shallow water front is formed near the northern Kaduk channel, and the stratification parameter log(H/U%)
near the front is in a range of 2.0~2.5. Measured COD (Chemical Oxygen Demand) concentrations in offshore
region of the front and in the western part of the bay are below 2.0 mg/l, whereas the concentrations in Masan
Bay located in the northern inside of the frontal zone are as high as 3.0~5.5 mg/l. COD concentrations
decrease gradually from Masan Bay toward the offshore due to the dilution by strong water mixing. Anoxic
and hypoxic water masses at the bottom layer in summer occur in the western part of Chinhae Bay and in
Masan Bay, and DO (Dissolved Oxygen) concentrations become low with increasing the stratification
parameter. DO concentrations outside the front are more than about 4.0 mg/l, whereas the concentrations inside
the front are low. The shallow water front plays a significant role for material transport from coastal area to
oceanic area, and the frontal region seems to be important physical and chemical boundaries.
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1. INTRODUCTION exchange occurs through Kaduk channel (Kim, 1984).

Chinhae Bay, located in the southeastern sea of Korea,
is a semi-enclosed bay (Fig. 1), and the bay area is 637
km’. The water exchange of the bay takes place through
Kaduk and Kyunnaeryang channels, and 86~90% of the

The semi-diurnal constituents M, and S, are dominant,
and the mean spring tidal range at Kaduk channel is 1.73
m (KORDI, 1983). The bay is surrounded by three big ci-
ties and large industrial complex which has been built

since 1960's. Therefore, the bay has been subjected to in-
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creasing environmental stress due to industrial de-
velopment in recent decades. Chinhae Bay is one of the
most polluted coastal bay in Korea, and the productivity
has declined significantly. Large amounts of domestic
sewage and industrial wastes from land have entered and
continue to enter into the bay. The increased loading of
contaminants into water bodies has resulted in the de-
gradation of water quality, frequent red tide problem and
a decline in the abundance and diversity of fish and ha-
bitats. The concentrations of nitrogen and phosphorus
which are the main nutrient sources of eutrophication
have rapidly increased since 1985 (Kang and Lee, 1992).
Many of these problems including bottom-water anoxia,
red tide and decline in fisheries are associated with the
eutrophication of the bay.

Although extent studies on the physical, chemical
and biological aspects of Chinhae Bay (Park and Kim,
1967; Park, 1975; Park, 1982; Hong, 1987; Kim et al,,
1989; Kim, 1990; Ministry of Environment, 1991; Lee
et al., 1993, Kim et al., 1994; Kim, 1994; NFRDA,
1995) have been made since the past decades, clear
countermeasures for environmental improvement have
not been suggested. Because the contaminants may ex-
ist in both dissolved and particulate forms, their dis-
tribution in the water column is mainly affected by the
flow field and sediment dynamics. Thus, as a first step
to improve the water quality, it is essential to in-
vestigate the structure of water mass and the transport
characteristics of contaminants. This study is focused
on the formation of a shallow water front and its re-
lation to contaminant distributions. In order to und-
erstand the mechanism of material transport in Chinhae
Bay, oceanographic measurements across the front are
very important. Studies on tidal front in the southeast-
ern sea of Korea have been undertaken by Lie (1989)
and Cho et al. (1995), but no report has been made on
the front in coastal bay. Therefore, the present study is
to investigate the distribution of physico-chemical fac-
tors and the frontal structure in Chinhae Bay, because
these features are the key process in the occurence of
red tide and anoxic water masses. Additionally a num-

crical model is used to derive the distributions of the
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Fig. 1. Observation stations in Chinhae Bay.

Simpson-Hunter stratification parameter log(H/U*) in
Chinhae Bay, where H is the water depth and U is the
amplitude of M, tidal current. Positions of predicted
front are compared with structures of infrared satellite

image and with sea temperature.
2. OBSERVATIONS

Field observations of temperature, salinity, DO
(Dissolved Oxygen) and COD (Chemical Oxygen
Demand) in Chinhae Bay were carried out from 1990
to 1994, and observation stations are shown in Fig. 1.
Measurements of temperature and salinity were per-
formed on August 4 and 16, 1993 and April 25~26 and
July 23~24, 1994 using 3 observation ships. The time
required for measurements of entire region was about 4
hours. Additionally DO and COD were observed in
summer from 1990 to 1994. Temperature and DO pro-
files at each station were observed at 1.0~2.0 m depth
interval using HYDROLAB (Surveyer III, USA). Sa-
linity was measured using HYDROLAB and In-
ductively Coupled Salinometer (601 MK III, Japan).
COD concentration was determined by potassium per-

manganate method in the laboratory.
3. NUMERICAL TIDAL MODEL

The governing equations used in the mathematical
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model to derive the Simpson-Hunter parameter are the
depth integrated equations of continuity and momentum.
The governing differential equations are expressed in
an alternating direction implicit (ADI) finite difference
form using a space staggered grid scheme. The diff-
erence equations and solution techniques are same as
the model outlined by Kim er al. (1994). The open
boundaries at Kaduk and Kyunnaeryang channels are
forced with M, tidal constituents only using the data
(KORDI, 1983). Computational grid size is square be-
ing 250 m, the corresponding time step is 30 sec, and

the horizontal eddy viscosity is 15.75 m’/s.
4. RESULTS AND DISCUSSIONS

4.1 Structure of the Front
4.1.1 Horizontal distributions of temperature and
salinity

Horizontal distributions of temperature measured at
surface on April 25 and July 24, 1994 are shown in
Fig. 2. The Temperature in the northern (Sts. 1-3) and
western parts (Sts. 15-16 ) of the bay on April 25 rang-
ed between 15.0 and 16.0°C, and the temperature in the
bay entrance (Sts. 7-8) was about 14.0°C. The hor-
izontal temperature gradient between the inner bay (Sts.
1-2, 25-26 and 16-17) and the bay entrance on April 25
was about 1.5°C.

The temperature in the inner bay on July 24, 1994
was 29.5°C, whereas in the bay entrance and the north-
ern part (St. 5) of Keoje-do was 27.5 and 25.0°C,
respectively. The lowest temperature of 25.0°C on July
24 was observed around St. S. Then it increased to-
ward nothern (St. 1) and western parts (Sts. 17 and 25)
of the bay, and became as high as 29.5°C. Near St. 5,
the onshore-offshore gradient of the temperature be-
came more accentuated. The horizontal temperature gra-
dient between the inner bay and the bay entrance on
July 24 was about 4.5°C.

Horizontal distributions of salinity observed at sur-
face on April 25 and July 24, 1994 are shown in Fig. 3.
The salinity on April 25 was in a range of 33.4~33.8%,
in Kaduk channel (Sts. 6-8), 31.2~31.6%, in Masan
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Fig. 2. Horizontal distributions of surface temperature on
April 25 and July 24, 1994.

Bay (Sts. 1-2) and 32.2~32.8%, in the western part of
Chinhae Bay. The lowest salinity of 31.2%, on April 25
was measured in Masan Bay. Then it increased toward
the bay entrance, and became as large as 33.8%,. The
salinity in Kaduk channel on April 25 was higher than
that in the inner bay by 1.0~2.6%,.

The salinity on July 24 was in a range of 31.8~
32.2% in Kaduk channel, 30.2~31.4%, in Masan Bay
and 32.8~33.4% in the western part of Chinhae Bay.
The lowest salinity of 30.2% on July 24 was also ob-
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Fig. 3. Horzontal distributions of surface salinity on April
25 and July 24, 1994,

served in Masan Bay, and then it increasec toward
Chinhae Bay cntrance. In both cases the lowest salinity
appearsed in Masan Bay, and it is due to the large
freshwater inflow from rivers around Masan Bay. Also
low salinity in Kaduk channel on July 24 may be due
to the effect of large freshwater inflow from Nakdong
River. Salinity was higher in April than in July in the
northern and castern parts of the bay, whereas it was
higher in July than in April in the western part. It is re-

lated to the results of the dilution by the large freshwat-

cr inflow from Masan Bay and Nakdong River due to
large rainfall from May to July. The horizontal gradient
from Masan Bay to Chinhae Bay entrance was large;
whereas it was small in the western part of Chinhae
Bay. As a result, we can see the fact that the freshwat-
er discharged from rivers around Masan Bay and Nak-
dong River is rarely extended to the western part of
Chinhae Bay.

4.1.2 Vertical distributions of temperature and sal-

inity

Vertical structures of temperature measured on April
25 and July 24, 1994 are shown in Fig. 4. The vertical
temperature difference AT on April 25, surface minus
bottom, ranged from AT=3.5~4.0°C in the inner bay
(Sts. 16-17 and 1-2) to AT=0.0"C in the bay entrance
(Sts. 7-8). The range of the temperature difference in
Masan Bay (Sts. 1-2) on July 24 was AT=8.0°C,
whereas the difference in the mouth was AT=5.5°C.
The well-mixed zone develops from near St. 5 toward
the bay entrance, whereas vertical stratification exists
from near St. 4 toward Masan Bay (St. 1) and from St.
12 toward the western part (St. 17) of the bay. An in-
teresting point is that, near Station 6 on July 24, there
is an uprising of isotherm. It is very probable that this
is an upwelling. Vertical gradients of the temperature
around Sts. 4-5 and 5-11 are sharp, and thermal stra-
tification was changed abruptly at there. Therefore we
can sce that a shallow water front is formed around Sts.
4-5 and 5-11.

Vertical structures of salinity measured on August 4
and 16, 1993 are shown in Fig. 5. The vertical salinity
difference AS, bottom minus surface, on August 4 and
16 was AS=10.0% and AS=13.5%,, respectively. The
salinity in Masan Bay and around Chinhae Bay en-
trance (St. 7) on August 4 was as low as 23%, and 24%,
respectively, whereas the salinity around St. 5 was high-
er than 28.0%. The salinity in Masan Bay (Sts. 1-2)
and Kaduk channel (Sts. 6-8) on August 16 was as low
as 19~20%,. The partially mixed zone due fo the fresh
water from Nakdong River and rainfall develops from
near St. 5 toward Chinhae Bay entrance, whereas vert-

ical stratification exists from near St. 5 toward Masan
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Fig. 5. Vertical structures of salinity on August 4 and 16, 1993.

Bay (St. 1).

From the vertical and horizontal structures of tem-
perature and salinity, it is suggested that the shallow
water front is formed in transition zones (Sts. 4-5 and 5-
11) between well-mixed and stratified areas. The areas
from St. 5 toward the bay entrance have strong currents

while the areas from Sts. 4 and 13 toward the inner
bay (Sts. 1-2 and 16-17) have relatively weak currents
(Kim, 1994; Kim et al., 1994). Unfortunately, author
could not measure the vertical distributions of salinity
on April 25 and July 24, 1994 because of some trouble

of the salinometer.
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Fig. 6. NOAA-11 infrared image around Chinhae Bay on August 14, 1994.

4.1.3 Infrared image

Fig. 6 shows infrared image of around Chinhaec Bay
on August 14, 1994. The lighter-shaded portions of the
seca indicate lower sea surface temperatures and the
darker depicts higher temperatures. The positions (near
St. 5) of the front seen in infrared imagery are roughly
consistent with observed frontal positions. This front is
the surface signature of the transition zone between the
stratified waters of the inner Chinhae Bay and the vert-
ically well-mixed waters in Kaduk channel having
strong tidal mixing.

4.1.4 Computed log(H/U%)

Fig. 7 shows the contours of log,,(H/U" in the num-
crical model with forcing by the M2 constituent only.
The criterion parameter in the central channel (Sts. 5-
11) and northern Kaduk channel (Sts. 4-5) is 2.0~2.5.
Therefore we can see that the front in Chinhae Bay is
found to be located at log(H/U?) value of 2.0~2.5.

Using a similar parameter, typical values of 2~3 were

calculated around Britain: 1.7~2.0 (Simpson and Hunter,
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1974); 1.5~2.0 (Simpson, 1976); 2.5~3.0 (James, 1977);
and 2.0~2.5 (Feamnhead, 1975), while the values in O-
saka Bay is 2.5~3.0 (Yanagi and Takahashi, 1988).
Although uncertainties remain such as in the exact
transition value of log(H/U®), the spatial variability in
the predicted range should be useful in choosing lo-
cations for observational or biological studies. Furth-
ermore, there are generally insufficient data to fix ac-
curately the position of a frontal boundary which is sub-
ject to both the effects of weather and longer-period sea-
sonal variations. The front in the bay is presumably at-
tributed to the freshwater inflow from Nakdong River.
To clarify the frontal position and the formation mechan-
ism, the future detailed observations such as the in-
fluence of river discharge and tidal range will be needed.
The formation of the tidal front may be attributed to a
change in the energy balance between tidally generated
mixing and buoyancy input. Simpson and Hunter (1974)
reported that tidal fronts appear in the transition zone
between the stratified area and the vertically mixed area
induced by tidal current. Since then tidal front has been
observed in many continental-self seas and coastal seas
around the world. Additionally Yanagi and Yoshikawa
(1987) reported that tidal front in Osaka Bay is formed
in transition zone between stratified area and vertically
mixed area. Osaka Bay has the stratified region shore-
ward and therefore, differs from other regions with the
formation of tidal fronts such as those near the British
coast (e.g., Simpson and Hunter, 1974). Yanagi et al.
(1989) reported the frontal structure of Tokyo Bay, and
the frontal structure is similar to that of Osaka Bay.
Yanagi and Yoshikawa (1987) pointed out that the tidal
front in Osaka Bay is caused by the strong tidal current
in the central deep region and the front is greatly in-
fluenced by freshwater inflow from rivers located at the
bay head. Chinhae Bay has the stratified region shore-
ward too, and therefore the shallow water front ap-
pearing in the bay is presumably the tidal front such as
that in Osaka Bay. It is found for the first time that the
shallow water front exists in Chinhae Bay. The frontal
location is known to be related to the variations of tidal

range, buoyancy input and current regime (Schumacher

et al., 1979; Yuasa and Ueshima, 1992). Therefore, the
future detailed measurements will be needed to clarify
the dependency on river discharge, or on tidal range

from spring tide to neap tide.

4.2 Horizontal Distributions of COD at Surface

Horizontal distributions of COD concentration at sur-
face in summer from 1990 to 1994 are shown in Fig. 8.
COD concentrations in the western part of the bay had
a range of 1.3~1.8 mg/l in August 1990, 1.5~1.8 mg/l
in August 1992, 0.8~1.5 mg/l in April 1994 and 0.4~0.8
mg/l in July 1994. The concentrations in 1994 were
very low compared to other years because of small rain-
fall.

COD concentrations in offshore region of the
Chinhae Bay front (around St. 5) were below 1.0~2.0
mg/l, whereas the concentrations in Masan Bay were as
high as 3.0~5.5 mg/l, because the discharged con-
taminants from Masan and Changwon areas were main-
ly accumulated in Masan Bay due to the weak current.
COD concentrations decrease gradually toward the
offshore, and the concentrations in the central channel
(Sts. 5-11) and northern Kaduk channel (Sts. 4-5) were
less than 2.0 mg/l because of the dilution by strong wat-
er mixing in the horizontal and vertical directions. The
measurements show that COD concentrations outside
the shallow water front (log(H/U")=2.0~2.5) are very
low compared to the northern part of the front. We can
see that the shallow water front plays a significant role
for material transport from coastal area to oceanic area.
Generally, nutrient distributions are determined by the
physical mixing process. Additionally, the horizontal
distributions of phosphate phosphorus (PO,-P) and dis-
solved inorganic nitrogen (DIN) measured by NFRDA
(1995) in Chinhae Bay show conspicuous changes of

those concentrations around the front.

4.3 Horizontal Distributions of DO at Bottom
Sources of DO (Dissolved Oxygen) include algal pho-

tosynthesis and atmospheric reaeration. DQ is consumed

through algal and heterotrophic respiration, nitrification,

and exertion of COD released from the sediments.
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Fig. 8. Horizontal distributions of COD concentration at surface from 1990 to 1994,

Fig. 9 shows the horizontal distributions of lowest were not observed. Though DO concentrations in 1907
D0 conceniration at bottom during the summer period were higher than those in other years, and the con-
from 1990 to 1993, Hypoxic water masses (less than centrations in the western part including Kajo-do, Won-
2.0 mg/ty in 1990 were extended to the western central mun and Kohyun Bay and in Masan Bay were below
part of Chinhae Bay and around Bu-do, but the con- 2.0 mg/l. The distributions in 1993 were similar to
centrations in the central channel, located in the north- those in 1991, and the anoxic water appeared in the
crn part of Chilchun-do and between Sts. 4 anc 5 were western part and Masan Bay. The lower DO con-
more than 3.0 mg/l. DO concentrations in the central centration can be attributed to the existence of strong
channcl in 1991 were more than 4.0 mg/l, whereas an stratification and the excess loading of organic and inor-
anoxic water (less than 1.0 mg/) in the westerr. parl of ganic pollutants from the Masan and Changwon areas.

the bay cxisted. DQ distributions in Masan Bay in 1991 DO concentrations in Kaduk channel and the central
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Fig. 9. Horizontal distributions of DO concentration at bottom in

channel of the bay having strong current (Kim et al.,
1994; Kim, 1994) and culturing facilities of low density
were more than 3.5~4.0 mg/l. Consequently, the anoxic
and hypoxic water masses in Masan Bay occur due to
large amounts of industrial and domestic wastewater in-
put and weak mixing, and also these water masses fre-
quently occur in the western part of Chinhae Bay due to
the weak current regimes and the increment of the ox-
ygen consume in high density of culturing facilities.

The distributions of DO are strongly related to the
stratification parameter, and DO concentrations at bot-
tom become low with increasing the parameter. DO

concentrations outside the front (log(H/U?)=2.0~2.5)

summer from 1990 to 1993,

are more than about 4.0 mg/l, whereas the con-
centrations inside the front are low. The concentrations
in the mixed layer is generally higher than those in the
strtified regime. The boundaries between stratified and
well-mixed zones cause to the conspicuous changes of
COD and DO concentrations, and also the distributions
of phytoplankton and nutrients are strongly correlated
with the frontal structures (Simpson and Hunter, 1974;
Yuasa and Ueshima, 1992). To prevent the formation
of the anoxia water masses and to reduce the damage
of fisheries due to the water masses, the studies on the
frontal structures and the effective countmeasures min-

imizing the water pollution such as the enhancement
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techniques of the water exchange are required.
5. SUMMARY AND CONCLUSIONS

In order to investigate the formation of a shallow water
front and its relation to water quality distributions, field
measurements of temperature, salinity, DO and COD in
Chinhae Bay were carried out from 1990 to 1994, and
the stratification parameter log(H/U®) was computed.

It is shown from satellite imagery and hydrographic
data that the shallow water front is formed near the
northern Kaduk channel, and the parameter log(H/U")
near the front is in a range of 2.0~2.5. The positions of
the front seen in infrared image are consistent with ob-
served frontal positions, and the observed results sug-
gest a possibility that the front is presumably a tidal
front. This report depends on observations in only
summer and spring, in the furture detailed observations
will be needed to clarify the dependency on river in-
flow, tidal range and current regime.

Measured COD concentrations in offshore region of
the Chinhae Bay front are below 1.0~2.0 mg/l, whereas
the concentrations in Masan Bay located in northern in-
side of the front are as high as 3.0~5.5 mg/l. COD con-
centrations decrease gradually from Masan Bay toward
the offshore due to the dilution by strong water mixing.

Anoxic and hypoxic water masses at the bottom layer
in summer occur in the western part of Chinhae Bay and
in Masan Bay. The distributions of DO are strongly re-
lated to the stratification parameter, and DO concentra-
tions become low with increasing the parameter. DO con-
centrations outside the front are more than about 4.0 mg/l,
whereas the concentrations inside the front are low.

The shallow water front plays a significant role for ma-
terial transport from coastal area to oceanic area, and the
frontal region seems to be important physical and chem-
ical boundaries. The frontal location and water quality dis-
tributions can vary with variations of tidal range and river

inflow, and also correlate with the magnitude of current.

ACKNOWLEDGEMENTS

The author is grateful to Pil-Yong Lee, Jong-Soo

Park and the researchers of NFRDA. for their assistance

during the field works.

REFERENCES

Cho, Y.K., Choi, BH. and Chung, HW., 1995. Variation
of tidal front in the southwestern sea of Korea, J.
Korean Soc. of Coast. and Oc. Engrs., 1(2), pp. 170-
175 (in Korean).

Fearnhead, P.G., 1975. On the formation of fronts by tidal
mixing around the British Isles, Deep-Sea Res., 22, pp.
311-322.

Hong, J.S., 1987. Summer oxygen defficiency and benthic
biomass in the Chinhae Bay System, Korea, J.
Oceanol. Soc. Korea, 22(4), pp. 246-256.

James, LD., 1977. A model of the annual cycle of
temperature in a frontal region of the Celtic Sea,
Estuarine Coastal Mar. Sci., 5, pp. 339-353.

Kang, S.W. and Lee, J.C., 1992. On the development of
water quality prediction model for enclosed seas, Proc.
1992 Int. Oceans Space and Resources Utilization
Seminar and 29th Ocean Engrg. Res. Workshop,
Underwater Technology, Ulsan, Korea, 427 pp.

Kim, C. 1994. Three-dimensional numerical model experi-
ments of tidal and wind-driven currents in Chinhae Bay,
J. Oceanol. Soc. Korea, 29(2), pp. 95-106.

Kim, C., Chang, S. and Lee, J., 1994. Two-dimensional
hydraulic and numerical modeling of tidal currents in
Chinhae Bay, J. Oceanol. Soc. Korea, 29(2), pp. 83-94
(in Korean).

Kim, CS., Lee, J.C., Jung, T.S. and Kang, S.W., 1989.
Application of a three-dimensional hydrodynamic
model, Ocean Research, 11, pp. 45-55 (in Korean).

Kim, H.G., 1990. Characteristics of flagellate red tide and
environmental conditions in Masan Bay, Bull. Nat.
Fish. Res. Dev. Agency, 43, pp. 1-40 (in Korean).

Kim, J.H., 1984. Sea water exchange in Chinhae Bay, Ms,
thesis, National Fisheries University of Pusan, Korea,
39 pp (in Korean).

KORDI, 1983. A study on the monitoring system for red
tides (Jinhae Bay), KORDI Report No. BSPE 00048-
80-7, 222 pp (in Korean).

Lee, P.Y., Park, J.S., Kang, C.M., Choi, H.G. and Park, J.
S., 1993. Studies on oxygen-deficient water mass in
Chinhae Bay, Bull. Nat. Fish. Res. Dev. Agency, 48,
pp. 25-38 (in Korean).

Lie, H.J., 1989. Tidal fronts in the southeastern Hwanghae



96 CXK.

(Yellow Sea), Cont. Shelf Res., 9, pp. 527-546.
Ministry of Environment, 1991. Investigative report on the
pollution state in Chinhae Bay, 502 pp (in Korean).
NFRDA, 1995. Study on the phenomena of coastal

eutrophication and red tide, 254 pp (in Korean).

Park, C.K., 1975. Eutrophication and chlorophyll content
in the seawater of Jinhae Bay area, Bull. Korean Fish.
Soc., 8, pp. 121-126 (in Korean).

Park, J.S., 1982. Studies on characteristics of red tide and
environmental conditions in Chinhae Bay, Bull. Nat.
Fish. Res. Dev. Agency, 28, pp. 55-88 (in Korean).

Park, J.S. and Kim, J.D., 1967. A study on the “red-water’
caused at Chinhae Bay, Bull. Nat. Fish. Res. Dev.
Agency, 1, pp. 63-79 (in Korean).

Schumacher, J.D., Kinder, T.H., Pashinski, D.J. and
Charnell, R.L., 1979. A structural front over the

continental shelf of the eastern Bering Sea, J. Phys.

Kim

Oceanography, 9, pp. 79-87.

Simpson, J.H., 1976. A boundary front in the summer
regime of the Celtic Sea, Estuarine Coastal Mar. Sci.,
4, pp. 71-81.

Simpson, J.H. and Hunter, J.R., 1974. Fronts in the Irish
Sca, Nature, 250, pp. 404-406.

Yanagi, T., Isobe, A., Saino, T. and Ishimaru, T., 1989.
Thermohaline front at the mouth of Tokyo Bay in
winter, Cont. Shelf Res., 9, pp. 77-91.

Yanagi, T. and Takahashi, S., 1988. A tidal front influenced
by river discharge, Dyn. Atmos. Oceans, 12, pp. 191-206.

Yanagi, T. and Yoshikawa, K., 1987. Tidal fronts in
Hiuchi-Nada and Osaka Bay, Bull. Jap. Soc. Fish.
Oceanogr., 51, pp. 115-119.

Yuasa, I. and Uecshima, H., 1992. A tidal front in winter
influenced by river discharge, J. Oceanography, 48,
pp. 239-255.



