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Seasonal occurrence and vertical distribution of the hyperiid amphipods

in Sagami Bay, central Japan

Hideaki NOMURA"”", Hiroko KITABAYASHI”, Yuji TANAKA" & Takashi ISHIMARU"

Abstract : To study the seasonal and vertical occurrences of hyperiid amphipods, collections
were carried out five times (April and November in 1997, January, July and September in 1998)
using ORI net and once (September in 1998) using MTD nets at a central part of Sagami Bay,
in the Pacific coast of middle Japan. The ORI net samplings were made obliquely from about
1000 m deep to the surface. A set of MTD nets was towed horizontally at six different depths (0,
100, 200, 300, 500, and 800 m). A total of 25 amphipod species belonging to 18 genera was identi-
fied. Among them, Primno latreillet and Primno brevidens were recorded first from Japanese
waters. The minima of abundance and species number were 2 inds. 1000 m * and 2 species, respec-
tively, both recorded in January. In September, those maxima, 236 inds. 1000 m * and 19 species,
respectively were observed. Annual average was 79 inds. 1000 m *. In September and November,
Lestrigonus spp. dominated more than 75% of the hyperiidean species assemblage. L. bengalensis
accounted for 51% of hyperiids in abundance on the annual basis. Primno latreillei and Eupronoe
minuta are likely to be native in Sagami Bay because they occurred throughout the year.
Hyperiid population densities were high at 0 m (398 inds. 1000 m *) and 100-m layer (179 inds.
1000 m *), low at 200-m or deeper layer (23-47 inds 1000 m *), and absent in the 800-m layer.
Physocephalata species were abundant above 300-m layer and Physosomata species in the 500-m
layer. Seasonally, population density and species number of the hyperiid amphipod seemed to in-
crease with increasing water temperature in the surface-100 m layer. We assume the hyperiidean
assemblage in Sagami Bay during summer consists of allochthonous species that are spread
from the southern warm regions.
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Fig. 1. Position of sampling station (Stn. 3) in Sagami Bay, central Japan.
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Fig. 2. Temporal changes in the depth distribution of water temperature (°C). ND: no data.

Table 1. List of hyperiid species collected in the central part of Sagami Bay, Japan.

Order Amphipoda
Suborder Hyperiidea
Infraorder Physosomata

Family Scinidae
Scina spp.
Acanthoscina sp.

Family Lanceolidae
Lanceola spp.

Infraorder Physocephalata

Family Vibiliidae
Vibilia armata
V. stebbingi
Vibilia sp.

Family Hyperiidae
Bougisia ornata
Hyperioides longipes
Lestrigonus bengalensis
L. schizogeneios
Lestrigonus spp.
Phronimopsis spinifera

Family Phronimidae
Phronima atlantica
P. sedentaria

Family Phrosinidae
Phrosina semilunata
Primno abyssalis

P. brevidens
P. latreillei
Primno spp.

Family Pronoidae
FEupronoe armata
E. maculata
E. minuta
Family Lycaeidae
Simorhynchotus antennarius
Family Brachyscelidae
Brachyscelus globiceps
Family Platyscelidae
Paratyphis parvus
Tetrathyrus focipatus
Amphithyrus muratus
A. sculpturatus
Family Parascelidae
Parascelus edwardst
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Fig. 3. Seasonal variations in population density of
hyperiid amphipod and Lestrigonus species col-
lected using ORI-net. Numeral above each bar de-
notes the number of species occurred.
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Fig. 4. Seasonal variations in population density of hyperiid species collected using ORI-net.
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Seasonal occurrence and abundance of the moonfish,
Monodactylus argenteus, in surf zones and rivers
of the northern coast of Bali, Indonesia

Takeshi YAMANE®, and Hiroshi KOHNO*!

Abstract : The seasonal occurrence, abundance and size distribution were examined on larval
and juvenile moonfish, Monodactylus argenteus, collected from different habitat types, surf
zones and lower river reaches, along the northern coast of Bali, Indonesia, by a push-net made
of “mosquito net” from 3 January 1995 to 28 January 1996. Body sizes were almost discrete be-
tween surf zone (n=110, 3.7-5.5 mm SL) and river (n=47, 4.7-49.1 mm SL) specimens, the body
size of around 5.5 mm SL corresponding to the transitional stage between postflexion larva and
juvenile. Surf zone specimens occurred year-round, but river specimens did not occur in the dry
season in Bali, from May to August. Although no apparent growth was observed among the
surf zone specimens, the body size tended to increase in river specimens. These results suggest
that the surf zone would provide a short-lived nursery ground for moonfish, rivers being used

for subsequent growth.

Keywords : Monodactylus argenteus; occurrence; larvae; juveniles; Indonesia.

1. Introduction

The moonfish, Monodactylus argenteus, is
widely distributed in tropical and warm-
temperate Indo-Pacific coastal waters, from
east Africa and the Red Sea to western South
Australia and north to Japan (RANDALL, 1983;
HaTooka, 1993; WHITFIELD, 1998; MISKIEWICZ,
2000). Larvae and juveniles are known to in-
habit lower salinity waters such as estuaries
and lower river reaches (Havasmr, 1989;
WHITFIELD, 1998), and their morphological de-
velopment has been well described by
KiNosHITA (1988) and MiskiEwicz (1998).
However, no detailed studies are available on
their occurrence patterns in these habitats. In
the course of our study on larval and juvenile
fishes occurring in the surf zones and lower
river reaches in Bali, Indonesia, we collected
many specimens of M. argenteus from both
habitat types. This study examined the sea-

* Laboratory of Ichthyology, Tokyo University of
Fisheries, 4-5-7 Konan, Minato-ku, Tokyo 108
—8477, Japan

' Corresponding author

sonal occurrence, abundance and size distribu-
tion of M. argenteus in both habitats along
the northern coast of Bali, Indonesia.
Morphometric changes with growth of some
body parts are also described.

2. Materials and methods

Specimens used in this study (n=157, 3.74—
49.1 mm SL) were collected from the surf zone
and river at two sites, Lovina and Banyalit
beaches (distance apart about 1 km) on the
northern coast of Bali, Indonesia, from 3 Janu-
ary 1995 to 28 January 1996. The river sam-
pling sites were located just inside the river
mouth. Sampling was conducted with a push-
net made of “mosquito net”, operated for about
30 min on each sampling day. The total number
of sampling days was 54 in the surf zones at
both Lovina and Banyalit, and 64 and 65 days
in the rivers at those localities, respectively.
Collected samples were fixed with 5% formalin
and transferred to 70% ethyl alcohol for preser-
vation. All the specimens used in this study had
a completely flexed notochord, standard length
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Fig. 1. Standard length, SL, distribution of larvae and juveniles of Monodactylus argenteus collected
from the surf zones and rivers of the northern coast of Bali, Indonesia, from January 1995 to
January 1996. Inset shows detailed distribution between 3-8 mm SL.
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1995 to January 1996.
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Fig. 3. Standard lengths (SL) of Monodactylus argenteus larvae and juveniles collected from the surf
zones and rivers of the northern coast of Bali, Indonesia, from January 1995 to January 1996.

(SL) therefore being measured from the snout
tip to the posterior edge of the hypural plate.
The head length, body depth and pelvic fin
length were measured (expressed as percent-
ages of SL) on 20 (3.9-5.5 mm SL) and 42 (6.1
49.1 mm SL) specimens collected from the surf
zones and rivers, respectively. Measurement
methods followed LEIS and TRNSKI (1989). Wa-
ter temperature and salinity ranged from 30.0~
35.0°C and 27-33%o in the surf zones, and from
28.0-35.7°C and 0-27%o in the rivers, respec-
tively. The salinity was usually less than 10%o
in the rivers, the only exceptions being 17, 20
and 27%o on three days in November and De-
cember at Banyalit. All of the specimens were
deposited in the Museum, Tokyo University of
Fisheries (MTUF-P (L)).

3. Results

The numbers of larvae and juveniles collected
were 54 (3.7-5.5 mm SL, mean +SD=4.5+0.4
mm SL) and 56 (4.1-5.4 mm SL, 4.6=0.3 mm
SL) from the surf zones at Banyalit and
Lovina, respectively, and 38 (5.1-49.1 mm SL,
16.9%11.6 mm SL) and 9 (4.7-40.5 mm SL, 21.8
£13.9 mm SL), respectively, from the rivers at
those localities. No significant differences were
detected in mean SL between the Banyalit and
Lovina surf zones and rivers (t-test, p>0.05).
Therefore, analyses of occurrence and body size
in this study were compared between the surf
zone and river specimens.

Body sizes were almost discrete between the
surf zone (n=110, 3.7-5.5 mm SL) and river
(n=47, 4.7-49.1 mm SL) specimens (Fig. 1),
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Fig. 4. Changes in body proportions, shown as per-
centages of standard length (SL) of Monodacty-
lus argenteus larvae and juveniles collected from
the surf zones (closed circles) and rivers (open
circles) of the northern coast of Bali, Indonesia,
from January 1995 to January 1996.

number of overlapping specimens between
these localities (4.7-5.5 mm SL) being 33 and 3
in surf zone and river, respectively, an overall
overlap rate of 22.9% (36/157). The largest surf
zone specimen (5.5 mm SL) was a juvenile with
completed fin ray complements, the remainder
(=£5.4 mm SL) being postflexion larvae. On the
other hand, the three smallest river specimens
(4.7 and two 5.1 mm SL) were postflexion lar-
vae, the others (=6.1 mm SL) being juveniles.

Surf zone specimens occurred year-round, ex-
cept for July, with a peak in May, the end of
rainy season (Fig. 2) . On the other hand, the

occurrence of river specimens was limited to
the period from February to April in 1995 and
from September 1995 to January 1996. The pe-
riod from May to August, when river speci-
mens did not occur, corresponds to the dry
season in northern coast of Bali.

The SL of each specimen was plotted against
sampling days (Fig. 3). No apparent growth
cohorts were observed among the surf zone
specimens. On the other hand, body size tended
to increase from February to April and October
to December in the river specimens, although
the number of larger specimens was low.

Although head length varied from 35-45%
SL, it increased from 35.7 to 42.0% SL with
growth in the surf zone specimens (Fig. 4). The
ratio decreased gradually thereafter, becoming
stable at 37-39% SL in specimens >30 mm SL.
Initially, body depth increased rather rapidly
from 37.6 to 48.8% SL in the surf zone speci-
mens, the rate becoming much less thereafter
until 30 mm SL (Fig. 4). In the specimens >30
mm SL, body depth became stable at about 90%
SL. The pelvic fin length increased rapidly in
the surf zone specimens and decreased rapidly
in the river specimens, with a peak of 32.7% SL
in a 5.1 mm SL surf zone specimen (Fig. 4). The
rate of decrease lessened thereafter in speci-
mens >30 mm SL.

4. Discussion

Moonfish larvae occurred year-round in the
surf zone in this study, indicating the possibil-
ity of spawning occurring throughout the
years. HAavASHI (1989) reported juveniles of
about 7 mm SL in mangrove areas of the
Ryukyu Islands at the end of August and
SENOU and SuzuKI (1980) noted that larvae oc-
curred in river mouths at the Yaeyama Islands
during Spring and Summer. On the other hand,
larvae were caught entering Lake Macquarie,
New South Wales, Australia, from December to
May, with a peak abundance between February
and April (MISKIEWICZ, 1987; cited in
MISKIEWICZ, 1998) . These observations indicate
that the spawning season of moonfish is lim-
ited to Spring and Summer in sub-tropical and
temperate waters of both the northern and
southern hemispheres.

Although the smallest specimen collected in



Monodactylus seasonal occurrence 81

this study was a 3.7 mm SL individual from the
surf zone, MISKIEWICZ (1998) collected a 3.2 mm
SL larva by plankton tow in coastal waters off
Lake Macquarie, New South Wales, and indi-
cated that hatching larvae were smaller than
2.1 mm SL. Therefore, it is considered that the
larvae present in the surf zone are likely to
have spawned in nearby coastal waters, subse-
quently migrating (passively and /or actively)
to the surf zone. Moonfish larvae disappeared
from the surf zone and appeared in river sam-
ples at around 5.5 mm SL, which corresponds
to the transitional stage between postflexion
larva and juvenile, and to the peak ratio of pel-
vic fin length to SL.

It seems likely therefore that the surf zone
provides a short-lived nursery ground for
moonfish, rivers being used for subsequent
growth. However, the moonfish juveniles did
not occur in the river during the dry season
from September to April, although the larvae
occurred in the surf zone throughout the years.
The river would not provide a suitable nursery
ground for the juveniles during the dry season
because of inadequate volume of water. There-
fore, these results suggest a possibility that
other nursery grounds than rivers would exist
for moonfish juveniles during the dry season.
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Seasonal occurrence and abundance of the spotted scat,
Scatophagus argus, in surf zones and rivers of
the northern coast of Bali, Indonesia

Keiji YOSHIMURA ", Takeshi YAMANE", Kenzo UTSUGI" and Hiroshi KOHNO™'

Abstract : The seasonal occurrence, abundance and size distribution of the spotted scat,
Scatophagus argus, were examined on the specimens collected from the surf zone and river at
two sites, Banyalit and Lovina beaches, on the northern coast of Bali, Indonesia, by a push-net
from 3 January 1995 to 28 January 1996. All of the specimens collected were metamorphosing
juveniles with unique head spination. The numbers of specimens collected were 9 (8.3-10.0 mm
SL) and 17 (7.9-13.4 mm SL) from surf zones at Banyalit and Lovina, respectively, and 20 (9.2
30.6 mm SL) and 15 (9.2-18.1 mm SL), respectively, from the rivers at those localities, juveniles
of 9-13 mm SL appearing in both habitats. Although surf zone specimens occurred restrictedly
in February, March and December, river specimens occurred each month from December to
June. The growth of fish was not observed in surf zone specimens but detected in river speci-
mens. These results would suggest that the spotted scat utilize the surf zone as a short-stop

area and rivers for subsequent growth.

Keywords : Scatophagus argus; occurrence; juveniles; Indonesia.

1. Introduction

The spotted scat, Scatophagus argus, is
widely distributed in Indo-Pacific waters,
north to Wakayama Prefecture, Japan
(SHIMADA, 2000) and is well known as a
euryhaline species living in coastal waters, es-
tuaries and even freshwater (BLABER, 1997).
The larvae and juveniles, which undergo a de-
velopmental stage (sometimes misapplied as
the ‘tholichthys’ stage) specialized for a pelagic
life style (LEIS and TRNSKI, 1989), are caught in
lower salinity waters (BARRY and FAST, 1988).
However, little is known about their occurrence
patterns in such habitats. This study examined
seasonal occurrence, abundance and size distri-
bution of spotted scat juveniles in surf zones
and rivers on the northern coast of Bali, Indo-
nesia. Morphometric changes with growth of
some body parts are also described.

“ Laboratory of Ichthyology, Tokyo University of
Fisheries, 4-5-7 Konan, Minato-ku, Tokyo 108
8477, Japan

' Corresponding author

2. Materials and methods

Specimens used in this study (n=61, 7.9-30.6
mm SL) were collected from the surf zone and
river at two sites, Lovina and Banyalit beaches
(distance apart about 1 km), on the northern
coast of Bali, Indonesia, from 3 January 1995
to 28 January 1996. The river sampling sites
were located just inside the river mouth. Sam-
pling was conducted with a push-net made of
“mosquito net”, operated for about 30 min on
each sampling day. The total number of sam-
pling days was 54 in the surf zones at both
Lovina and Banyalit, and 64 and 65 in the riv-
ers of those localities, respectively. Collected
samples were fixed with 5% formalin and trans-
ferred to 70% ethyl alcohol for preservation.
Standard length (SL) was measured from the
snout tip to the posterior edge of the hypural
plate, the notochord of all specimens collected
being completely flexed. The head length, body
depth and pelvic fin length were measured (ex-
pressed as percentages of SL) for all 61 speci-
mens. Measurement methods followed LEIs and
TRNSKI (1989). Water temperature and salinity
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Fig. 1. Standard length (SL) distribution of juve-
nile Scatophagus argus collected from surf zones
and rivers of the northern coast of Bali, Indone-
sia, from January 1995 to January 1996. In the
bottom graph, the SL of the 5 largest river speci-
mens were omitted.
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ranged from 30.0-35.0°C and 27-33%o in the surf
zones, and from 28.0-35.7°C and 0-27%o in the
rivers, respectively. The salinity was usually
less than 10%o in the rivers, the only exceptions
being 17, 20 and 27%o on three days in Novem-
ber and December at Banyalit. All of the speci-
mens were deposited in the Museum, Tokyo
University of Fisheries (IMTUF-P (L)).

3. Results

All of the specimens collected in the present
study were metamorphosing juveniles with
complete fin-ray complements and unique head
spination. Nine (8.3-10.0 mm SL, mean®=SD=
9.1£0.7 mm SL) and 17 (7.9-13.4 mm SL, 9.5
*1.3 mm SL) juveniles were collected from the
surf zones at Banyalit and Lovina, respectively,
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Fig. 2. Number of juvenile Scatophagus argus col-
lected per day, shown as averages of each month,
from surf zones and rivers of the northern coast
of Bali, Indonesia, from January 1995 to Janu-

ary 1996.
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Fig. 3. Standard length (SL) of Scatophagus argus
juveniles collected from the surf zones and rivers
of the northern coast of Bali, Indonesia, from
January 1995 to January 1996.

and 20 (9.2-30.6 mm SL, 17.5+7.2 mm SL) and
15 (9.2-18.1 mm SL, 12.7%3.6 mm SL), respec-
tively, from the rivers at those localities (Fig.
1). Although no significant difference occurred
in mean SL between the surf zones of Banyalit
and Lovina (p>0.05, t-test), mean SL of speci-
mens from Banyalit and Lovina rivers differed
significantly (p<0.05, t-test). However, in the
latter case, the difference was not significant
when five larger specimens (25.9-30.6 mm SL)
collected from Banyalit were omitted from the
comparison, the mean=SD for that locality be-
coming 14.04.1 mm SL. Accordingly, the 5
large Banyalit specimens were omitted from
subsequent surf zone and river comparisons.
The specimens collected from the surf zones
(7.9-13.4 mm SL, n=26) and rivers (9.2-22.8
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Fig. 4. Changes in body proportions, shown as per-
centages of standard length (SL) of Scatophagus
argus juveniles collected from the surf zones
(closed circles) and rivers (open circles) of the
northern coast of Bali, Indonesia, from January
1995 to January 1996.

mm SL, n=30) overlapped in body size from
9.2-13.4 mm SL (Fig. 1), the number of over-
lapping specimens being 13 and 17 in the surf
zones and rivers, respectively, and the overall
overlap rate being 53.6% (30/56). On the other
hand, mean SL differed significantly (p<0.01,
t-test) between the surf zones (mean®=SD=9.3
+1.1 mm SL) and rivers (13.3%-3.8 mm SL).
Surf zone specimens occurred restrictedly in
February, March and December, with a peak in
February (Fig. 2). River specimens, however,
occurred each month from December to June,

although again peaking in February (Fig. 2).
No apparent growth cohorts were detected in
the surf zone specimens, although three or four
were observed in river specimens sampled from
January to June (Fig. 3).

With overall body growth, relative head
length decreased rapidly until about 10 mm SL,
the rate becoming less thereafter (Fig. 4).
Body depth varied from 65-75% SL, with no re-
markable changes observed in the specimens
examined (Fig. 4). Pelvic fin length increased
rather rapidly until 12-13 mm SL, becoming
stable thereafter (Fig. 4). Overall, the above
measurements varied considerably and no sig-
nificant differences were detected between the
surf zone and river specimens.

4. Discussion

Based on the collection of smaller spotted
scat juveniles of about 10 mm SL during this
study, spawning occurred during the period
from November to April, corresponding to the
rainy season along the northern coast of Bali,
Indonesia. Spawning of the spotted scat in
Iloilo, Philippines, also occurs during the rainy
season at that locality (from June to October)
(BARRY and Fasr, 1988). The occurrence of lar-
vae and juveniles is limited to May-August in
Taiwan (TsumMoTo and KIMURA, 1988) and to
summer and autumn in Moreton Bay, eastern
Australia (LAEGDSGAARD and JOHNSON, 1995),
rainfall being more or less high at these times.
Therefore, the spawning of spotted scat is ap-
parently related to high rainfall, although the
spawning period is longer in tropical areas
such as Bali and Iloilo than in subtropical areas
such as Taiwan and Moreton Bay. The peak of
juvenile occurrence in the surf zone in this
study was February, corresponding to a
spawning peak in December-January (the be-
ginning of the rainy season). This concurs with
the observation of BARRY and Fast (1988),
who pointed out that the start of the rainy sea-
son coincided with the peak of the spawning
season at Iloilo, Philippines.

The smallest specimen collected in this study
was 7.8 mm SL from the surf zone, but smaller
spotted scat larvae of about 3 mm SL are
known (WEBER and de BEAUFORT, 1936;
TsumoTo and KIMURA, 1988), indicating that
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the surf zone is not the actual spawning
ground. BARRY and FasT (1988) reported that
adults living offshore in deeper waters moved
inshore in preparation for spawning, concur-
rent with the maturation of oocytes. Therefore,
neither the spawning ground nor habitat of
individuals<ca. 8 mm SL can be specified.

Spotted scat departed from the surf zones by
about 13 mm SL, whereas their appearance in
the rivers was from about 9 mm SL. Appar-
ently, juveniles of 9-13 mm SL actively move
between the surf zones and rivers or utilize
tidal flows into the same effect. Although, no
drastic morphometric changes were observed,
some flexion points occurred from 10-13 mm
SL, as shown in head length and pelvic fin
length. These observations, plus the apparent
lack of fish growth in the surf zone, contrary
to the river observations suggest that spotted
scat utilize the surf zone as a short-stop area
and rivers for subsequent growth.
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Non-toxic Mutational Strains in the Paralytic Shellfish Poisoning Causative

Dinoflagellates, Alexandrium spp.

Takuo OMURA*, Hideyuki ONODERA ', Takashi ISHIMARU" and Yasukatsu OSHIMA "'

Abstract : Non-toxic strains of Alexandrium tamarense (Dinophyceae) have been established
for the first time from a toxic clone of the species. For the analysis of biosynthesis of saxitoxin
and its derivatives, toxic clonal cultures of dinoflagellates, Alexandrium tamarense,
Alexandrium catenella, Alexandrium minutum, were subjected to mutanogenesis treatments,
viz. heat shock and UV-C radiation. 41 clones of non-toxic A. tamarense were obtained.
Furthemore, the original clone of A. tamarense proved its co-existence of non-toxic mutational
cells during a five-year culture after its establishment. No difference was observed in the
growth-irradiance relationship between a toxic and a non-toxic clone, suggesting the toxin pro-
duction dose not affect their growth much. The analysis of guawdium related substances
(arginine, agmatine and arcaine), which are considered to be precursors of the skeleton of
saxitoxin indicated that the biosynthesis of saxitoxin in the non-toxic clones should be sus-

pended at later phase of skeleton formation.

Keywords : £ OVEHT: (PSTs), Alexandrium, MERpZE5R% Rk

1. FL&IC

% O H ¥ (Paralytic Shellfish Toxins: PSTs) 13
IKBEHEDIRS LB TH O, B O IGPE s
Ko THEINS, PSTsEA MM EREEIL, “H&HIC
A sh, HICERUAPSTsidEA& L AMIZL
B UREREGWETEEGEEIT, COHPSTsid &
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PSTs#% /B 5 ifgpE il EEBNT 3, Alexandrium
catenella, A. fundyense, A. minutum, A. tamarense,
Gymnodinium catenatum, Pyrodinium bahamense
var. compressum?s EDVHI S B O (Steidinger, 1993),
Z O 1T K BE ¥ O Aphanizomenon  flos-aquae,
Anabaena circinalis (MAHMOOD and CARMICHAEL 198
6, CARMICHAEL and FALCONER, 1993) %, A. tamarense
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AT 520%8Z 5 FEREDIFENH S izEh T
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transferase & 23t & 1 T W %5 (OsHima, 1995b,
Yoshida et al., 2002),

—7J5Shimizuld, #KES i Ap. flos-aquae’
72T AV b —=THAB I S, STXOFHEMNT IVF =
VEMBEEE L, BB LU A FA = ORI E ST
a3 EEWS ML (SHvizu, 1993), & 5
12, /NP (2000) 1%, An. circinalis% fl W TSTX O i
BRI AR L, 7T =V MbLAWTHETINVF =0T
TRF =T IVIA L ERRNT B G RRRE EHEE LT,
UL LT IVF = vin GPSTsHEA G U 2 WRHE AR
fRIHTH %,

AAE, AR F LN TFEOREEREICILD, FED
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EEAERB T 2BIATERET 2 ENFHITH - TEK
720 TDW, FE—OPSTsE AR TH#E & DM
monnid, mEEICBS T 2 EE T A R & iR
TH5IENAHETH B,

Trid, 2oHE 14E LT, PSTsE4EET % A
tamarense, A. catenella, A. minutum”» S bk %15
BZEEAME L, &5t o hB#kico>01T
STX D A BRI I O THEA KD 1L U 7541 O #E5E
kAT,

2. MEEAE
2-1 EEREEERN

AWFFEIZ O 72 Alexandrium tamarense (OF935—
AT 6), A. catenella(OF950913, Mt #) FZEhZEh
19934E 3 & 19954 1T RARIEE 2 S, A. minutum (CU
Am-C5) [Z19904E12 7 o EEF + > 7 7V O T E5&5il
Mk DERI » BRI Nic 7 o— R TH %,

MR T 1 £33 (OcaTa et al., 1987a) & b
NTA% B & EDTA % 2 ff =ik L Tirn, A
tamarense T3 & HITHi v L VE20nMZ RN L 72, A.
tamarenseTlZ, #4330, #HEE15C, IO YE®ES5 1 mo
Im *s™', A. catenellaTi334330, #HE20°C, WD
8 umol m %Y, A. minutumTI3HEsr14, #EE25°C,
I @ &#100 £ mol m s "THfERE L, 12hL:12hDD
WA 5.2 72,

2-2 RAZEFENIE

PR ZE SR & F O T ZEARZS SR TN IS, A S
O b 2 HEMEO KES 28T X5 aEkHET
TN 3 (JAGGER, 1967), D7z OO AETET 2 RA
D%MEDH SMH UKD, £ OKMTURE L /2fifan S
Y77 u— Vv ElEBEEEROR LT,

E—hYay 7L

Hric I RPN K 3 A & R U 7o i g 2 5l
FTICHEL, KR GFRERE, 79708 —<—
TMD-120) (T &, FrE O R[] % #Ra U 7c %16 5 I
BRAEAEI D M UKEKRTHE L 72, MEEMAE, A
minutumiZ B\ TIEIKES5, 36, 38, 39, 40, 41, 42, 43, 44,
45, 50, 55, 60°C S ALFREER] 2, 4, 6, 8, 10, 12, 14, 16,
18, 204> ZHLA G DB 1305, A. tamarensell B
TIE7kiR25, 28, 30, 32, 35, 38, 40, 42°C & WLPRIERT 2
4,6, 8,100 2MAHDERA0%EM:, A. catenellalZ
B TIIKIRS5, 38, 40, 42, 45°C EALHELREG 2, 4, 6,
8, 103 ZHMAGDLEIBEMLETH 5, WERIT, HL
Bk L RR O St TR A5, Mo SR ARERR L 72,
ML ERICEENE 0NN 2, SHT S EEXHT
ZER, HAHVFMHERIZEH TSN 2, 3HT
W ZAEIE LTS 5 2 &b 5, SDHAEIFLDH
AL, ALERTR 1B BT - 7o W—&MFTD%EE % 3

mAFV, EERROEMEERE LU Tc, FHRERIIZO
FUETREEFTY, 1 ABRICAFEER S hciila &
MBI T+ Y —EXRy PEHOTRO LY, T
1AM AE 1 mIANTZ24R< 4 7 a<)VF 7T L— b
IZ 1 HIE T DT U 7o, B OB AR I, REUREER &R
FROEMETITWO, B 5 RN AN B8 U 72 ke 5 CalliRs
ICREZ RO, B RR O MRS, 1 m1 72 0 #5100040
JELL FA2 78 - 7o R S C kil U, s it U7z,

E S U TR

Rf R L1 87 7o A R s Bed ik 3 (B R % 8l L 72 A,
minutum® ¥ % 3 mlAN, MR (5w 2 4T, HE:
254nm, YT 4.9eV) D TIiZEB W TEIE Z G L7,
TCH B, SRR CREDL MM, UVR-254JF,
BRI 2 O THE U, BEATH S O HlkE %
g 5 2 &I1T & - T 3 BRE(85, 105, 130 1 w/cer) IZR%E
U7z, Mgt 8 BEREE L (1, 3, 5, 6, 10, 15, 20,
3043) TS AR A G DOE T4 TIRGHLEE £ 1T - 72,
A. tamarenseE A. catenella® WML X, BT (15
W 2 4T, #E: 254nm, JeT: 4.9eV) ZHLY {415 7 4+
WEPNITH 72 SR HC R LT 3 A0 #% 1 mlA
Nlet o4 v 7575 —F 2 N— (§t20mm, 50
mm, #&E 1lmD &\ TIT - 7o, HURIREE %2865 1w/
e (iZ[EE U, BATEERTIZ 1, 2,25, 3, 4, 54D 6
FMEE Ui UTOBFRE— by 2y ZUBIOE &
[ETHh 5,

2-3 PSTs& T 7 =2 /L EYM DS

PSTs®4r#ricid, 14> 70240 1 JHmiaLl 1% it
Utco Biagfiilaz 2w 4 v 7o — 5 —Rus 05 iR ic &
D PR E (300010 S, #1030 Licik, & oo/
WiE (v XY FV7, 1.5mD 128 L Tl G
1043) 2470, RBEIC0.5NFERR0.25ml % M A T BiAS R A7
L7z

PSTs® 73 #7112 12 OsHIMA (1995¢) D R X kA1 5 L —
Y b HPLC#: & 7o /1 5 L1213 Mightysil RP-8
GP, 4.6 X 150mm (BIsILT) %2, BEHE LT, C1-
C4izo0 T, I1mMV YT M T7FNT VEZY
L—3mMV VT v E=Y A(PH6.0) %, GTX1 -G
TX 6, deGTX 2, deGTX 3 IZ2WW T 2mMANT 7~
ZIVAVEEF MY Y A—10mMY VBT v E=7 L(pH
7.2) %, STXHEZIE, 2mMANT ¥ v Z)VKR VEEF Y
7 LA—=30 mMY VBT v EZ= LA (PHT.0) —4.4% T &
F= b UIVEHO, H&EZ0.8ml/min& Lic, 715 4
M5 DEHKIZ0.4ml/min @ i & TT7.0mMi#h = 7 K%
K —50 mM VU VEEA Y U LRAETIR (pH5.8) 2 mif i 1
I UBOEFHEE L A1, 0.5MEFERE % 0.4ml/min D i &
TMACTREA LA s+, dote= — kit Lic Ui
I E330nm, #H#HE3I0nm),

77 =V A& L TIE, BAKER et al.(1981) ®
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Fig. 1. Toxicity (top) and toxin composition (bottom) of A. tamarense (OF935-AT6) and its UV
treated toxic sub-clones soon after the establishment. UAT-020 was non-toxic in this analysis,

but toxic after four months (Fig.2).

RZ NS5 LHNALHPLCHE: % — 3Bk E U 7 )i ONEF
F, 20000 & iz, H T LiiECosmosil 5 CI8ART,
4.6X250mm (F4 545 2%7), BEHHIZIEZ 2 mMAT
5V ZIVEKR VEEF R ) A —50mMFREE—23% A ¥ ) —
JV(pH4.5) Z MW, #imi$0.8ml/min& Lic, 75 L»
5 O HKIZ0.2ml/min D& T 2 MUKER{L A ) 7 L%
mzZ<T7IAY I L, KIZ0.4ml/min D i & T2.5
mM 9,10-7 =+ b L vF /v (DANFIVT 1)V
L7 I NITHEM) Z2HRINL TS S ¥ THOEFEL L,
Wt'e =¥ — (BHERF-10Ax, B E3T3nm, Wil
PEA465nm) 12Xk > THRIK L 72,

2-4 RERICKIZTIHDR
LRt T ST A, tamarenseD Y 7 7 0 —
VUAT-014% EXR v b PSRRI X O MEL L UAT-

014-009%k & OF935-AT 6 #hm & EXw PRIz & 0 M
WAL LB #Y 77 o0— v Axat-2 20T, K- KE
HEDRRERD 1,

B3, SOET 1 e v, BELSC, HE5300
kRS0, 50, 75, 100, 125 150, 175, 200, 250, 300, 400,
500 £ mol m *s ‘D125 TIT » 720 HBUJIT I3 E I
kT (Twin — 2 parallel 100W, National) & il 72, A%
FEoOREICE, HEREEF(Turner Designs, Model 10)
IZ& Dinvivoz mr 7 4 VEOEMEA 1 HB S I2HIE L
B 2 R U, SRR 1. (d D &R 72,

s =t 'logy(Fy/FY)

ZCT, F, Rl an b EEEiofsd b0
I Din vivorZ BB 7 4 JVEIEE, tid 2 MO RER D
HETH %,
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Fig. 2. Toxicity (top) and toxin composition(bottom) of A. tamarense (OF935-AT6) and its UV
treated toxic sub-clones reanalyzed after four months of the first analysis (Fig. 1). About five
times more cells were used for the analysis. UAT-005,010 and 042 were non-toxic in this analysis.

3. &R
3-1 E— bl a v /RBRICETMBIAIZVEESLE

HERRZEAL

Alexandrium minutumTIlE, E— F ¥ 3 v 7 AELIC
KB AR, 205 OWERKEETIZ38CTH b, 39°C
THEW L7z LITF40°C— 8 4F, 42°C— 443, 45°C— 2 4%
BHEFBRRTH -7, 7 70— OFEKIZ, 42°C— 4
5 E40°C— 6 DTS, BETAUKRERI, h
SR MM 72 D BRI, b & OBRITIA~NTHY 4 50
SHIL/ADFMIZH D, Mgtk z1$5 LTk -
7o AL DWNTIE, MR 6GTX 4 kb2 <, K
TGTX 1 TH O, WMIFTE g UTHMEs R E (L
LU 72k 315 S sy - 72,

A. catenella® HAFRRF X, 38°C— 643, 40°C— 4 43,
42°C— 243 ThHy, ¥ 7 70— OHIFIZ8C— 64T
A2k 2 HEE L7c, Th o oMl b w0 i

EHEELT, 5, oN1/2THY, MEKEES C
LR D 5 1o, FHHBITOWTIE, [N &C 2 D8Rk
H2 <, R TneoSTXEC 1 TH Y, MR KE L
ZALL 2R3 o nish - 72,

A. tamarenseD B AFBR AL, 35°C— 843, 38°C— 6 47,
0C—-24TdHby, Y7 70— rOfERkiE, 35C— 84>
Tl A 7ons, HEEzICB g 2o, 2 miah» s
Hlofma sk U, BREFERT 5 2 & 3R - 72,

3-2 FHNRBEHILIERRICE (TR MBEZY
1t
A. minutum T, SKIVRIRGHLELIC & 2 A fFIRVR %
T2 PIHERICBOTIE, BESSuw/al TIE 62T
GRS 5, 105 TS L 72, 1058 & 17135
ew/et TN G 543 THEAE, 64 TIM L 7o, W
PROERKIE, TS 3 DORGHIRIE, R 5 4> TIT

EELEHEM
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W, BfE U ICHIIE D S 490k & BiEE L 7o, T 5498k o
e 72 0 g S ER EC R, K5 £ SR /4 D HiPH
Thh, mhkidmond, s> LTIV Ihd
GTX 4 2xb2 <, ROWTGTX1ThbH, KRELEL
BB ONED -T2,

A. catenella& A. tamarenseTiZ, & $12 6 [0]D R4
KERZITW, A catenellaTiZ, 5 EIH 4 B TIX2.540T
HAFHIEFED 50 3 70 TRIEH L7, 72 1 mid 3 43
THAE, 45 THRIB LU, A. tamarenseTiE, 6H&E D
2 5 THAFII GRS &, 255 T Lico U Eh» A,
catenellaTIE2.550185f, A. tamarenseTiE, 2 4HR
SHLEL U Zcfific >0 TS 7 7 o — v ofEkER A T

A. catenellaTIE, SEHVERIGGTHALELPRE8 A 1572 A%, #
a2 72 0 RIS AME T TR 4 50 5891 /4D i
Zh O, MHREEONL - To, 72, KT,
NTOWRIRTC 2 Wik b2 <, KT neoSTX £C 1
N, MILAFTOID - TR E 2D 5 T2,

A. tamarense T3, ¥IBRGHLEIZX D, 477 0—
VH0bk A HEE L, Ch o) bk TRFBLME SN
75 - 7o (PR 5R0.05 fmol/cell) o & 7o, A HAR11EE
TIE, MY 7z b Hi & AR AL R I el U TR &
CEAL L7 (Fig. Do ALBEHT & Mg U, Ml Y470 b w5
13 K TUAT-027T0%y 4 £%, I/NTUAT-0420%11/700
TdH -7, mtlkiE, UAT-005, 008, 010%&F&x< 8 ¥k T
1%, C2 WK% 5%, IRWT neoSTX ML h - 72,
UAT-005, 010 @ ML KIEFGTX 3 7221 THEBK = 1,
UAT-008 D FE 4 pk 1Z GTX 2 MKE> % 5D, IRWT
GTX 3 WZ -7,

HETEAS SRR DT O IF B e 2 W T B 72T
#14 % %2 1 [0 HO# 5 A5 0 Moz v THRS %
W& Ui, CORRETIE, 50D S BAMMNERTH -
72 1 M HDGHT TR TIROW 2 AT 5 2 & 08I
SN UAT-005, 010, 0420 3 #k» S idmtE i3t &
9, —F, 1BHOHHT CR#BEBHRHEERALUTTH - 72
UAT-020» 5 I E O Rkl & iz, A Th - 72
9 kT, MEERTICHATHIIEY 72 0 HEE, kKT
UAT-0270 ) 4 %, H&/NTUAT-02001/13Tdh - 72
(Fig. 2) i, C2 ka0 Be&% 5w, GTX 4
& neoSTX MRS,

3-3 EARAXEDIRIE

A. tamarenseDMTTEH 7 7 0 — L DR Sz E &1,
ERERIZ KB DI L TEHET E 5700, JLOBRICE
FERIESRAE L TOWEL s oh E D EER L 12, A.
tamarense OF935-AT 6 #k&k O £ Xy M & 2 #jl»
SHEIITSIED 7 b — URRELERR L, PSTs% 4047 L7,
COSHTOFER, HHEY T 70— I3 FAEL, WLEE
HOFRAERIZIE, T TIEEOMEMTFEL Tl &
RS I RO

3-4 BERKUBEEY 7 /0—-VICB 32XV HEREEHA
EWEDORER

OF935-AT 6 & » Bt L-HB X OHHEY 77 o—
YIZOWNWT, PSTsOHIKME EELZONE ST =V )
1LEMET Uic, ZDORRED 1 fl%Fig. 3ITnd, B
HBBLOEEY 7 70— & 2o, TIAFZ L,
TIRF v, TIVAAL v OREEZ NN IRRE R AV
LW 3 B4 DI RIS D E— 7 i 2o S h
72,

3-5 RERABEZMSEHOLLE

MR Y 7 70— Axat- 2 LHEHMERY 7 70—
Y UAT-014-0091 > W T 18 & 17 e — 1 B g % Fig.
TR T o MO SR BIRVIEE D20 £ mol m s '
S5E L, 150 £zmol m s '"THRFNTEL 72, A4
E#EEIZ, 2hTnfn0.41, 0.42d '"Th - 72, Aibk &
HHHROBIZTB T, REICEERED SN -7,

4. BER

AITED S 2D A. tamarenseD JeFtk 15 S iz,
ZhiE, A. tamarense®fi#7 0 — Y NITB WL THER
ERICEOEUIERY T 70— BB TORE
Thb, ThoDMHLRKT, WHENERFIZXLSA
FWZRREFIE 0 TS BB (WS4E) 12bic b
HERF « MEFCEER O BN T U 7 HARFRAERIZEAREE RIT & -
TER SN EBZ 5N B, Haitk & RO ERE —
JEIERE ORI ENENZ Eh S, HOERER, Pl
EORBEME T TRKEICEEEARIZSHOL LD EEZ
5N 5, MRED S BUAT-014-009%k (3 HEE% 3 4ER%
WU BICTEA A LSRR EREoxEH B L
MRS (RNAFER), ZoREIE, WakicsnT
RELILODTHBEEZZ SN,

SO IR AL I HLEE U 2o 7 7 b — o ek
ORIV T ICHEE L2 7 70— hozhoi
215 TH 0, MR TS ARSI B AR
WHREYEDS B B, — 0, SAMRIESHLEEY 7 o — v o
IBLHHTH - kO DH 7o Ff & HHKO 1 [ H
L 2 M HOMT#ER (Fig. 1, 2 2 Hikd 3 &, <0+
Tru— BTS2 0 ERBEM L, £ 2R
HEMAMBR SN, 2hoDH B, WD THED/NS
WUAT-005, 008, 010, 042(Fig. 1), UAT-020(Fig. 2)
N, ThENOHHITB O THiO kR & 2738 2 HHIEE R
Urcsid, BIMREIC X 2385 TH 3 alfEMENE L, £
nLStokIzB T, 1HTEGTXL, 40 on T,
2 M HTIH30-40%DEATRONIZ &1F, HIMRE
HMHFEFEIA S hOEBE R U THE EHEL
S5NB, 72, 1IHE 2 [ HOGHH#ESIC B O THEE
LRMROBIEMNEL > B E LT, HEREIC X 558
EMBZoNED, 1HHE2MHEOSHEEIEN 4 -
HHO Ny 73 a—F—Ya vORERSBEETE L,
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Fig. 3. Appearance of guanidium related substances in toxic (left) and non-toxic (center) subclones

of A. tamarense.
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Fig. 4. Growth-irradiance relationships for non-toxic (UAT-014-009, left) and toxic (Axat-2. right)

sub-clone of A. tamarense.

A. tamarense® ¥ 7 7 u—VIZBLTiTi- 7T =
U JALEMIOSTTIE, BElk EHEEko Tk
THETIVF=y, TIVRF v, TIVHA v ORTHKRE
ANt Mtk F O H A S URER D, b 55T
RELTOB ETNIE, D5 TRIKMENZ BICE
BedeELOoNE, UL LIEHEKD 7T =9 /(LEW
DHHAERICB VT, FFEDOHRYE O 2 S ERITR
DoNENol, TNHEDI ENS, MMz %3
DL, AR THNIZ 7T =29 &L b &
SIZHEA, PSTsO LA OREEITEWIRES THEA

TWaEEZ LGN,

RPFFRIZ B O TR S 7o f bk & R, W— 0Bl
o onkyr77o0—-—2rTh b7, PSTsOAH
BB 5.9 2 A5 LIS HHIR T d B R R L.
nookE MO TEEZETITMT 5058245 TEWHNT
FEEMOTHED S Z LI & > TPSTsE ARG 5
BIET, BRI SRS EEZ SN B,

A. tamarenseDEXIEROEMTH 54 F) 2D 7
=R AO» s S h KR IWHETH 5
(MogsTrUP and HANSEN, 1988), UL, ZoFiiL, H



92 La mer 41, 2003

£ @ Alexandriumu J& @ 4r HIE B 2 & -5 3 3
Alexandrium acatenellalZiE b D EHEZ o505 (18
REME) . BAETIE, #7755 (OcaTa et al., 1987b) iF
KIRIETBIZBWTA. tamarense® 25 D K538 bk % 1E K
U, HRICK BT ERRDENRE VT EERELTLS
2, WFAREECOE L, koSl tho % < O
KEIZL-> THITDNTOEN, WHERSEG NI ED
WO, W5 T, A tamarenselZ BT, KIKk%
P TSI DSMETE T 2 0 & D DI S M TIRNADS,
FHTHELTHZOHERMROD TR D EEZ SN
5, COMMELT, HFHHPEM TS 07 b ichli&
SN, —77, EEKREIHAEZT 5 DRI RN E
U3ZEMEZS5ND, TEEGARADEN (1999) 1%, #7 A1
7 v 3 F (Acartia tonsa, Centropages hamatus,
Eurytemora herdma) 75, PSTs% & D Alexandriumlg
sfiglBsuvcsxzHELTLE, —H,
FrRANGOPULOUS et al. (2000) &, Acartia clausids, A.
minutum’% =9 IR R SN, JIoSE D
ZOHD ) =TV ROREITHEEGZ 5 LM LT
BV, PSTsOARBFNERIVIETIBTL 0D, %
BEORMERKT 2T XIVF—WEa 2 MEEZNIE, 2
S T A FEMNE I S S N, AR R IR S A
Minh b T ENHEZ 5N B (TEEGARADEN, 1999), 7D
FHATIE, BT 3 BREIKRLETH % (0O6aTA et
al., 19872) 23, AWFFETIE, IRtk & Rk L — K E
BfRIC3ZERRD ONT, Dial &b EHRRESTHE
T BT TRE, Lo VF—ZHEEICIZ R
DI BB H D 2 ERIRENEN 572, PSTsD
BT ERKBELELE LT 5 L6, ARkt
TRBOBICKEE 2R T 208D H 0, THIZRE -
RIS MPSTsHEEICIZH B D EEZ 5N B, AT
SR 7 7 u— v EFHY 7 70— v EHOIH
FRIT LD, MBI E T B PSTs D A pE Ak (LA BE
M ED &S BB AFE OO N STk 2 2 &2l
fFanzs,

5. FIEE

AWFFEIZH WA tamarense, A. catenella, A.
minutum D FEAE/Z 53 5 IO 72, JEB R AR ¥
Fa R Bd%, /Nt — R &E T 5,
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Analysis of 3-dimensional Hydro-dynamical Model
Simulation in the Gulf of Kutch, India and Its Comparison
with Satellite Data

Takahiro OSAWA', Chaofang ZHAO"?, Pravin D. KUNTE"?,
Lee Sung AE', Masanao HARA', Takashi MORIYAMA®

Abstract : A 3D COSMOS numerical model, initially developed by NAKATA et al. (1983), has
been used in the Gulf of Kutch situated in the northwest of India to study tidal variation, ocean
current, residual current and sea surface temperature distribution, which are very important
parameters in investigating natural ecosystem and suspended matter or pollution transporta-
tion in the Gulf. Wind speed, air-sea heat flux and five main tidal components are considered
in this study, and the results are compared with earlier researches (UNNIKRISHNAN et al., 1999,
SINHA et al., 2000). The model results show that the model performs well in simulating hydro-
dynamical parameters. The main features of surface current are the same as the results of
SINHA et al. (2000) and tidal current is the main factor as compared to wind induced current
due to high tidal variation. Residual current distribution owns similar features with previous
studies (UNNIKRISHNAN et al., 1999, SINHA et al., 2000) but with a much clear eddy formation
near the mouth area of the Gulf. Sea surface temperature distribution estimated from the
model shows similar pattern with that measured by NOAA/AVHRR by including wind stress
in the model, but salinity distribution varies little ranging from 36.09 to 36.13 PSU in our nu-

merical model simulation.

Keywords : 3D numerical model, satellite data, dynamical parameters, residual current, sea

surface temperature, Kutch, India.

1. Introduction

Coastal area and enclosed bay are generally
the most developed areas accompanied with
large cities, different kinds of industries and
large population activities. Domestic and in-
dustry waste discharges cause ocean pollution,
heavy nourishing and then, red tide is easy to
occur. Much more environmental pressures ex-
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ist in these areas. The Gulf of Kutch (shown in
Figure 1) , located in the northwest coast of In-
dia, is the northeastern stretch of Arabian Sea.
The Gulf of Kutch has been used as the impor-
tant ports from ancient India. In recent years,
the Gulf of Kutch, as same with other enclosed
bay in the world, faces much more marine envi-
ronmental problems; especially many factories
have set up around the Bay. Therefore, it is im-
portant to develop hydro-dynamical and eco-
dynamical models for ocean environment
management and parameter monitoring.

The Gulf of Kutch, with the area of over
7300km?, is about 130 kilometers in east-west
direction, and 30 kilometers in north-south di-
rection at the central part of the Gulf. The
mean depth of the Gulf is around 18 meters and
the deepest part with depths ranging from
50-60 meters in the estuary. The main feature
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Figure 1. Location map of the Gulf of Kutch showing geomorphic features and bathymetric con-

tours in meter.

is that the Gulf of Kutch is located in an arid
zone with mean annually precipitation of about
0.4 m/year but with mean evaporation of about
1.4 m/year. Generally, salinities in the Gulf are
higher than the mouth region with mean value
of about 36 psu throughout the year
(UNNIKSHISHMNAN et al, 1999). The other fea-
ture of the Gulf is with high tidal range varia-
tion. Even at Okha, located at the mouth of the
Gulf, the mean spring tidal range is over 3m,
and at the eastern part of the Gulf it is over 6
meters. CENTRAL ELECTRICITY AUTHORITY of
India (1985) also reported that the peak surface
current velocity is in the range between 0.75 to
1.25 m/s at the estuary and between 1.5 to
2.5m/s in the central part of the Gulf.
Numerical studies in the Gulf of Kutch have
been carried out for many years. SALOMON
(1976) and PRANDTL (1984) simulated tidal cir-
culation using two dimensional hydrodynamic
model. UNNIKRISNAN et al. (1999) used 2D
barotropic model to study tidal regime in the
Gulf of Kutch and have found that an eddy

exists in M, residual current. They also found
that a balance between the pressure gradient
and the friction near the coast characterizes the
dynamics of tidal propagation in the Gulf.
SINHA et al. (2000) proposed a vertically inte-
grated model to study tidal circulation and cur-
rents with tidal forcing along the open
boundary of the model domain for the con-
struction of the proposed tidal barrage, and
pointed out the importance of the bathymetry
of the Gulf simulating the current field. After
considering the tidal variation in the Gulf, the
CENTRAL ELECTRICITY AUTHORITY of India
(1985) investigated the possibilities for tidal
power development in the Gulf of Kutch. S
HETYE (1999) studied the amplification of tidal
amplitude in the Gulf of Kutch based on ana-
lytical and numerical model of linear, viscous,
and cross-section averaged equations for tidal
motion. He found that the amplification is due
to a combination of quarter-wavelength reso-
nance, geometric effect and sea bottom friction.
We can see that only main tidal component and
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bathymetry of the Gulf were considered based
on analytical or 2D numerical model in the pre-
vious studies. No any researches was reported
in studying the ocean current in the subsurface
layers.

In recent years, many satellites have been
launched and are operating. Several environ-
mental parameters are obtained from these sat-
ellites, such as wind velocity from European
ERS and US Quickscat, sea surface tempera-
ture and cloud fraction from NOAA/AVHRR
and chlorophyll concentration from SeaWiFS.
These data are sometimes used to monitor the
variation of environment in the enclosed Gulf.
Making full use of such satellite observations
and combining with numerical model simula-
tion will give better understandings of
dynamical or eco-system processes in the
coastal or enclosed Gulf at the present time.

The objective of this study is to simulate
dynamical parameters in the Gulf of Kutch us-
ing 3-dimensional baroclinic numerical model
in order to study the impact of human activi-
ties on the eco-system environment of Gulf of
Kutch. Wind speed derived from Quickscat data
was used in the initial condition of the model,
and NOAA/AVHRR sea surface temperature
data was used for surface temperature. Com-
pared with earlier studies, several other factors
such as surface wind, air-sea heat flux and
river discharge around the Gulf of Kutch are
introduced in 3D numerical model (COSMOS),
which was initially developed by NAKATA et al.
(1983), in addition to 5 main tidal components
are considered. Section 2 will give a brief intro-
duction of 3-dimensional numerical model. The
initial conditions used in the model will be de-
scribed in Section 3. The model results and dis-
cussion will be provided in Section 4, and
finally Section 5 will give the conclusions.

2. Numerical model descriptions
2.1 Fundamental equation

3-dimensional (3-D) numerical model is used
in this study. This model is first developed by
NAKATA et al. (1983) and applied in the en-
closed bay such as Chinhae Bay and Tokyo
Bay, etc (HorigucHl, et al., 1998a,b). Tide,
wind and river run-off are taken into account
in the model. After considering Boussinesq

approximation, incompressible fluid and con-
stant Coriolis forcing, the momentum equa-
tions, equation of mass  continuity,
temperature and salinity conservations and
state equation are summarized as follows.
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A, = T(4.7867—0.098185T

+0.001084377%) 10 °, v

and
B, = T(18.030—0.8164T+0.01667T%)-10 °.
(12)

u and v are the horizontal current velocities
in the x and y directions, respectively; w is the
vertical velocity with positive upward; ¢ is the
surface variation; o is density of sea water; f;
is the Coriolis parameter; g is the acceleration
due to gravity; T and CI are the temperature
and salinity, respectively; N and k are the coef-
ficients of eddy viscosity and diffusivity, re-
spectively. Kundsen's state equations have been
used in the model.

2.2 Boundary conditions of the model

The boundary conditions used in this model
include sea surface, sea bottom friction, open
boundary and the discharge from rivers along
the Gulf of Kutch. At the sea surface, the aver-
age wind stress is used here.

oU ov .
,Og(Azg, Az§> = (Tx, Ty) (13a)
and
(., 7,) = 0,C,(UW, VW), (13b)

Here p, is air density (1.2X10 °g/cm?); C.is
the drag coefficients; U, V are wind velocities
in the x, y directions, respectively; W is wind
speed; 7,, 7, are wind stress in the x, y direc-
tions, respectively.

Similarly, at the sea bottom (z= — H), the
boundary conditions are defined as follows,

b b
o2 400 — o (14a)
and
(¢}, 7)) = pC,(U'W’, V'W"). (14b)

pis seawater density (1.024g/cm®); (7}, 7,)
are frictional stresses at the sea bottom in the
x, v directions, respectively; C, is the frictional
coefficient at the sea bottom. No slip condition
is used at the land boundary. U?, V*, W’ are the
current velocities in the x, y directions, and the
current speed, respectively.

Heat flux between the atmosphere and ocean
is estimated from two heat exchange processes.
One is the heating process including short wave
radiation from sun, and long wave radiation
from the atmosphere, and the other is cooling
process including latent heat flux by water

evaporation, and sensible heat exchange. The
total heat flux could be estimated from sea sur-
face temperature, air temperature, relative hu-
midity, cloud content, and wind speed. All these
data are obtained from Da SiLva et al. (1994)
excerpt sea surface temperature (SST) and
wind speed, where SST 1is estimated from
NOAA/AVHRR data, and wind speed is esti-
mated from Quikscat data.

As no field observation of tides in the open
boundary, a composite tide is constructed in
the form as follows (UNNIKRISHNAN et al. ,1999,
NAKANO, 1936),

E(t) = zy+ Z A,f.coslot—g,+(Vi+u)}.

(15)

Z, 1s the mean sea level; A; and g; are the am-
plitude and Greenwich phase of the constitute
i, respectively; f; is node factor; (Vi+uw:) is the
astronomical arguments; o, is the tidal fre-
quency. The amplitudes and Greenwich phases
of various constituents at several stations
around the Gulf of Kutch are documented by
the International Hydrographic Bureau, Mon-
aco (UNNIKRISHNAN et al., 1999), and the astro-
nomical arguments can be calculated
theoretically and here the data are excerpted
from NAKANO (1936). Table 2 lists all the five
tidal components of M., S;, N», K, and O, consid-
ered in this study.

3. Model calculation conditions

In the application of model to the Gulf of
Kutch, the model domain (69.82°-70.46°E,
22.26°-23.00°N) covers the whole Gulf with 37
grids in north-south direction and 78 grids in
west-east direction. The grid resolution is 2000
meters in both directions, and the time-step is
30 seconds. The Gulf is divided into 5 layers in
the vertical direction with layer thicknesses be-
ing 5 meters in the first 3 layers, and 10 meters
for the fourth layer. The last layer is set from
25 m to the bottom. The coefficients of eddy
viscosity and diffusivity are taken to be equal
to 0.85 m*/s as used by UNNIKRISHNAN et al.
(1999). The coefficient of the vertical eddy
diffusivity is set to 1.0 cm?/s (HORIGUCHI et al.,
1998a, NAKATA et al., 1983).

At the open boundary, the mean sea level at
the Gulf estuary is set to 0.01 m, which is used
for tidal forcing. Compared with previous
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Table 1. Simulation conditions used in Gulf of Kutch

Items

Contents

1. Grids

T7x38 grids
Grid resolution: 2 km

2. Layers

First layer 0-5 m
2nd layer 5-10 m
3rd layer 10-15 m
4th layer 15-25 m
oth layer 25-bottom

3. Open boundary

Tide conditions

M., S., N,, K;, O, components are considered, the pa-
rameters are shown in table 2.

Temperature and

The in situ data measured in 1997 is used shown in

salinity profile Fig. 2¢
4. Other Parameters Coriolis coefficient 5.62E—5¢s"
92
Bottom friction 0.0026
coefficient (Cy)
0.0013
Surface friction
coefficient (C,)
Coefficient of eddy 85E+5cm’s™!
viscosity (horizontal)
(N)
Coefficient of eddy 1.0 em® s

diffusion (vertical)

(k)

5. River Discharge

Phuldi, Machhu and Demi rivers run-off were used as
shown in Table 3

6. Meteorological

Wind velocity

Wind velocity data retrieved from Quikscat stions

conditions ensor are used
and shown in Fig. 2a and Table 4
Solar irradiance 711 cal/cm®
Solar zenith 0.84
Air temperature 26.4
Relative humidity 68.7%
Cloud fraction 0.11
7. Time step 30 seconds 30 days from Nov.1—30, 1999

Table 2. Tide components data used in this research

Tide components Period Amplitude Phase (degree)
(hours) A fi (em) —gi+(Vitw)

M. 12.4 116.4 —5.01

S, 12.0 33.5 151.36

N 12.7 39.5 80.85

K, 23.9 25.7 124.35

O 26.9 17.4 53.64
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Table 3. Main river input to the Gulf of Kutch in m®/s
and the last three rivers are considered in the nu-

merical model

studies, here we considered five main tidal com-
ponents in the model, and the harmonic coeffi-
cients and the phase as shown in equation (5

Adhoi 2.1 are summarized in Table 2. As for the main
Sal'{arfa 4.0 river run-offs around the Gulf of Kutch,
Jhinhjoda 1.0 Machhu, Demi and Phuldi rivers are consid-
Phuldi 24.0 ered, and their volume transports are listed in
Machhu 476.0 Table 3.
Demi 438.0 The other meteorological conditions are wind
velocity over the Gulf, solar irradiance, day-
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Figure 2a. Wind vectors over the Gulf of Kutch estimated from Quikscat data from Nov. to Dec

1999. Data are collected twice a day, and the number of data is taken on the abscissa.
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Figure 2b. Relative humidity (top) and air temperature (bottom) variation over the Gulf of Kutch
obtained from Da SiLva et al. (1994).
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Figure 2d. Temperature and salinity profile measured at the open boundary of Gulf of Kutch.

Table 4. Mean wind velocity over the Gulf of Kutch
from Quikscat data

Um/s V m/s Speed
Nov 1999 —0.02 —4.14 4.1
De. 1999 —1.93 —5.45 5.8
Jan .2000 —0.10 —4.20 4.2
Feb. 2000 0.79 —3.94 4.0

length, cloud fraction, air temperature and
relative humidity. In this study, wind data re-
trieved from Quickscat satellite are used be-
cause no in situ measurements were available.
A Quickscat sensor was launched in 1999 as the
successor of Japanese satellite ADEOS/
NSCAT to monitor oceanic wind field globally.
Map of ocean surface winds over global oceans
twice a day derived from the observations by

the SeaWinds scatterometer on Quickscat was
interpolated and provided in wind grid data by
JPL (TANG and L1u, 1996). Figure 2a shows the
mean wind vector over the Gulf of Kutch from
Nov. 1999 to Dec. 1999. In winter, wind velocity
over the Gulf is less than 10 m/s and wind di-
rection are generally from north. Table 4 lists
the mean wind speed in the Gulf in winter sea-
son, and the mean value used in the model is 4.1
m/s.

Air temperature, relative humidity and cloud
fraction are obtained from Da SILVA et al.
(1994) climatic data sets from 1984-1991. Fig-
ure 2b shows the air temperature and the rela-
tive humidity above sea surface. We can see
that the temperature changes from 22-29°C
with relative humidity variations between 60%
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and 80%. Figure 2c shows the cloud fraction in
this area and less than 20% cloud coverage from
Oct. to May next year.

Figure 2d shows the profile of temperature
and salinity measured at the open boundary in
November 1997 near Okha. After checking the
wind data and NOAA/AVHRR data and avail-
able in-situ data, the model calculation is con-
ducted for Nov. 1999. The meteorological data
chosen here are shown in Table 1. Surface solar
irradiance in the Gulf of Kutch is calculated us-
ing the software written by PLATT et al.
(2000).

4. Model results and discussions

The numerical experiment was conducted for
the period starting from Nov. 1, 1999 for one
month. As limited observations were carried
out, sea surface temperature obtained from
NOAA/AVHRR and results of earlier re-
searches (SINHA et al. 2000, UNNIKRISHNAN et
al. 1999) were used to validate the model re-
sults.

4.1 Surface current velocity distribution
Figure 3a and 3b (See P. 102) show the model
results of ocean surface current velocities over-
laid on the sea surface variation. Figure 3a is
surface current distribution before high tide at
the mouth of the Gulf. Surface variation
changes from 0 cm at the bay head to 343 cm at
the bay mouth and current travels from the
mouth to the head of Gulf with maximum
speed of 272 cm/s. Three hours later, the sea
surface variation in the Gulf is from 250 cm at
the bay mouth to 540 cm at the bay head with
maximum current speed of 99 cm/s (Fig 3b).
At this time, the tide in the mouth region has
changed from 350 cm to 250 cm and that in the
head region changes from 0 cm to 540 cm in 3
hours, and tidal current direction is reversed as
compared with Figure 3a in the mouth region
of the Gulf. As far as the tide magnitude is con-
cerned, the model simulation shows that the
maximum current velocity attains up to 270
cm/s. These results are almost the same with
the other numerical results (SINHA et al.
(2000), PRANDTL (1984)), which were estimated
from 2D numerical model (Figure 4) (See P.
102) and only tidal influence included.

However, the residual current field shows much
more detailed structure in our 3D numerical
models, especially we can find the difference of
the residual currents in the vertical direction.

4.2 Residual current distribution

Residual current distribution in the Gulf of
Kutch is shown in Figure 5a (See P. 102) gives
the similar patterns as obtained by earlier
studies (PRANDTL, 1984, SINHA et al., 2000). Re-
sidual current travels from the mouth at the
open boundary area with large magnitude
around 15 cm/s, two largest residual current
regions are found in the east and west of the Is-
land Bural Chanka with a magnitude of more
than 25 cm/s. However, on average, the resid-
ual currents have average magnitudes less than
5 cm/s as shown in Figure da.

A clear anti-cyclonic eddy of residual current
is located near the mouth of the Gulf, which
was also reported, by PRANDTL (1984),
UNNIKRISHNAN et al. (2000) and SINHA et al.
(2000). Several convergence and divergence re-
gions are visible in the middle part of the Gulf.
The main features of the residual current field
do not show much difference amongst subsur-
face layers and bottom layer of the Gulf of
Kutch. However, the current speed decreases
from the surface to bottom layer. When com-
pared with different water depth distribution,
we found that the areas with larger value of re-
sidual current are located over the area with
rapid depth change. Hence, it is concluded that
topography is the most important factor in the
Gulf of Kutch in determining the distribution
of residual current velocity. UNNIKRISHNAN et
al. (1999) also used model simulation to vali-
date the effect that the topography on the eddy
generation and showed that the eddy disap-
pears if no depth variation is assumed in the
model. Figure 5b and Figure 5c¢c show the resid-
ual current distribution in the middle and bot-
tom layer. Various features like eddy, places of
convergence and divergence ete, which are visi-
ble in the surface layer, are seen diminishing
towards deeper layers of the Gulf of Kutch.
Hence, using 3D model study, it is easy to deci-
pher the depth to which tides are influencing
the water section.
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Figure 3a. Surface current velocity distribution
from 3-D numerical model (before high tide at
Okha around open boundary)
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Figure 4. Tide stream current one and half hour be-
fore high at Okha (excerpted from SINHA et al.
(2000)) .
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Figure 5a. Residual current velocity distribution of
the Gulf of Kutch the first layer.
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Figure 5c. Residual current velocity distribution of
the Gulf of Kutch the bottom layer.
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Figure 3b. Surface current velocity distribution
from 3-D numerical model (after high tide at
Okha)
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Figure 5b. Residual current velocity distribution of
the Gulf of Kutch the Middle layer.
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Figure 6. (&) Tide amplitude of M. in Gulf of Kutch, (b) Tide phase of M, in Gulf of Kutch, (¢) Tide amplitude of
Ki in Gulf of Kutch, (d) Tide phase of K; in Gulf of Kutch

Figure 7a. Sea surface temperature in the first layer of the Gulf of Kutch

Figure 7b. Sea surface temperature measured by NOAA/AVHRR
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4.3 Tidal features and tidal mixing effects
The main characteristic of Gulf of Kutch is
its high tidal variation. SHETYE (1999) pro-
posed that amplification of tide is due to a com-
bination of quarter-wavelength resonance and
geometric effect. We analyzed the model results
and obtained the amplitude and phase distribu-
tions of tide M: and K, components for com-
parison. Figure 6a, b (See P. 103) shows that
the amplification ratio for M; tide is about 2.3
times and the phase difference is about 90 de-
gree. According to quarter-wavelength reso-
nance condition, the tide period is equal to the
resonance period T,=4L/(gH)'"*, (L is wave
length and H is wave height). The resonance
period in the Gulf of Kutch is 16 hrs. After con-
sidering the bottom friction and other factors,
SHETYE (1999) proposed that the resonance pe-
riod is around 11.5 hrs, which is almost coin-
cides with M. period and hence tidal
amplification takes place. We also analyzed the
second largest tide component, K;, in Gulf of
Kutch and the results (Figure 6¢ and Figure
6d) (See P. 103) shows that the tidal amplitude
variation changes from 55 em to 60 cm in the
Gulf and phase difference is just 24 degrees. It
concludes that no resonance effect was ob-
served with K, tidal component. UNNIKRISHNAN
et al. (1999) also noted this amplification effect
and proposed the natural period as around 10
hr using moment balance along lateral section,
which is also similar to our model simulations.

4.4 Sea surface temperature and salinity dis-

tribution

Sea surface temperature derived from
NOAA/AVHRR was used to validate the
model results, It is found that sea surface tem-
perature decreases from the mouth toward the
head of the Gulf after wind stress influence is
considered in the model simulation. The similar
trend was also found in NOAA/AVHRR data.
However, the detailed structure of sea surface
temperature differs as satellites measures the
skin temperature of water body whereas the
model considers entire first layer. The sea sur-
face temperature obtained from NOAA/
AVHRR, shown in Figure 7h, decreases from
the mouth to the head of the Gulf, and our
model results (Figure 7a) (See p. 103) also

show the similar trend and pattern. Salinity
distribution in the Gulf was also investigated
using 3D numerical model. As we have no the
in-situ data for the same season, we set the ini-
tial condition of salinity profile to be the same
as the open boundary. The model results show
salinity distribution in the Gulf varies from
36.09 to 36.13 psu, and no much difference is
found after considering wind stress.

5. Conclusions

From COSMOS model results, it is concluded
that the current system (tidal and residual
tidal) is mainly controlled by tidal variation.
In this study, wind stress slightly changes sur-
face current pattern without disturbing major
structure of current, as wind speed is generally
very low in November. Current field in the sub-
surface are similar to surface current velocity
distribution but are of lesser magnitude. Resid-
ual current velocity distribution shows a clear
anti-cyclonic eddy, several divergence and con-
vergence areas in the center of Gulf, which is
not reported in earlier studies. Further in-situ
investigations are needed to confirm their exis-
tence. Two areas with large magnitude of cur-
rent velocity are found over the area with
higher depth variation. It shows the impor-
tance of topography in controlling current
fields.

Sea surface temperature decreases from the
mouth toward the head of the Gulf after wind
stress influence is considered in the model
simulation. The similar trend was also found in
NOAA/AVHRR data. However the detail
structure of sea surface temperature differs as
satellites measures the skin temperature of wa-
ter body whereas the model considers entire
first layer. Finally, the COSMOS model has
achieved reasonable success in predicting hy-
drodynamic parameters in high tide dominated
GoK. However use of higher spatial resolution
and extensive incorporation of the spatially
and temporally field data into the modeling
process are required to be made to attain real-
ity in the future.
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Surface Wave Transformation of Pressure Gauge Wave Meter Data
based on the Depth-Dependency of Break Frequency (Fb)

Sei-ichi. KANARI

Abstract : Owing to linear wave theory, amplitudes of pressure signal measured at depth
z=—H, is reduced by [cosh (kH)] ', where k is angular wave number. Therefore, in order to re-
cover surface waves from the pressure signals, the measured pressure signal must be corrected
using pressure transfer function given by cosh (kH). However, it is well known that the theo-
retical pressure transfer function leads an over correction in the region of higher frequency.
Then, it is needed to use a suitably modified pressure transfer function for theoretical one. In
this paper, a modification was adopted, in which transfer function is suppressed as a constant
value in the frequency region higher than a boundary frequency, Fb. The break frequency, Fb
is determined so as to minimize the error between the transformed surface wave and the waves
measured with an acoustic wave meter. The above method was applied for wave data taken at
various coastal regions with different depths. The determined Fb showed a clear depth depend-
ency, and it is found that the depth dependency of Fb is due to the depth dependency of pressure
transfer function it self. If formulation of Fb v.s. depth is once established, it enables us to de-
rive surface wave time series only giving a settling depth of pressure gauges, without any acous-
tic wave meter data. It is shown that the new method gives an excellent agreement of the
waveform with the surface waves measured with an acoustic wave meter.

Keywords : Surface wave transformation, Transfer function, Wave meter, Pressure waves
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line) using with a theoretical pressure transfer function (broken line).
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Table 1. Break Frequency (Fb), determined at vari-
ous coastal regions with different depths.
Depth Fb
(m) (Hz)
5 0.35
9.6 0.297
10.9 0.278
16 0.25
17 0.23
23 0.17
6.675 0.29
6.549 0.28
6.387 0.28
6.252 0.3
6.171 0.3
6.146 0.31
6.905 0.31
6.471 0.31
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Fig. 7. Corelation between the Fb deter-
mined at various sites and the depths
at which pressure measured.
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Estimate of the Slick Thickness for Leaked Heavy Oil

from the Sunken Nakhodka in the Sea of Japan

Tsutomu MORINAGA ", Hisayuki ARAKAWA ™, Masami SHOUJI™,
and Tomonori KIYOMIYA ™™

Abstract : In order to estimate the thickness of leaked oil from the sunken Tanker Nakhodka
in the Sea of Japan, the relationships between the slick thickness and the upward radiance from
the surface of water at selected wavelengths were investigated by experiments in a test water
tank. The obtained relationships and in situ oceanographic measurement data were used for
the estimate of actual oil slick thickness. In the range of slick thickness of 0.0005—0.0019 mm,
white and shiny stripe patterns are observed and the appearance is white. This is considered to
be caused by the irregular reflection, which results from the oil droplets due to the small sur-
face tension of the dirty city water. Above the slick thickness of 0.0027 mm, the white area de-
creases gradually with the increase of oil and becomes entirely brown at the thickness of 0.075
mm. When the thickness increases further, a tint of dark brown increases. No definite relation-
ship is found between the slick thickness and the dominant wavelength of chromaticity point
of the water. The relationships between the upward radiance and the oil slick thickness are as

follows:

Y= aX " (Lu/Ed (412) / Lu/Ed (510) = 1.4)

Y — Bxﬂ.u‘a

X : oil slick thickness (mm)

(Lu/Ed (412) / Lu/Ed (510) > 1.4)
where Y ! upward radiance at 510nm of oil slick

a, B : constant value calculated from upward radiance at 510nm of sea water at critical

point
Lu  upward radiance
412, 510: wavelength (nm)

Ed : downward irradiance

Near the sunken site, the oil slick thickness is estimated to be 0.014 mm in 1997 and 0.017 mm

in 1998.

Keywords : Slick thickness, Leaked heavy oil, Sunken Nakhodka, Critical point

1. Introduction

In January of 1997, there was a large-scale
heavy oil leak from the ruptured Tanker
Nakhodka located at the western region of the
Sea of Japan. The oil that was leaked then
spread rapidly by action of wind and currents
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towards the northern coastal areas of Honshu
Island and inflicted great damage on the fisher-
ies. (KATSURAGI, 1999)

At that time it was estimated that the vol-
ume of the leaked oil was 5000-6000 kL based on
the volume of the boat hold. However, it was
very difficult to grasp the volume of oil at each
different location because the leaked oil dis-
persed in the form of slicks. In addition, the
thickness of oil slicks was very thin and the
slick layers fragmented into many pieces. It is
extremely important to accurately grasp the
spread range and the volume of spilled oil for
the preservation of environment and marine
life, and the protection of the fisheries. The in-
formation is also important for the removal of
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spilled heavy oil and its treatment and/or dis-
posal.

So far, there has been a lot of research for
the detection of oil slicks and the determination
of the spread range for spilled oil. For the de-
tection, the infrared method (FORNACA et al.,
1995) and the fluorescence method (HOVER and
PLOURDE, 1995) were employed. For the spread
range, the remote image sensing from satellites
was used because it can cover wide area to ob-
tain extensive information (TSENG and CHIU,
1994). CHUBAROV et al. (1995) used laser light
and BROWN et al. (1995) used laser light and ul-
trasonic waves for the determination of oil
slick thickness. Both methods, however, are in-
appropriate for the determination of slick
thickness for the extensive area of ocean.

In the present investigation, in order to esti-
mate the thickness of leaked oil slicks from the
sunken tanker Nakhodka in the Sea of Japan,
we conducted laboratory experiments and these
results are applied to estimate the thickness of
leaked oil slicks.

2. Experimental Methods
The laboratory experiment was performed at
the roof top of the Department of Ocean Sci-
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Fig. 1. A schematic diagram of the experimental
apparatus.
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Fig. 2. A sketch of measurement on in situ oil slick
with PRR 600.

ences building at Tokyo University of Fisheries
when the altitude of the sun was high (from 11:
30 a.m. to 3: 15 p. m., on a sunny day) in Octo-
ber 1997. A schematic diagram of the experi-
mental apparatus is shown in Fig. 1. A
cylindrical tank (diameter: 0.7 m, height: 0.7
m), of which the inner wall and bottom were
painted black, was filled with city water to the
height of 0.6m. The C-heavy oil (density: 0.96
g/cm®) was used for the formation of oil slicks.
A micropipette with the precision of 1/1000 ml
was used to drop the heavy oil on the surface of
the water and the water was stirred slowly so
that the slick became uniform on the surface of
the tank. The slick thickness was calculated by
dividing the amount of dropped oil by the area
of water surface. Seventeen levels of thickness
were prepared between 0.0005 to 1.0 mm. A pro-
filing reflectance radiometer, PRR600 (Bio-
spherical Instruments Inc.) was installed at the
top center of tank so as not to form the shade
on the surface of water. The distance between
the surface of the water and the sensor of the
instrument was 0.5 m. With PRR600, the up-
ward radiance and the downward irradiance
can be measured simultaneously at the wave-
length of 412, 443, 490, 510, 555 and 665 nm. The
upward radiance and downward irradiance
were measured for each oil slick thickness to
obtain the relationship between the slick thick-
ness and the upward radiance.

The in situ oceanographic observations were
carried out aboard the RT/V Umitaka-maru of
Tokyo University of Fisheries in September of
1997 and 1998 around the region where the
Nakhodka had sunken (37° 14.4' N, 134" 24.9' E).
The profiling reflectance radiometer PRR600
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was fixed to the ring float so that the light-
receiving sensor was located approximately
0.3m above the surface of the water (Fig. 2).
The upward radiance and downward irradiance
were measured simultaneously at the selected
wavelengths by setting the ring float around
the region of the oil spill. For comparison,
measurements were also performed for the
nearby ocean surfaces where no oil slicks were
observed.

3. Results and Discussion
3-1. Visual observation of water color

The experiment was started by injecting C-
heavy oil at the center of water surface of labo-
ratory tank. When the oil spread to the entire
area of the water surface and the slick thick-
ness became 0.0005 mm, many white and shiny
stripe patterns were formed. When more sam-
ple oil was injected, white stripe patterns in-
creased and the entire water surface became
white at the thickness of 0.0019 mm. When oil
was added further, the oil on the water surface
formed masses and no longer spread easily.
These results are probably due to the low sur-
face tension of dirty city water resulting in ir-
regular reflection of the light and droplet-like
oil (SATO, 1960). When the water surface was
disturbed, the masses of oil dispersed into
countless spots, and formed light brown
patches dotted on the water surface in white.
This is considered to be the beginning of the
formation of the oil slick by the mergence of
droplets. When the slick becomes thicker than
0.0027 mm, the white area decreased and the
brown area increased. At the slick thickness of
0.075 mm, the entire surface displayed a light
brown color. Further addition of oil resulted in
easy spreading. When the slick becomes thicker
than 0.1 mm, the color changed to a darker
brown with the increase of the thickness.

3-2. Relationship between oil slick thickness
and upward radiance as a function of
wavelength

The changes in downward irradiance distri-
bution of the sun and sky during the experi-
ment is shown in Fig. 3. (See P.120) At the
beginning of experiment (time: 11:30), the
curve for irradiance of the sun and sky versus

the wavelength has a small value in shorter
wavelength band with a peak at 510 nm. The
downward irradiance decreases with time,
namely with decrease in altitude of the sun. At
the end of experiment (time: 15:15) , the down-
ward irradiance at 510 nm decreased to be 30%
of that at the start time, and the curve is al-
most similar to that at the beginning of experi-
ment. Thus, it is natural to consider that this
time-dependent change of the irradiance of the
sun and sky should affect the radiance from the
oil slick. Therefore, in the present analysis the
radiance is expressed with the relative value by
dividing the upward radiance by the downward
irradiance (Lu/Ed ; Lu : upward radiance, Ed :
downward irradiance).

Table 1 shows the dominant wavelength at
each oil slick thickness from the chromaticity
diagram. Here Lu/FEd is used. As the oil thick-
ness increased from 0.0013 to 0.0019 mm, the
dominant wavelength shifted from shorter to
longer ones, and it moved back and stayed
around the vicinity of 480 nm when the thick-
ness is 0.0027-0.01 mm. When the thickness is
0.05-0.075mm, the complementary wavelength
was 567 nm, and the thickness is 0.1-1.0 mm it
again moved back to shorter wavelengths

Table 1. Dominant wavelength of each oil slick.
Symbol indicates complementary wavelength.

Thickness Dominant
of oil slick (mm) wavelength (nm)
No slick 494.8
5.0X10°" 489.0
1.3x10°° 562.7
1.9%x10°° 570.0
2.7X10°° 482.4
4.0x10°* 485.5
5.0x10° 484.2
8.0x10°* 482.0
1.0x10* 484.4
2.0X10"* 539.4
3.0X10°* 588.7
5.0X10* *566.9
7.5X10°° *567.0
1.0x10" 457.9
1.5x10" 464.5
2.0X10°! 466.0
5.0X10" 470.8
1.0x10° 469.0
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Fig. 4. Ratio of upward radiance and downward irradiance at 510nm versus oil slick thickness. A,

B: regression lines. C: cross point.

around 460 nm. Thus the change of wavelength
(water color) as a function of the oil slick
thickness is not a monotonous increase. This
result is similar to the relationship between the
dominant wavelength of water color and the
concentration of suspended solid (SS) and
phytoplankton (Chl. @), as investigated by
MORINAGA et al. (1992).

Fig. 4 shows a relationship between Lu/Ed at
510 nm and the oil slick thickness. The value of
Lu/Ed without oil slick is 4.75X10 *. When the
oil slick thickness is very thin (0.0005-0.0019
mm), the Lu/Ed greatly increases from that
without oil slick. As described previously in the
visual observation of the color of water, this
phenomenon is due to irregular reflection
caused by the formation of heavy oil droplets
(SaTo, 1960). When the oil thickness is from
0.0027 to 0.075 mm, the Lu/Ed decreases with
the increase of the slick thickness. The scat-
tered light due to oil increases, but the scat-
tered light from the water inside largely
decreases with the increases of slick thickness.
This is explained as follows: the transmitted
light into water through the thick oil slick de-
creases, and the scattered light from the water
inside also decreases because of the thick oil, re-
sulting in an extreme decrease of the resultant
scattered light. The phenomenon of the radi-
ance decrease with the increase of the slick
thickness is also observed at 412, 443, 490, and
595 nm with the exception at 665 nm. As to an
exceptional wavelength, it can be considered

that the rate of light attenuation by water it-
self is extremely high at longer wavelength
band. MORINAGA and ARAKAWA (2000) investi-
gated the effect of oil slick to the irradiance un-
der the water. If we set the irradiance without
oil slick at 100%, the irradiance measured at 510
nm attenuates to 37.5% at the slick thickness of
0.02 mm, showing a high attenuation rate.
When the slick thickness is 0.075-1.0 mm, the
Lu/Ed increases with the increase of the slick
thickness. In this case, there is almost no scat-
tered light from the water inside due to thick
slick, and the increase of upward radiance is
due to an increase of the scattered light from
the oil slick. The upward radiance is considered
to be the sum of the reflected light and the scat-
tered light from the oil slick. The same trend of
the radiance increase with the increase of the
slick thickness is also observed at 412, 443, 490,
and 555 nm.

Now we will discuss equations that are used
for the calculation of the thickness of oil slick.
In Fig. 4 two regression lines are drawn using
the least squares method for the relationship
between the oil slick thickness and the Lu/Ed
for the above two cases. The first line and the
second line is A and B, respectively, and the
cross point is a critical point C. These results
can be interpreted by the schematic diagrams
for the optical phenomena (Fig. 5). The up-
ward radiance without oil slick (Lyw) is the
sum of reflected light from the water surface
(Lrw), and scattered light from the water



118 La mer 41, 2003

inside (Lw), and Lgw is much smaller than Ly
(Fig. 5a). When there is oil slick, reflected light
from the oil slick (Lzo) is a little larger than
Lrw because the relative refractive index of oil
is larger than that of water (Fig. 5b). Here,
two cases can be considered depending upon the
thickness of oil. When the oil slick is very thin
(Fig. 5b (1)), the upward radiance (Luo) is the
sum of Lgo and scattered light from the water
inside (Lw) and that from the oil itself (L) in-
cluding reflected light from the boundary of oil
and water (Line A in Fig. 4). In this case Ly is
larger than Lo. When the oil slick thickness in-
creases, Ly becomes to be smaller than Lo, and
eventually it becomes zero. When the oil slick
thickness is rather larger (Fig. 5b(2)), the up-
ward radiance (Luo) is the sum of Lgo and scat-
tered light from the oil itself (Lo) (Line B in
Fig. 4). That is, when the oil slick thickness in-
creases, only Lo increases, resulting in the in-
crease of the upward radiance.

In Fig. 4 the critical point C is the point
where Ly becomes zero. Thus, Luo is equal to
Luo. At the critical point C, the values of Lu/Ed
as a function of wavelength are as follows: 5.57,
5.10, 4.78 and 4.45%x 10 * at the wavelengths of
443, 490, 510, and 555 nm, respectively. The oil
slick thickness at those points is 0.076, 0.097,
0.102, and 0.123 mm, respectively. That is to
say, the position of critical point varies with
the wavelength. When there is no oil slick, the
values of Lu/Ed are 5.17, 4.85, 4.75, and 4.37
X107? at each of the above wavelengths. Thus,
at point C, Lo is slightly larger than Luw, and
the difference between Luo and Lyw varies with
the wavelength. As mentioned above, this
maybe is due to the difference between Lrw and
Lro. The difference is the smallest at 510 nm,
and it corresponds to 0.6 % of the total value.
Based on these, we obtain the following equa-
tions for the calculation of the film thickness
using the Lu/Ed at 510 nm. The regression
equation for line A (film thickness, less than
0.102 mm) is Y = a X *"" and the one for line
B (film thickness, more than 0.102 mm) is Y =
BX"" (Y: Lu/Ed (510), X : oil slick thickness,
a, B: constant) . Here Lu/Ed (510) is ratio of
upward radiance and downward irradiance at
510 nm of oil slick. The aand 8 are the con-
stant values calculated from the ratio of

a) No Oil slick Luw = Law *+ Ly
Ed <TLuw™>
ﬂ L*RW ILW ;
Edy, Water

b) Appearance of Oil slick
(1)Thin

Fig. 5. Optical process by oil slick near the water
surface. Ed: downward irradiance Edw, Edw"
downward irradiance inside the water, Edo:
downward irradiance inside the oil. Luw: upward
radiance without oil slick. LrRw: reflected light
from the water surface. Lw: scattered light from
the water inside. Luo: upward radiance through
the oil. Lro: reflected light from the oil surface.
Lw'": scattered light from the water inside. Lo:
scattered light from the oil itself. Luo": upward
radiance through the oil. Lo": scattered light
from the oil itself. Lw": scattered light from the
water under the oil.

upward radiance and downward irradiance at
510 nm of sea water at critical point.

When the Lu/Ed data of in situ observations
is used for the ordinate, two values can be ob-
tained for oil slick thickness (abscissa) from
line A and from line B (Fig. 4). In order to
solve this contradiction, the relationship be-
tween the ratio of Lu/Ed at two different
wavelengths and the oil slick thickness is plot-
ted in Fig. 6. The combinations of Lu/Ed at
two wavelengths that give a large difference
with respect to the thickness are Lu/Ed (412) /
Lu/Ed (510) and Lu/Ed (443) / Lu/Ed (510) .
For example the ratio Lu/Ed (412) / Lu/Ed
(510) is 1.4 if the thickness is more than 0.1
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Fig. 6. Relationships between ratio of upward radiance at two wavelengths and oil slick thickness.

mm and it is less than 1.2 if the thickness is less
than 0.02 mm, showing a great difference.
Therefore, the applicable regression line can be
determined easily if we take the ratio of the up-
ward radiance and downward irradiance at two
wavelengths, 412 and 510 nm.

3-3. Oil slick thickness for leaked heavy oil in
the Sea of Japan

One of the pictures of in situ oil slick in Sep-
tember 1997 is shown in Fig. 7. This leaked oil
was from the bottom of the sea, which was ap-
proximately 2500 m deep. The elapsed time af-
ter the leak from the boat hold was unknown.
In the visual observation, the width of major
oil slick was 300 m and the length was 1.2 km
(HaMADA and Aovama, 1999). The oil slick
was shiny, and it was obvious that the radiance
in the region was much higher than that of the
surrounding water.

Water temperature and salinity of the sur-
face layer for surveyed sea area are 25.1-25.3
°C and 32.3-32.6 psu, respectively. Both the wa-
ter temperature and salinity do not change

down to the depth of 30m, indicating a mixed
layer. A permanent thermocline is observed
from the depth of 30m to approximately 300 m.
The temperature decreases gradually below
thermocline, reaching 0.5 °C at the depth of 500
m. On the other hand, the salinity increases
gradually and reaches 34.4 psu at the depth of
100 m, and there is almost no change below
that (MAEDA et al., 1999).

The observed values for the oil slick are tabu-
lated in Table 2. The upward radiance is divided
by the downward irradiance and the relative
values are used. Since the values of Lu/Ed
(412) /Lu/Ed (510) are in the range of 1.01-
1.12 and they are smaller than 1.4, the equation
Y= aX " is used for the calculation. Here Y
is Lu/Ed (510) of oil slick and X is oil slick
thickness (mm) . The value of a is calculated
using that Y is 0.0192 and X is 0.102 in 1997,
and that Y is 0.0100 and X is 0.102 in 1998. It
becomes to be 1.66X107% in 1997, and to be 8.64
X107* in 1998. Based these values, the each
thickness of oil slick a, b, ¢, d and e is estimated
to be 9.2X107°, 2.2X10°*, 1.4X10°% 1.7x10°*
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Fig. 7. Picture of in situ oil slick observed at September 11 in 1997. This was photographed on
board by Prof. Hamada Yoshiyuki of Tokyo University of Fisheries.
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Table 2. In situ measurement data for the oil slick in 1997 and 1998. Lu: upward radiance
of oil slick. Ed: downward irradiance of oil slick. Lu*: upward radiance of sea water.
Ed*: downward irradiance of sea water 412, 510: wavelength (nm)

Observation . Lu/Ed Lu/Ed(412) . o
Month&Year Site ™ onm | 510nm Lu/BdGl0) | Lw/Ed(G10)
a 0.0308 0.0300 1.02 0.0192
Sep.in 1997 b 0.0294 0.0284 1.03 0.0192
c 0.0232 0.0218 1.06 0.0192
. d 0.0126 0.0112 112 0.0100
Sep.in 1998 e 0.0220 0.0216 1.01 0.0100

and 5.7X 107" mm, respectively. However, the
thickness values that are in the range of experi-
ment are the oil slick ¢ of 1997 and the oil slick
d of 1998. Accordingly, they are estimated 0.014
and 0.017 mm, respectively. The estimate for
the oil slick b of 1997 is considered to be accu-
rate judging from the visual observation.
Other thickness values are extremely thin. It is
unknown if this is due to unique dispersion by
the long term wave effect or due to a change of
oil properties after a long time of the leak from
the boat hold. If the properties of oil are differ-
ent, the above correlation equations may not be
applicable. This will be investigated in the fu-
ture.
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Seasonal variation of vertical structure of Tsugaru Current area
and forerunner of Tsugaru Current

Yutaka NAGATA, Sachiko OGUMA, Toru SUZUKI and Kiyoshi NOZAWA

Abstract : Seasonal variation of vertical structure of Tsugaru Current area and forerunner of
Tsugaru Current were discussed using observation data obtained by Iwate Fisheries Technology
Center from 1971 to 1995. Vertical distributions of monthly mean temperature and salinity
showed that Tsugaru Current presents all year around, and temperature front of Tsugaru Cur-
rent becomes clear from June to October. It was also indicated that forerunner of Tsugaru Cur-
rent appears in March and April, which was formerly suggested by UENO and YaMazAKT (1987).
However, clear forerunner of Tsugaru Current appeared only 3 times during targeted 25 years,
while that of Soya current arrives from March to May every year.

Keywords : Tsugaru Current, Forerunner, Seasonal variation
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Fig. 1. Distribution of the observation points along routine Coastal Observation Lines of the Iwate
Fisheries Technology Center. The lines are called Kurosaki Line, Todogasaki Line, Osaki Line

and Tsubakishima Line from north to south.
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Fig. 2. The monthly averaged temperature fields along Kurosaki Line (leftmost figure), Todogasaki
Line (left middle figure), Osaki Line (right middle figure), and Tsubakishima Line (rightmost
figure). The fields are given from January to December downward from top. Numerals attached
to isotherms indicate temperature in “C (supplementary isotherm of 0.5 °C is given for the field
in February, March and April).
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Fig. 4. Cross-sectional distributions of temperature (°C: left) and salinity (psu: right) along the line
extending northeast off Mombetsu on 26 August-3 September, 1981 (Moror et al., 1982).
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Fig. 5. Cross-sectional distribution of temperature

(°C: full line) and salinity (psu: dashed line)
along the line extending northeast off Mombetsu
in late April, 1984. (WakaTsucHr and OSHIMA,
1990). Forerunner of the Soya Current can be
seen above the bottom slope.
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Table 1. Occurrence of the forerunner of the
Tsugaru Current along four observation lines in
April in the period from 1971 to 2001. Circles indi-
cate that clear subsurface warm and saline layer
appeared, triangles that some signature is ob-
served and crosses that no subsurface warm layer
is recognized over the continental shelf.

ine | caki g |OSailine | o
1971 O O O X
1972 A X X X
1973 O O X X
1974 O O O O
1975 A X X X
1976 O O O X
1977 X X X X
1978 AN O VAN X
1979 X X X X
1980 X X X X
1981 O O O X
1982 O O VAN X
1983 X X X X
1984 X X A X
1985 O O X O
1986 O O O O
1987 O O O X
1988 X A X X
1989 O O O O
1990 X X X X
1991 X X A X
1992 X O X AN
1993 X X X X
1994 X O X X
1995 O O O X
1996 O O O X
1997 X X A A
1998 O X A AN
1999 X X X X
2000 AN O X X
2001 O A O X
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JEiZ, BEBEDNSE SO TR, BEHERIEKEDH
BUIEBIMIZ 3 H, A HIZZ W0 I &0 - 1o — I,
AAOTMPEIZED 6N B I ENBL, £/ 3 HITH
bhaEAE, jlxkT4HoMETHRD Shic,
ZIT, JITREFOLIHOMmMIERLT, TOH
BUAEATIND 2 &I B,

(IR REARBINES R oW, #lRThs L&,
FRIZBRKEZE# L TES T TI OV IR0 O TRIKF DI
 OERR « FHEABMOFI S HITETABAREEA NN
bMb, £IT, FEOD4HEPIZ, MODS20015
DF—F R—Z2&EHIZ, 4 SOBIMTIZ DU TERE -
e ISEL, B KEORKEOAIER~NT,
Z TR B o KBEMERI A 400 m LI ICHI DN B &8
MH oM 4 PEIER LT, 22i28lbhs b2y
AR ORI EEZ B &ITT B, BIEKKIZE B
1o THbN W « JEEOEKEDOIIKIZZAHER O
KD &5 ICHMERIEZ &5 LR ST, F7oKEFIED
HED SIRKIE & T _ENE D DHE LEWEDH 5,
Z T, WSS CGLED, RUHHETH 2 BF1ET 5
ERZ 284 (ZAED, WoMiTfFELZLESE (N

VED 23T, HEHOETARLZ DM Table 1 T
b5,

4 D O YPHERATBIHTER K D Ik BL & 75700 > T2 AEAS,
19774F, 19794F, 19804F, 19834F, 19904F, 19934,
19994F: & T U 72 304F-IT1 /5% M3 Tl - 72, 9T
IRz X HIT, THIEERIEROHIERK & DK & 7525
WTH B, MHIRSHTEKD R S NS, —FILoR
RUEfTl4m, b F oy BrEf L6, REUER L0,
HBEERTAE, FAYESbOEEDEE, Ithozh
ZTHhOEMRT, 18, 18, 16, T EM S, b N »HEHR
DT TREM « KEEMER OISR OML T -TEY, 22
Z BN T IR - THIEKK O HBUEE MK T4
NSNS, BHOERTIHBIAR ShicB&ic
BOT, ThooHBIE 1 » HERBOBIIZE WO TR
FRIci 2 » T3,

4.4 RTERITHIERAK A S 74

4 D OEHRAT RS FTEOK AW S N 7o DL 19T44E,
19864, 19894E® 3 [MITdH 5 (Table 1o TN TN DIE
D4 FI20T, 4 >OWEIZE T B KN % Fig. 6



130 La mer 41, 2003

Kurosaki line, 1981 Jan-Jun

[

v h 4

o
card
[«

® B @ T & » @y 7 1.
504 @ ® o® L 50 5% @ @ @ N\ < E
oo BB oE 0o ® ® ® sHOY
z # e e 7 R b
=150 Jp @ B B @ S150 J# & & & 8 & . E
E Wweew s E lseaee s L
$ 200 & 200 3 .k
a E N I o EE I I 3
250 s & 0 ® 250 e & ® w8 B B < [
300 ¢ 81818 ® 300 2% 81 #4e & & 7’ E
e e es LI I [
350 — 350 ———y . .
142° 142°F 143°%
0 ‘Y\ v 0 —= L wW.V A4 LY
50 %@@H;; o ® ® & bt
E EX R I
100 » & & @ 100 & & ® @
Ego @ ¢ & @ CRTTEE I E
£ e e e £ I i
8200—: o B ® 8200*:&;&&@ E
50 # & & & 250 B & ®& ®
E ® 48 EE Bo® 4
El 1 ENE- (R 3
3003 & 8% 300~ % & # F
350 T 350 y T
142° 142°E
0 ! v [ ! L
88 -t-n@ﬁ
e 0w » & & E
100 8 & 100 1% ® # &
£ e e e e £ EE R 3N E
S150% 8 5 8 & =108 » » & 3
S0 # & & ® S0 % # ® e E
e & & 8 EE SR I I
20 % e 8w @ 20 s 8 8 @ L
300 3¢ 81w 3k # 300 3% 8 wbs E
(RN KRR
350 . 350 — ;

N

heg!
3

m

143°E

142°E 143°E

Fig. 8. Temporal variation of the cross-sectional temperature distribution along Kurosaki Line from

January to June, 1981.
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