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Origin of Trenches*

Michihei HOSHINO**

Abstract: The author maintained that the oceanic trench was formed as a furrow left
behind when the ocean floor upheaved. The depths of two guyots which are located about
500 km apart on the Japan Trench are almost the same, and Middle Cretaceous shallow
marine fossils were collected from the top of both guyots. The author urged that this

phenomenon impresses the immovability of trench floor. The cause of origin of the trench is
an upheaval of the ocean floor as a result of material rising from the upper mantle.

1. Introduction

In a previous work (HOSHINO, 1962) the
author argued the case for a marked rising of sea
level by the expansion of the earth, especially
by the upheaving of the ocean floor, and he
explained the formation of submarine canyons
as a result of this uprising of sea-level. Later
he maintained (HOSHINO, 1970) that the oceanic
trench was formed as a furrow left behind
when the ocean floor upheaved. After that he
published a book entitled ‘“Eustacy in relation
to orogenic stage’”’ (HOSHINO, 1975) in which
he explained the remarkable uprising of sea-level
after the Late Miocene, and also he referred
to some related problems—submarine canyons,
coral reefs, coastal plains, landbridges and so
on—. The term ‘‘orogenic stage’’ was used
to mean the stage of great mountain building
and not the stage of folding. He thinks that
the great mountains were formed by block
movement (so-called epirogenic movement) in
the Anthropogene (Pliocene-Recent) and the
Triassic period (HOSHINO, 1978).

Recently, the author attempted a survey to
prove the immovability of the trench floor. At
the boundary between the Kurile-Kamchatka
Trench and Japan Trench, there is the Erimo
Seamount. This seamount is a guyot rising
from the trench floor at 7,500 m to about 4,000
m. Middle Cretaceous shallow fossils were
collected from the top of the Erimo Seamount
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(TsucHr and KaAGawmi, 1967). The Daiichi
Kashima Seamount is located at the boundary
between the Japan Trench and the Izu-Bonin
Trench, and it has the same depth as the
Erimo Seamount. If the trench floor is an
immovable region then it should be possible to
collect Middle Cretaceous shallow marine fossils
from the top of the Daiichi Kashima Seamount.
He tried a survey with this in mind, and did
indeed find the same types of fossils as those of
the Erimo Seamount on the top of the Daiichi
Kashima Seamount (The Daiichi Kashima Sea-
mount Res. Group, 1976). In the world, there
are many other pieces of evidence that show
—4,000m Middle Cretaceous sea-level. As a
consequence of this survey, he believes that the
idea of the immovability of the trench floor has
received important support, but there are few
geologists who agree with this hypothesis.

There are those who accept the idea of earth
expansion, but they urge a large scale expansion
of the earth as a cause of continental drift.
The author cannot support a large scale ex-
pansion of the earth, and he cannot understand
their hypotheses to permit the depression of
trenches. Absolute depression of the earth’s
crust means shrinkage of the earth. Any hypo-
thesis for the origin of oceanic trenches may
be a touchstone for all hypotheses on crustal
dynamics.

2. Relation between the orogenic belts and
distribution of trenches
Major recent trenches are distributed at the
magin of the Pacific, but very rare in the

c1o



112 La mer, Tome 16, N° 3 (1978)

Fig. 1. Distribution of orogenic belts and Precambrian crust of the world. 1; Cenozoic
orogenic belts, 2; Mesozoic orogenic belts (1 and 2, the Alpine orogenic belts), 3;
the Hercynian orogenic belts, 4; the Caledonian orogenic belts, 5; exposed Pre-
cambrian rocks, 6; covered Precambrian rocks, 7; fossil trenches (Caledonian and

Hercyian), 8; resent trenches.

Atlantic and Indian Oceans. Judged from the
viewpoint of orogenic belts, the distribution
of recent trenches coincides with the Alpine
orogenic belt except Tethyan region. Are
there any relationships between Caledonian or
Hercynian orogenic belts and the distribution
of trenches ? Off the western coast of Scan-
dinavia which corresponds to the region of the
Norwegian Sea, there is sedimentary basin with
wedge sediments (TALWANI and ELDHOLM,
1973). As the basement of this basin is oceanic
crust, the depression may be called a fossil
trench”. The P wave velocity of the lowest
part of the sediment is 4.4 km/sec, and Talwani
and Eldholm described that this velocity shows
the upper Palaecozoic formations. They also
said that this depression extends to the North
Sea, and the geologic age of the lowest sedi-
ments of the North Sea is of the Devonian
period. So it may be concluded that the for-
mation of this depression was related to the
Caledonian orogeny. A similar
under the continental rise is reported from the
neighboring Barents Sea (RENARD and MASCLE,

depression

1975). Perhaps, a similar depression may be
observed from all the regions off Caledonian
orogenic belts. Crustal movements of such an
area is characterised by the so-called epirogenic
movements—vertical block movements with
faulting (TALWANI and ELDHOLM, 1973).

A typical Hercynian orogenic belt is seen in
the Appalachia Mountains of the eastern part
of the United States, and off the eastern coast
of the United States there is a famous depres-
sion with a thick wedge sediments (HEEZEN,
1962). Recently, SHERIDAN (1975) described
the sediment filling this depression and the
geologic age of the oldest sediments is Triassic.
He urged that formation of this depression is
related to the opening of the North Atlantic.
However, characteristic so-called epirogenic
crustal movement in the Triassic period is not
limited to the area around the North Atlantic:
we can observe the same in many regions of
the world. The author argued that this crustal
movement in the Early Triassic is not related
to continental drift, but is related to the ex-
pansion of the earth (HOsHINO, 1978). In

c2)



Origin of Trenches 113

CAPE

HATTERAS CONTINENTAL RISE

© Vav; EROZOC
CPER Crg: REEF
) T ‘\ JURASSIC EVAPORITE, CARBONATE,
2b  pre-taiassic o \ - AND TERRIGINOUS DEPOSITS
:fg]?‘o:gk‘::?c v v \ .JURASSIC LIMESTONE
L N 6 1-c.a N OLIGOCENE - HOLOCENE
S, ees = HEMIPELAGIC MUDS
ok z =
o—CRETECCENE PELA
al 33
8 s 7 7%
; v OCEANIC BASEMENT
10+ v 7 "/ 5.0-5.1
v KX X XXX X
12 v XX XXX X XXX KX XXX
v
v XXX XX X X X X X geeanie crusT X X X X
1al KX XXX XXXXXXXX 6567 XXXXX
e YSRX XXX XXX XX KKK KX KKK XXX K
E P “3'
16 € v vk ox
z PV Y
18 R
v/ ox
FANA Y
20k 7o box
v K X
22r v ke
Vs kox
24 TR
v v K xg
s
26 s Kk o+
S K+
28 MU/ H
i
30 L . ; ; ; 5 ]
o] 100 200 300 400 500 600 700
KILOMETERS

Fig. 2. Diagrammatic structural cross section
of the Cape Hatteras continental margin
(from SHERIDAN, 1975).

Europe, one of the Hercynian orogenic belts is
distributed on the northern part of the Iberian
Peninsula. Under the outer continental margin
of this region there is a depression which has
been filled with sediments since Triassic times,
and is described as the ‘‘fossil North Spanish
trough” (RENARD and MASCLE, 1975). The
eastern continental margin of the Atlantic show
similar conditions as those of western margin.

As mentioned above, all orogenic belts of
Phanerozoic time are associated with filled
trenches. The cause of this phenomenon is
related to the crustal development of the earth.
The orogenic belts of Criptozoic time are distri-
buted in the continents, but the orogenic belts
of the Phanerozonic time are distributed on that
part of the continent which borders the ocean.

There is no trench (filled or unfilled) off
the shield regions of the world. However
in this case, the basement of oceanic crust
gradually changes upward from continental
margin to ocean (SIESSER et al., 1975). There
is no trench at some marginal parts of the
Pacific, e.g., the region between the Izu-Bonin
Trench and the Mariana Trench and off Cali-
Though MENARD (1964) stated
that the Izu-Bonin and Mariana Trenches are

fornia coast.

separated from each other by volcanoes, sepa-
ration of the two trenches is actually due to a
non-volecanic submarine plateau. The author
(1969) maintained the Yamato Bank in the Japan
Sea, the Daito Ridge in the northwestern
corner of the Philippine Sea and the Ogasawara
Plateau which is located between the Izu-Bonin
Trench and Mariana Trench may be formed of
Precambrian basement from the evidence of the
ultra deep earthquakes.
rock specimen has been collected from the
Yamato Bank (HOSHINO and HONMA, 1966),
and acidic plutonic and metamorphic rocks were
collected from the Daito Ridge (MIZUNO et al.,
1975). Paherps older continental rocks may be
sampled from the Ogasawara Plateau in future.

Tt is well known that there is no trench off
California, and it is explained that this due to
the extension of the continent (GUTENBERG
and RICHTER, 1954). The existence of Pre-
cambrian rocks was reported by EMERY (1960)
from an island which exists in the continental
borderland off southern California. According
to DUNBAR and WAAGE (1969, Fig. 7-18), the
sedimentary basin of the Late Precambrian Belt
series can be extended to the sea bottom off
southern California. MAXWELL (1975) described
that the sedimentary materials of the Belt
series was not transported from a western

Already a Precambrian

region, but since the sedimentary basin of the
Belt series extends under the sea, it is not
possible to determine a lost continent from the
subaerial Belt series. We must remember that
the Precambrian orogenic belts are distributed
only inside the continents. According to these
evidences the author considers that the fact of
no trench off California may be related to the

distribution of the Precambrian basement.

3. Geologic and geophysical characters of the

trench

A. Topographical characters of the trench

One of the topographical features of trenches
is the uniformity of the depth. With respect
to this problem, MENARD (1964) referred that
the uniformity of the depth of main trenches
of the Pacific shows the limit of the crustal
downwarping, and von HUENE (1975) described
that the uniformity of depth and topography cf
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trenches of the Pacific reflects a similar origin
The uniformity of the depth of
the trench is not only related to the recent
trenches, but also related to the fossil trenches.
For instance, the depth of the basement of the

for trenches.

fossil trench under the continental rise off the
eastern coast of the United States is about
10 km, and the depth of the basement of the
fossil trench off Nova Scotia is also the same
(SHERIDAN, 1975). Perhaps a similar circum-
stance may be exist in the Hawailan Trench
because the depth of the Mohorovicic disconti-
nuity is 11.5-13km (FURUMOTO et al., 1968).
Although, the topography of the Southwest
Japan Trench is obscure, and its depth is only
4-5km, thickness of the sediments being 6.5 km
(MURAUCHI et al., 1968), the depth of the
basement of this trench is equal to the others.

MENARD (1964) suggested that the depth of
the trench is not so important, rather the
relative depth between the ocean floor and the
trench is important as the measure of the
crustal depression.
the uniformity of the trench depth is the most
essential character of the trench, though the

The author maintains that

relative depth is also important as it shows the
magnitude of upheaving of the ocean floor.
Regarding the uniformity of the depth of
trenches, it is very interesting to consider the
depth of a guyot which is located on the about
500 km apart on the Japan Trench are almost
the same, and Middle Cretaceous shallow marine
fossils were collected from the top of both
guyots. The author urged that this phenome-
non impress the immovability of trench floor.
The second character of the trench topography
is the marginal swell. The marginal swell,
with an elevation of 200-300 m and the width
of 200-300 km is located on the boundary be-
tween the oceanward slope of trench and the
ocean floor. In many cases volcanoes are distri-
buted on the marginal swell, for exsample low
hills and volcanoes are distributed on the
marginal swells off the Aleutian, Kurile and
Middle America Trenches (MENARD, 1964). It
is difficult to explain the origin of the swell as
a result of compressional force since volcanoes
are distributed on the marginal swell. Vol-
canoes occur only in the field of tension (TAN-

NER, 1973), and de SITTER (1956) and UDINT-
SEV (1967) considered that the mantle materials
are uprising here.

The third character of trench topography is
the ‘‘ridge and depression’ on the oceanward
slope of the trench. In the case of the Aleutian
Trench, valleys of several kilometers in width
and 50km in length are developed by normal
faulting; the ridges are fault blocks and the
valleys are fault zones (HERSEY, 1961). Similar
topography in the Japan Trench was called a
“long narrow depression”” (IWABUCHI, 1968).
Both the marginal swell and the ridge and
depression are not formed by compressional
force.

B. Trench sediments

Generally, sediments of a trench are thin,
and there are many parts which have no sedi-
ment. However, a trench which has no sedi-
ment is located along the island arc, other
trenches which have large rivers in their hinter-
land have a plentiful supply of sediments and
the trench topography is obscured.
that the volume of trench sediments is related
to the age of trench formation and its palaeo-
environment.

According to the plate tectonic concept, the
oceanward slope of a trench should be covered

It is known

by pelagic sediments, but in many places, pillow
lavas and basalt flows are distributed on the
ocean side slope of the trench (FISHER, 1975).
Though there are thick sediments on the neigh-
bouring ocean floor, there is little sediment in
the New Hebrides and Vityaz Trenches. This
makes it difficult to postulate plate sinking here
(HAYES and EWING, 1971).

Since SCHOLL et al. (1968) pointed out that
the sediments of the Peru-Chile Trench are not
considered this
problem and they have discussed non-deformed
OLIVER (1970) suggested
that the trench sediments are not deformed
because they are too soft to be deformed by
compressional force. However, since the upper-

deformed, many geologists

trench sediments.

most sedimentary layer of the Japan Trench is
cut by fault (LUDWIG et al., 1966), the author
cannot agree the idea that trench sediment is
too soft to be deformed. We observed slightly
deformed sedimentary layers in the air-gun
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Origin of Trenches 115

records of the Southwest Japan Trench. We
have also observed an abyssal hill in this trench
and an intrusive body (HOSHINO, 1964).
According to this phenomenon the author
considers that the deformation of the trench
sediments is caused by igneous diapiric activity.
Deformation of fossil trench sediments off
eastern coast of North America is also caused
by the diapiric intrusion (SHRIDAN, 1975). At
present, the problem of the deformation of
sediment on the lower landward slope of
trenches is under discussion. CHASE and BUNCE
(1969) maintained that subduction of the plate
is proved by the deformed sedimentary layer
on the seismic profiler records at the boundary
between the slope and ocean floor off Barbados
Island. However, as GROW (1973) pointed out,
these records cannot deny the possibility that
the deformed sediments are the product of
slumping.

During the deep-sea drilling by the Glomar
Challenger on the lower landward slope of the
Southwest Japan Trench (Site 298), deformed
young sediment was obtained, and many plate
tectonists urged that this phenomenon was
caused by subduction of the plate. Coring
length of this site is 611 m, and upper 194 m
is not deformed. The shipboard geologists
described all core sample belongs to the Quater-
nary system. The author has some doubts
about the age determination by microfossils
and is inclined to judge the age of the boundary
between deformed and nondeformed sediment
to be the Early/Middle Pleistocene, namely the
Rokko movement stage of the western Honshu
which is at the same orogenic stage as the
Pasadenian in California (HOSHINO, 1975).
Crustal movement of the Pasadenian stage is
observed in many places of the world (HOSHINO,
1975). After this stage, remarkable crustal
movement is not observed on land, and ‘‘terrace
stage’’ or real glacial stage had been commenced.
Also at Site 181, the landward slope of the
Aleutian Trench, the upper 170 m of sediments
is not deformed (SEELY ez al., 1975). The
author considers that the conclusion that the
sediment on the landward slope of a trench
was deformed because of the sinking of the
plate, must be reexamined.

The wedge sediments of the Aleutian and
Washington-Oregon Trenches (e.g., Site 174 of
the G. Challenger) are horizontal deltaic sedi-
ments of the Middle to Late Pleistocene time
(ScHOLL, 1975). The thickness of this wedge
sediments increases toward land, and at the
lower part of the slope the thickness of the
wedge is 1-1.5km. It is most significant that
the geologic age of the wedge sediments is post
Early to Middle Pleistocene. Namely the age
of trench formation accords with the Pasadenian
stage which is the latest ‘‘epirogenic’’ block
movement stage of Earth’s history (HOSHINO,
1978). As the fossil trench off the eastern
coast of the United States had been formed in
the Early Triassic ‘‘epirogenic’’ stage, it is
beyond doubt that the formation of the Washing-
ton-Oregon Trench is in the Anthropogene
epirogenic stage. Geologic phenomena related
to the Triassic and Anthropogene epirogenic
stage had been described in other paper (HOSHI-
NO, 1978). According to the data of the
‘Washington-Oregone Trench (ScHOLL, 1975),
the depression which has a 1-1.5km relative
depth was formed at the boundary between
ocean floor and continental slope. The author
(1975) urged that sea-level rose 1,000 m in this
time as the result of ocean floor upheaving.

In many cases, recent trench sediments are
not composed of pelagic red clay; for instance,
the sediments of the Japan Trench is composed
of blue mud which contain much organic
material (HOSHINO, 1962) and this material is
the basic food for trench animals. Biologist
have discussed the antiquity of the trench fauna
(ZENKEVICH and BRISTEIN, 1960; MENZIES et
al., 1961), but it seems to me that they re-
frained from giving any definite opinion on the
problem. BELYAEV (1971) suggests that the
development of the trench fauna is very rapid,
and implies that the age of the formation of
recent trench is the Cenozioc era. Relatives of
the trench fauna inhabit the landward slope,
and did not inhabit on the ocean floor. On
the contrary, the pelagic red clay fauna is a
descendant of the continental margin fauna
(MENZIES et al., 1973).

C. Gravity anomalies and terrestrial heat

flows around the trenches

55
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From the initial stage of maritime gravity
observations, the problem of negative anomaly
associated with oceanic trenches had been dis-
cussed by many earth scientists. Based upon
this anomaly, the concept of backling theory
was proposed as the origin of trenches (VENING
MEINESZ, 1948). The author, urged that the
negative gravity anomaly zone aleng the lower
continental slope reflects the thick Neogene
sedimentary basin at the base of continental
slope (HOSHINO, 1969). The same conclusion
was reached by HAYES and EWING (1971), and
it is impossible to relate this gravity anomaly
with the origin of trench.

In many places on the marginal swell, a
positive gravity anomaly was observed. For
exsample, on the marginal swell of the Kurile-
Kamchatka Trench, gravity anomaly of +50~ 60
mgal was recorded (WATTS et al., 1976). They
suggested that this value does not agree with
the plate theory. VENING MEINESZ (1948)
considered that this positive anomaly indicates
compensating uprising mantle materials which
occur at the boundary of the tectogene. Though
UYEDA (1975) and SEGAWA and TOMODA (1976)
urged that this phenomenon is related to the
stress system with the convergence of the litho-
sphere, it is impossible to suppose such a stress
system from the geological and geophyisical
character of the marginal swell. A positive
gravity anomally was observed on the Hawaiian
marginal swell, too (WATTS et al., 1976). The
most reasonable explanaticn is to suppose the
uprising of heavy materials from the upper
mantle.
~Plate tectonists maintain that the trench is
the part of sinking of the plate, and the value
of terrestrial heat flow is lower than in other
parts of the earth. Indeed the value of ter-
restrial heat flow from the trench floor is gener-
ally lower than that from the island arc or
ocean floor, but frequently a slightly higher
value is observed from the marginal swell.
Namely, the curve of the heat flow value coin-
cides with the topographic profile. It is highest
at the island arc, lowest at the ‘trench floor,
and slightly higher at the marginal swell than
on the ocean floor (YASUI et al., 1970). ‘At
the marginal' swell of the Ryukyu Trench,
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Fig. 3. Profile of heat flow, averaged at 100 bm
intervals from the trench axis (from YASUT
et al., 1970).

three high isolated heat flow positions (2.46,
4.20, 2.40 HFU) were detected (WATANABE
et al., 1970). They described that this high
values had not been observed at the eastern
part of the Kurile, Japan and Mariana Trenches,
and any explanation cannot resolve this pheno-
But it is well known that high heat
flow volues have been observed in the neighbor-
hood of the Southwest Japan Trench of the
northern part of the Shikoku basin. Though
these high values are explained as related to
the Izu-Bonin Ridge, the parts of highest heat
flow are not so close to the ridge, but are
observed from the ocean floor.

Deep oceanic trenches are characteristic topo-
graphy of the Pacific, and the heat flow value
of the Pacific (mean value is 1.7 HFU) is higher
than from the Atlantic and Indian Oceans
(LANGSETH and von HERZEN, 1970). They
suggested that the high heat flow of the Pacific
reflects the youthfulness of the Pacific. The
author considers this fact to be related to the
origin of the Pacific trench.

D. Earthquakes and trenches

For many years the concept of a seismic plane
has been established-and ‘many earth scientists
are interested in the relationship between trench
and earthquakes. The seismic - plane is called-

menon.
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Origin of Trenches 117

Benioff zone, and BENIOFF (1949) maintained
that this seismic plane is a reverse fault plane
or a thrust plane. A distinct seismic plane
cannot be observed in some trench regions.
BeLoussov (1971) described that among many
geological and geophysical phenomena, only
the earthquake mechanism shows that trenches
are place of compression. However, recently,
the records of the earthquakes of tensional
(normal fault) origin have been collected.
KANAMORI (1972) reported the great earth-
quakes of normal fault origin occurred under
the Japan and Aleutian Trenches, and KATSU-
MATA and SYKES (1969) reported that earth-
quakes which occurred on the marginal belt of
the Philippine Sea have a reverse fault origin,
but TANNER (1973) stated that many earth-
quakes have a normal fault origin. According
to these data we know that the trench region
is not a simple compressional field. KANAMORI
(1972) urged that normal fault under the trench
occur as a result of tearing off of the cool plate.
The author cannot agree with his opinion based
on the data of heat flow and gravity observation
at the marginal swell.

Deeping of the earthquake foci from trench to
continent, cannot be observed in some trenches.
Around the Greater Antille Islands, the earth-
quake foci deepen from the Puerto Rich Trench
toward the south, and from the Muertos Trench
toward the north (SYKES and EWING, 1965),
consequently the profile of distribution of foci
shows a V form. These distributions of earth-
quake foci are not only observed at an island
arc-trench system region, but also is observed
in the Hindu Kush Mountains (HIRAYAMA and
A'saNo, 1972). HATHERTON (1975) discribed
that the relation between the inclination of the
Benioff zone and shallow earthquakes which
occurred in an active margin is obscure. The
author (1969) considered that there are no
relation between shallow earthquake and trench,
because shallow earthquakes are related to the
Neogene sedimentary basins on the ‘‘active’
continental slope. The earthquakes which are
located in the Benioff zone are due to conti-
nental massif and ocean relationship.

4. Origin of trenches

Scince early in the Twentieth Century, many
geologists have discussed the origin of trenches.
For instance, SUESS (1906) asserted the origin
of trench as down folding as a result of earth’s
shrinkage. Nowadays nobody believes in the
concept of a shrinking earth.” Though geolo-
gists of Netherland tried to explain the origin
of trench by the concept of buckling crust
(VENING MEINETZ, 1930; KUENEN, 1936;
UMGROVE, 1947), the sediments of many
trenches are not so thick, and negative gravity
anomaly observed on the landward slope of a
trench is not related to the buckling materials.
VAN BEMMELEN (1954) urged that the upheav-
ing of the island arc was caused by granite
that was differentiated from basaltic magma.
Basaltic magma moves from the ocean side to
the lower island arc to compensate for upris-
ing granite magma, then a trench was formed
at the base of the continental slope. But as
the author has stated elsewhere (HOSHINO,
1975), the upheaving of the island arc in the
Anthropogene period was caused by basic
materials from the upper mantle.

Plate tectonists maintain that the formation
of a trench is related to sinking of the plate,
but the nature of the plate is very obscure and
it is very difficult to understand the idea of a
pair of upwelling and desending plates.

The hypothesis of the author on the origin
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Fig. 4. Esplanatory scheme for the origin of
-trenches (from HOSHINO, 1970) o
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of trenches was described in a other paper and
a book (HOSHINO, 1970: 1975). After that, he
obtained considerable evidence from the survey
of the Daiichi Kashima Seamount where a guyot
is located on the trench (The Daiichi Kashima
Seamount Res. Group, 1976). Recently, the
author obtained same evidence from the J-
anomaly Ridge in the northeastern corner of
the fossil trench off the eastern coast of the
United States (The Shipboard Scientific Party,
1975). The idea of the author is based on the
‘insignificant’ expansion of the earth. In his
meaning, the expansion of the earth means the
upheaving of the ocean floor caused by differ-
entiation of the upper mantle materials, and
that part left behind is the valley which is
called a trench.

The fact that there is no trench around the
Precambrian shield region, the distribution of
the Caledonian and Hercynian fossil trenches
around the Norwegian Sea and the North
Atlantic and recent trenches around the Pacific
QOcean, all show that the upheaving of the
Pacific Ocean floor took place in the latest stage
WORZEL (1975)
described that the P wave of the lower crust
and the upper mantle of the Pacific Ocean is
much more basic than in the other oceans.
LANGSETH and von HERZEN (1970) described
that the heat flow of the Pacific Ocean is higher
than that of the Atlantic and Indian Ocean,
and this evidence implies the youthfulness of
the Pacific Ocean.
earth’s development, the Cryptozoic is an acidic
igneous stage (continental stage), and the
Phanerozoic is a basic volcanic stage (oceanic
stage). These kinds of evidence, namely the
lower crust and upper mantle of the Pacific
Ocean is younger than the Atlantic and Indian
Oceans, show that the activity of the Pacific is
the youngest of the earth’s development.

of the earth’s development.

From the view point of the

From the view point of the plate tectonics
hypothesis, the fracture zone off the coast of
California has a special character, but following
the author’s hypothesis these ridges are the
boundary of the differential vertical movement
of the crust. The depth of the northern floor
of the Mendocino Fracture zone is less than the
southern floor, and the terrestrial heat flow of

the nothern floor is higher than to the south
(MENARD, 1964). In this case, the thinness of
oceanic crust of the northern region is caused
by the existence of a 7km/sec layer which
belongs to the mantle, and the smallness of the
depth of this region is caused by the upheaving
of the basement of the oceanic crust. These
phenomena show the original form of the ex-
pansion of ocean floor, and MENARD (1964)
described that the upheaving of the ocean floor
as a result of the decrease of P wave velocity
by 0.8 km/sec due to decrease in density of
mantle material. The author seconds his opinion.
The author cannot agree with the opinion of
BELOUSsOV (1971) or SHERIDAN (1975) that
7 km/sec layer is produced as a result of mixing
of the continental crust and wupper mantle
materials. With regard to the formation of
trenches, the upheaving ocean floor of the
northern part of the Mendocino Fracture Zone
produced the Washington-Oregon Trench in the
Anthropogene period, and the non-upheaving
of southern floor is related to the non-production
of an oceanic trench. The Venezuela basin of
the Caribbean Sea has the Muertos Trench in
the northern part, the Los Rogues Trench in
the southern part and the Grenada Trough in
the eastern part, and the central part of the
basin is gradually domed up with relative height
in 700-800 m from the margin of the basin
(OFFICER et al., 1957; EWING et al., 1971).
The author considers that the origin of the
depression around the Venezuela basin may be
the same as that of the typical oceanic trenches
around the Pacific Ocean.

Many geologists have pointed out that the
trench is not a compressional field since the
layering of trench sediments is not deformed.
Slumping sediments or deformed sediments occur
on the landward slope of the trench. Itis not
sufficiently proved that the slumping or defor-
mation of sediments was due to the subduction
of the plate. On the contrary, the deformation
of the young sediments on the landward slope
of the Southwest Japan Trench and Aleutian
Trenches occur some 100 m-200 m under the
sea-bottom, thus showing that the deformation
of sediments occurred at the time of worldwide
crustal disturbance. In short, it was produced

8
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by the Pasadenian orogeny in the Early/Middle
Pleistocene.

The fact that there is a fossil trench which
was filled by the sediments since the Triassic
period under the continental rise and that the
recent trenches have sediments since the Early
Anthropogene, shows that the mechanism of
the formation of trenches is upheaving of the
ocean floor which was caused by a large scale
uprising of mantle materials. This event was
called “‘volcanic orogeny” by the author
(HosHINO, 1978). If the trench is a furrow
left behind when the ocean floor upheaved, the
trench floor show primary surface of the earth,
and the uniformity of the trench depth shows
the surface of the spheroidal primary earth.

As to the origin of the Aleutian Trench,
STONELY (1967) described that the trench around
the mainland was established since the late
Cretaceous, and that the formation of the trench
was accerelated in the Pliocene to Pleistocene
period. SCHOLL (1975) said that the age of the
wedge sediments of the North Pacific trenches
are limited to the Middle and Late Pleistocene
time, thus the age of trench formation is either
young or it is very old as the wedge sediments
have lost their wedge-shaped character. Von
HUENE and SHOR (1969) suggested that it was
not necessary to move the continental slope
with trench, but crustal movement of the
trench had to be closely connected with the
movement of the slope or land parts, and it is
a reasonable idea that the formation of the
trenches was related with the upheaving of the
continental shelf and Aleutian Peninsula since
the Miocene time. The author consider that
the crustal movement of continental slope and
ocean floor took place at the same time since
the Early Pliocene, and the trend of the move-
ment 0f these parts was and uprising due to
the expansion of the earth.

SCHOLL ez al. (1968) described that to the
south of Valparaiso the Peru-Chile Trench
.contains 500-700 m thickness of turbidites which
.abut on the basement, and the age of these
sediments is not older than the age of the
upheaving of the Andean Mountains in the
Miocene to Pleistocene. STILLE (1955) also
said that the age of formation of the Pacific

trench is almost the same, the Late Pliocene.
As the fossil trench of the eastern or western
margins of the North Atlantic was formed at
the Early Triassic period after the peneplanation
stage of the Late Permian, the Pacific trenches
were created in the Early Triassic period, grew
up at the Cretaceous transgression stage (stage
of ocean floor upheaving) and were completed
with the epirogenic movement which produced
the great sea-level uprising at the Early Pliocene
and Early/Middle Pleistocene. BELOUSSOV and
RuDpITCH (1960) said that the fore-depression
margin of the Japanese Islands had rapidly
been depressed in the Pliocene period, and the
region became a trench where the depressional
movement was too rapid to be filled by the
sediments. The relation between ‘depression’
after the Pliocene period and the formation of
trench corresponds to the relation between the
trench forming and ocean floor upheaving and
the uprising of sea-level as the result of ocean
floor uprising.

The data from geophysical surveys cannot
conclude that the trench is a compressional
field, and the trench is produced by subduction
of the plate. Though TANNER (1973) urged
that the trench is under a tensional force, with-
out expansion of the earth it has to produce
compressional field in other parts of the earth’s
surface. As WORZEL (1965) suggested both
the trench and the ridge are tensional areas,
then we should expect moderate expansion of
the earth. WORZEL (1965) described extension
of the earth’s radius as 2-39%. It is an in-
crease of radius of about 100-200 km. The
author considers the expansion of the earth’s
radius is about 5km since the Palaeozoic era
resulting in an uprising of the sea-level. Such
a magnitude of the earth’s expansion cannot
produce the continental drift.

Can the positive gravity anomaly and high
terrestrial heat flow of the marginal swell be
explained by the concept of plate subduction ?
Topographic high of the marginal swell also
show the highest uprising of heat from the
Though OLIVER (1970) said that
the topography of ‘‘ridge and depression” on
the oceanward slope of trench is produced by
tensional force as a result of the buckling plate,

upper mantle.

9
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this opinion cannot explain the origin of the
positive anomaly and high heat flow. UYEDA
(1975) explained the origin of positive gravity
anomaly as a result of convergence of the
lithcsphere, but his opinion is not so presuasive.

5. Conclusion

The author urges that the trench was formed
as a furrow left behind when the ocean floor
upheaved. LUDWIG ez al. (1966) described that
the trench was produced where the thickness
of earth’s crust is thin and the thinness of the
earth’s crust was due to the faulting, warping
with the crustal extension. From the view
point of the crustal structure, the author con-
siders that the trench is a place which is not
so much affected by the expansional force be-
cause of the existence of the boundary between
the continental and oceanic structures. WORZEL
(1965) also said that the trench has a similar
origin as that of a rift valley, i.e. tensional
faulting. Though the author agrees with Wor-
zel’s opinion that the trench is a rift valley,
the rift valley is not a valley caused by de-
pression, rather it was produced as an abandoned
valley when the ancient crust upheaved. KATZ
(1975) maintained that the formational force of
trenches —downwarping— can act only in a
local area, and it relates to the development of
the marginal part of the orogenic zone. The
author agrees with the opinion that there is no
need for plate tectonics to explain the formation
of the trench, and the formation of the trench
is related to the geological development of each
regions. However he cannot agree with the
opinion that formational force acts only in a
limited area.
heaving of the ocean floor as a result of
materials of the upper mantle rising. This also
produced the domed elevation and rift valley
in the shield regions, and produced the high
mountains in the orogenic belt. The formational
force of the trench is a global expansion of the
earth.

Today, geologists describe the continental
margin of the Pacific and Atlantic Oceans as
active and passive margin respectively. The
division may be done using the geological age
of the margin as a basis for classification. This

The origin of trench is an up-

author divides the continental margin into two
main classes, one is the Precambrian shield
margin and the other is the Phanerozoic mar-
gin. The former has no trench and the latter
has fossil or recent trenches. He believes it is
a reasonable to divide the continental margin
into active and passive, but he cannot agree:
with the opinion that the passive margin is a
rift margin and the active margin is a sub-
Though the age of
orogeny is not the same, every continental
margin of an orogenic zone of the Phanerozoic
Usually the trench
was formed as a furrow left behind in the
epirogenic stage, at the boundary between the
continental and oceanic crusts.

ducting plate margin.

eons has the same origin.
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Biological and Ecological Studies on the Propagation
of the Ormer, Haliotis tuberculata LinNAEUS

I. Larval Development and Growth of Juveniles*

Yasuyuki KOIKE**

Résumé: L’élevage du naissain d’ormeau, Haliotis tuberculata fut réalisé durant la campagne
1973 et 1974 au Centre Océanologique de Bretagne (CNEXO-COB) 4 Brest, France.

La ponte a été obtenue par stimulation thermique en eau de mer courante. Un grand
nombre d’oeufs fécondés a pu étre obtenu au début aofit 1973.

Le développement larvaire et la croissance de naissain ont été suivis pendant 435 jours
aprés la fécondation. Les stades importants du développement sont illustrés au moyen de

figures.

La taille moyenne de 2840 individus au 435° jour était 2,12cm de longueur et 1,28 cm

de largeur.

1. Introduction

The ormer (ormeau or oreille de mer in
‘French), Haliotis tuberculata LINNAEUS, is a
European abalone, and is found along the north-
west coasts of France, from the south coasts
-of the Brittany Peninsula to the west coasts of
the Normandy Peninsula, as well as around the
British Channel Islands (Fig. 1.). It grows to
a maximum size of about 12 cm in shell length
and has always been highly esteemed. There
has been a special ormer fishery industry since
ancient times. Above all, in Guernsey in the
Channel Islands, the ormer fishery was com-
mercially important (53 tons of total catch in
1967), and from here the ormer used to be
-exported to France (GIRARD, 1972). The ormer
shellfishery there has long been operated under
strict regulations, but nevertheless the natural
stocks have decreased remarkably in recent
years so that a ban had to be placed on all
ormer fishing. Even in France measures have
been taken to protect ormer stocks and fishing

* Received May 29, 1978

** Centre Océanologique de Bretagne (Aquaculture),
CNEXO, Brest, France.
Present address: Laboratory of Animal Ecology,
Tokyo University of Fisheries, Konan 4-5-7,
Minato-ku, Tokyo, 108 Japan.

by divers has been prohibited since 1965. At
the present time the only ormer fishery permitted
is shoregathering at the period of the spring
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Fig. 1. Range (hatched area) of the European

abalone, Haliotis tuberculata.
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tides.

The study of the basic biology of this shell-
fish has a long history; BOUTAN (1899) describes
its early development in relation to asymmetry.
STEPHENSON (1924) makes an investigation to
seek the reasons why ormer stocks decreased
around Guernsey. CROFTS (1929, 1937) ex-
amines its basic biology and larval development
with regard to torsion. FORSTER (1962, 1967)
carries out ecological studies by diving and
tagging experiments to make clear its distri-
‘bution, movement and growth around the coasts
.of Guernsey. GIRARD (1972) makes a histo-
logical study of gonad development as well as
-other aspects of ormer reproduction. However,
no work had ever been done concerning the
_artificial propagation of this species.

The present author began trials in June 1973
for the artificial induction of spawning of the
.species in question at the Centre Océanologique
de Bretagne, CNEXO (CNEXO-COB) in Brest.
The aim was to develop a technique for getting
.a good number of seedlings for mass production
.or tank rearing on a large scale. This study
reveals some interesting facts new to science,
and above all it makes clear all the aspects of
early development and growth of the ormer for
435 days after fertilization through spat and
juvenile stages under artificial conditions.

2. Material and methods

The adult ormers for the rearing experiments
were taken by diving in Brest Bay during the
period from the end of June to the beginning
cof August in 1973.

The procedure employed in the experiment
-is summarized as follows:

Spawning was induced in the laboratory by
means of exposure to air, or of fluctuating
water temperature acting as a stimulant on the
mature adults. The aquarium used for spawn-
ing for both sexes was made of polyethylene,
rectangular in shape, and 60x40x25cm in size.
‘After emission of a quantity of sperm, male
shells were removed from this tank and placed
in other tanks.

The eggs were fertilized in the tank by the
.sperm already emitted therein. When necessary,
.some extra sperm was added from the other

tanks.

After being washed several times, fertilized
eggs were reared in another tank of the same
size and type. At the trochophore stage, ormer
larvae were removed to a series of larger tanks,
200x50x25cm in size. During the first 12
days, the larvae were kept in still water which
was not changed at all. Furthermore, during
this time very little aeration was applied.

After the 13th day and for the rest of the
experiment, larvae were kept in running water;
water temperature was in the range of 20°+1°C,
and specific gravity between 1.0252 and 1.0267.

At the time of settlement of the larvae, col-
lectors were set in the tanks. They were made
of transparent plastic plate, on which diatoms had
grown to form a thin film or layer. The water
was enriched by adding to it .‘‘Conway: solu-
tion’”> (1 cc/1) and Sodium metasilicate, Na:SiOje
5H,O, (30 mg/l) to promote the growth of
diatoms. An additional feeding of Tetraselmis
suecica was found to be very effective.

After the young abalones started to grow up
and to move from the collectors, a number of
pieces of rock and U shaped plastic plates were
placed in the tanks as shelters for them. The
plastic plates were 30X20X2 cm in size. Young
abalones were then fed first on Ulva lactuca in
small pieces and later on a mixture of Lami-
naria digitata, Saccorhiza polychides and Rhody-
menia palmata.

3. Results and considerations
Induction of spawning

For the trials for inducing spawning, about
30 adult ormers were collected on June 29th,
1973. All spawned during the night of 29th-
30th June and could not be used for the ex-
periments. In this case water temperature in
the tanks was maintained at the natural water
temperature of 17.2°C. However it took 40
minutes to transport the ormers from the col-
lecting site to the laboratory, and stimulation
caused by drying during this time will have
had some effect on inducing spawning. From
this result it became clear that mature adults
are easily stimulated and that collected ormers
should be induced to spawn on the same day
they are collected. Following this method,
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Table 1. Conditions for induction of spawning carried out on Ist August, 1973.

TTTT— Items . R
Activity Time Temperature (°C)
Collection of adults 12 hr 10 min 17.5 (open sea)

Stimulation in air

Beginning of induction process in heated water

Emission of sperm (38)
Spawning (22)
Fertilization

Number of eggs obtained

during 40 minutes 28.7 (air)
13 hr 30 min 25.0 (water)
15 hr 45 min 21.0 (water)
15 hr 55 min 21.0 (water)
16 hr 00 min 21.0 (water)
1, 120, 000

normal experiments were carried out on lst
August.

The ormers used for the experiment were 21
females and 11 males ranging in shell length
from 7.8-9.5cm. The procedure followed for
inducing spawning is shown in Table 1. Mature
adults were collected at 12h 10 p.m. It took
40 minutes to transport them to the laboratory,
that is 40 minutes stimulation by drying. The
air temperature at this time was 28.7°C and
the water temperature in the tanks was main-
tained at 26.0°C so as not to have too great a
temperature difference. Stimulation by fluctua-
tions of water temperature was started at 13 h
30. Water temperature was gradually decreased
by adding running water of 21.0°C. After 2
hrs 15min, when the water temperature had
decreased to 21.0°C, three males started to
spawn and after 2hrs 25 min, two females
spawned at the same water temperature (Fig.
2). The number of eggs was 590,000 (shell
length 7.8 cm) and 646,000 (shell length 8.2 cm).
Of the total of 1,236,000 eggs, around 1,120,000
were viable and could be used for rearing ex-
periments.

Concerning attempts to obtain fertilized eggs
of H. tuberculata, STEPHENSON (1924) suc-
ceeded at Guernsey on Ist August, using mature
adults collected the day before and CROFTS
(1937) at Roscoff, France, succeeded in getting
fertilized eggs from natural spawning in the
laboratory on 22nd July. From these results
and that of the present study it is clear that
induction of spawning with this species is easier
than with Japanese abalone H. discus discus
and H. sieboldii (INO, 1952), H. diversicolor
supertexta (OBA, 1964) and H. discus hannai
(KikucHI, 1964).

Fig. 2. Spawning of Haliotis tuberculata in a

tank. A row of water drops (arrows) can
be seen here ejected by the mother shell
through its respiratory pores; ovae are
carried in these drops.

Early development

The fertilized eggs are spherical and have a
diameter of 0.21 mm including egg membrane.
The yolk has a diameter of 0.17 mm. With a
water temperature of 20°C+1°C, the first polar
body appeared after a few minutes. Very soon
after, the second polar body appeared, but as
with H. discus discus (INO, 1952), in many
cases no second polar body was observed (Plate
I-1). The time sequence for egg development
following fertilization was as follows:

After 1 hr 10 min-1hr 50 min, the first division
took place along the vertical axis of the egg
(Plate I-2). After 1 hr 40 min-2 hrs 10 min, the
second division took place along the same axis
(Plate I-3, 4). After 2hrs 20 min, the third
division took place just above horizontal axis
of the egg and at that time the differentiation
between micromeres and macromeres could be
made and the micromeres were seen to move
around the macromeres in a clockwise direction
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(Plate I-5). After 3hrs 15min, the fourth
division took place and the direction of torsion
was observed to be counterclockwise (Plate I-6).

After 5 hrs, the embryo reached the morula.

stage (Plate I-7), and after 8 hrs 30 min-9 hrs,
reached the gastrula stage after passing through
the blastula stage. After 10 hrs, at the trocho-
phore stage, the cilia appeared and intermittent
rotating movement was observed in the egg
membrane. After 13 hrs, hatching took place
and the size of newly hatched larvae was 0.2 x
0.155 mm and some larvae were observed to
have already secreted their transparent larval
shell from the shell gland (Plate I-8). There
are various opinions in the literature concerning
the apical tuft in this species. According to
BouUuTAN (1899) no apical cilia were observed
CRrROFTS (1937)
reports that the trochophore has no apical cilia
but the veliger has a transitory apical tuft. In
the present experiment it was observed that
from trochophore stage just before hatching
until veliger stage just before the velum divides,
this species has an apical tuft (Plates I-8,9 and
11-1, 2).

The trochophore moved slowly on the bottom
of the tank for the first two hours. Then they
began to float up to the surface and they were
observed to be swimming up and down between
the middle and surface layers grouped in several
vertical columns. At this time they showed

at any stage of development.

positive phototactice and it was easy to transfer
them to another tank by using a light to attract
them to one corner for siphoning. Concerning
phototactice in Haliotis species, OBA (1964) re-
ports little evidence of positive phototactice in
H. diversicolor supertexta, INO (1952) observed
strong positive phototactice in H. discus discus
but only moderately strong for H. sieboldii. It
appears that this behaviour varies according to
species.

After 18-20 hrs, the larval shell had developed
and the larvae reached veliger stage. With the
growth of the larval shell the cells of the visceral
hump developed and the velum was formed
(Plate 1-9). After 35-38 hrs, veliger torsion
was complete, and the foot and the operculum
developed. At that stage the larvae were
already able to retract themselves into the
shell indicating the development of the muscle
(Plates I-10 and II-1, 2). In the literature,
the stage at which retraction first was observ-
ed differs according to species. In the case of
H. discus discus (INO, 1952) and H. diversicolor
supertexta (OBA, 1964) retraction first was
observed in veligers only after division of
the velum and appearance of the eyes and
rudiments of tentacles. This indicates that
retraction starts later for these two species
than in the case of H. tuberculata. The veli-
gers of H. tuberculata were observed to swim
actively but to react immediately by retracting

Table 2. Comparison of development characteristics among Haliotis tuberculata
(H.t.), H. discus (H.d.), H. sieboldii (H.s.), H. gigantea (H.g.) and H.

diversicolor supertexta (H.d.s.).

H.t. H.d. H.s. H. g H.d.s.
Ttems present INo INO. MURAYAMA OBA
study (1952) (1952) (1935) (1964)
Diameter (mm) of fertilized egg 0.21 0.23 0.28 0.27 0.20
Length (mm) of larval shell 0.26 0.29 0.29 0.36 0. 254
Trochophore stage (hours after fertilization) 10 14 15 14 4.67
Time (hours) required for hatching, 13 20 18 21-22 6
(in given water temperature, °C) (20) (16-17) (16-18) (16-18) (26.2)
Torsion (hours) 35-38 45-46 35 40-43 13
Appearance (days) of eyes and cephalic tentacles 2 2.5 2.5 10 0.7-0.8
Appearance (days) of epipodes 3.5 5 4 28 1.6
Time (days) required before creeping 3.5-5 6-10 4-7 7-10 1.8-1.9
Appearance (days) of peristomal shell 5-6 10-11 10 10 2.7
Appearance (days) of first respiratory pore, 38-40 130 — — 23
(shell length, mm) (2.0-2.3) (2.3-2.5) (1.8-1.9)
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into their shell when subjected to any external
stimulation. At this stage the shell had an
irregular moiré pattern which differed consider-
ably from the patterns on the shells of veligers
of H. discus discus (INO, 1952) and H. diversi-
color supertexta (OBA, 1964), (Plate I-10).
After two days and a half, the velum separated
into two parts and rudiments of cephalic tenta-
cles and eyes appeared at the center of each

part (Plate II-3, 4). At this stage the larval"

shell was complete and measured 0.26 mm in
length which is a little larger than H. diversi-
color supertexta and smaller than H. gigantea,
H. sieboldii and H. discus discus (Table 2).
The veligers were observed to swim in rotating
fashion near the bottom of the tank resting on
the bottom of the tank from time to time and
twisting their foot. When they retracted into
their shell, the foot was folded at its centre.
The edge of the mantle also developed and
could be recognised through the transparent
larval shell as an arch shaped fold. Gradual
development of the cephalic tentacles with
papillae was then observed and the rudiments
of epipodial tentacles appeared on both sides of
the foot.

By the end of the third day, cilia started to
develop on the pedal sole and the first signs of
settlement behaviour were observed. Many of
the larvae could change the shape of their foot
and attach it to an available surface but they
were unable to start creeping. After 4-5 days
most of the larvae were seen to be creeping
around. At this time the papillae of the cephalic
tentacles had become more numerous and sen-
sory threads and a pale green pigmentation
were observed. The velum had diminished in
size and the snout had begun to protrude at
the front of the velum. The statocyst was
observed between the head and foot with five
or six grains all grouped together at the centre
forming the statolith (Plate II-5, 6).

On the sixth day the cilia on the velum dis-
appeared and the secretion of the peristomal
shell began on the right side of the aperture
of the larval shell. At this time the snout was
well formed and the pedal sole had become
more developed allowing the larvae to creep
around actively. The movement of the heart

185

was also apparent (Plate III-1).

On the ninth day the spat measured 0.37 mm
in shell length including 0.18 mm of the newly
secreted peristomal shell on which wave-like lines
were conspicuous. At this time the number of
papillae on the cephalic tentacles increased.
Movement of the radular was observed for the
first time and the first .ciliary lobe appeared
behind the right eye-stalk (Plate III-2). The
exact timing of the loss of the operculum was
never fully established but it was still present
at this stage.

On the sixteenth day the spat measured 0.47
mm in shell length and the shape became flat
with the gradual growth of the peristomal shell
covering the right side of the body. The thick-
ness of the shell had also increased. On the
surface of plastic collectors, the spats were
recognizable, when observed with the naked
eye, as white dots with a pale brown patch
over the visceral hump. The length of the
cephalic tentacles increased and the number of
papillae on them had increased also. The first
development of the left ctenidium was recognized
in the branchial chamber (Plate II[-3). After
that the first ciliary lobe became gradually larger
and then the second ciliary lobe appeared be-
hind the first one. The movement of their
cilia was observed to produce a water current
flowing from the left side of the head to the
right side (Plate III-4). These ciliary lobes
continued their function for the following two
weeks (Plate V-2), but at the time that the
cleft of the first respiratory pore started to form
in the shell (about the 30th day) their size began
to diminish (Plate V-4), and by the 40th day,
when the first respiratory pore was completely
formed, only traces of them were left and their
function ended. From this fact, it can be con-
sidered that, as suggested by CROFTS (1937),
INO (1952) and OBA (1964), these ciliary lobes
act as respiratory organs having the function
of circulating and discharging the water in the
branchial chamber.

On the 25th day the spat measured 0.98 mm
in shell length and 0.89 mm in shell breadth
and the shell shape had become almost circular.
On the surface of the shell, brown patterns
appeared in patches. The cephalic tentacles had
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become longer and the number of their papillae
became more numerous. The epipodial tenta-
cles had developed in four pairs and the dark
line of the intestine could be seen through the
shell (Plate IV-1, 2). The left ctenidium in
the branchial chamber had developed and the
number of branches on it had increased (Plate
V-1). On the opposite side of the head, two
ciliary lobes still moving actively could be re-
cognized (Plate V-2). At this time feeding
behaviour was very active and the areas of
grazing on the diatom film could be seen as
white patches on the surface of the collectors
(Plate V-3).

From about the 30th day, a cleft in the
margin of the shell on the right side of the
head was observed and, by 38th-40th day, the
cleft had become a hole in the shell and the
first respiratory pore was formed (Plate IV-3,
4). At this time the spat measured 2.0-2.2mm
in shell length and there were reddish brown
patches on the surface of the shell and 3 or 4
ridges running from the front end to the apex
of the shell were seen. The visceral hump
could be seen like a violet patch through the
shell. The eye stalks had grown longer than
the two ciliary lobes which had nearly dis-
appeared and the left ctenidium had increased
the number of its branches (Plate V-5). At
the aperture of the snout the radial folds had
formed running from the center to the margin
of the aperture and the active movement of the
radular was observed (Plate V-6). The number
of the epipodial tentacles of H. tuberculata at
the time of the formation of the first respiratory
pore was 14 or 15 pairs; this was more than
H. discus discus which had 8 or 9 pairs (INO,
1952) and about the same number as H. diversi-
color supertexta (OBA, 1964).

Concerning the stage at which the formation
of the first respiratory pore takes place, obser-
vations for several species, as described in the
literature to which reference has already been
made, are shown in Table 2. For H. tubercu-
lata it is earlier than H. discus discus but later
than H. diversicolor supertexta. The present
observations for H. tuberculata coincide with
those of CROFTS (1937) who described that it
takes place two months after fertilization at a

size of 2mm in shell length. In the case of
H. discus hannai (KIKUCHI, 1964) it takes place
on the 42nd day when the shell measures 2.5
mm in shell length, which is a little later than
H. tuberculata.

After about 50 days, the spat reached a size
of 2.5-2.6mm in shell length and the epipodial
tentacles numbered 20-22 pairs. At this time
the shell had two respiratory pores and on the
inside of the shell the pearly lustre was first
observed.

By the 85th-90th day, the spat had reached
a size of 3.1-3.3mm in shell length and there
were 26-27 pairs of epipodial tentacles. Four
respiratory pores were formed but the first one
was already closed. The flame-like patterns on
the surface of the shell had changed in colour
from reddish brown to violet. The visceral
hump also changed colour to deep violet which
was seen through the shell. At this time many
spats were observed to be feeding on the green
seaweed, Ulva spp., growing on the collectors.

At about 160th day, they reached a size of
6.2 mm in shell length and the number of re-
spiratory pores had increased to 9-10 of which
4 or 5 pores were open. The cephalic tentacles
had grown to about the same length as the
shell and the epipodial tentacles had become
more numerous (Plate VI-1). The number of
respiratory pores continued to increase with
shell growth, but closed gradually except for
the 3-6 pores nearest the front margin of the
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Fig. 3. Relationship between number of respira-
tory pores (ordinate) and shell length
(abscissa, mm) in young Haliotis tuberculata.
®; Total number of pores, both open and
closed, O; Number of open pores.
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shell which were functioning. The relation be-
tween growth and the number of respiratory
pores is shown in Fig. 3.

Concerning changes in colour of the Haliotis
shell, INO (1952), SAKAI (1962) and OBA (1964)
describe that the colour of the shell of H. discus
discus, H. discus hannai and H. diversicolor
supertexta changed with the different seaweed
on which they fed. This phenomenon was also
clearly seen in H. tuberculata. The colour of
the shell was reddish brown when they were
feeding on diatoms, but the colour changed to
green when feeding on Ulva spp. and Lami-
naria spp., and changed to red when feeding
on Rhodymenia spp. (Plate VI-2). This may
be useful as a way of distinguishing between
groups of juveniles each having different patterns
on their shells when they are released on the
sea bed.

The growth of juveniles is shown in Fig. 4.
By the 435th day after fertilization they reached
an average size of 21.153+3.872mm in shell
length and 12.766+2.246 mm in shell breadth.
The number of living juveniles at that time was

2,840.
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Fig. 4. Growth in shell length (ordinate, mm)
of young Haliotis tuberculata during 435
days (abscissa) after fertilization (0 days).
Range of shell length is represented by a
vertical line.

4, Summary

Tank rearing of the FEuropean abalone,
Haliotis tuberculata was carried out from 1973
to 1974 at Laboratory of Centre Océanologique
de Bretagne (CNEXO-COB) in Brest, France.

Spawning was promoted by stimulation using
fluctuations of water temperature and fertilized
eggs were obtained in August 1973. Their
development was observed for 435 days after
fertilization. The results are summarized as
follows:

1) Mature adults of H. tuberculata have a
tendency to spawn more easily following stimu-
lation than three species of Japanese abalones,
H. discus discus, H. discus hannai and H.
diversicolor supertexta.

2) The eggs are spherical and each is en-
closed within a thick gelatinous coating. Their
size is 0.21mm in diameter including egg
membrane, and yolk is 0.17 mm in fertilized
condition.

3) The division of the egg is total, unequal
and spiral.

4) At a temperature of 20°C, the trocho-
phore escapes from the egg membrane within
13 hours after fertilization. Size is about 0.2 mm
in length. The hatched larvae are positively
phototactic and swim near the surface of the
water.

5) The apical tuft is visible at all stages
from trochophore before hatching to veliger
before the velum separates into two parts.

6) The change from trochophore to veliger
stage takes place within 20 hrs. and torsion
takes place 35-38 hrs. after fertilization.

7) The rudiment of cephalic tentacles, eyes,
foot and operculum appear in the post-tosional
veliger. The larval shell is 0.26 mm long.

8) The transition from pelagic to benthic
life takes place within a period varying from
3.5 to 5 days after fertilization. The velum is
then absorbed and the peristomal shell is secreted
along the outer lip of the aperture of the larval
shell.

9) The first ciliary lobe appears 9 days after
fertilization and the second one appears 7 days
later.

10) The first respiratory pore appears 38-40
days after fertilization when the larvae are 2.0-
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2.3 mm in shell length. At this time the func-
tion of the two ciliary lobes is lost.

11) The juveniles change the colour of their
shell when they are fed on different sorts of
seaweeds, e.g. diatomes: reddish brown, Ulva
and Laminaria: green, Rhodymenia: red.

12) The juveniles reached a size of 2.12cm
in shell length and 1.28 cm in shell breadth on
the 435th day.
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EXPLANATION OF PLATES I-VI
PLATE I
1. Fertilized egg with polar bodies. 0.21 mm in diameter including egg membrane; yolk,
0.17 mm in diameter.
Egg in 2 cell stage, 1 hr 10 min-1 hr 50 min after fertilization.
Egg at the beginning of second cleavage, 1 hr 40 min.
Egg in 4 cell stage, 1hr 50 min.
Egg in 8 cell stage (animal pole view), 2 hrs 20 min.
Egg in 16 cell stage (animal pole view), 3 hrs 50 min.
Embryo in morula stage, 4 hrs 50 min.
Embryo in trochophore stage, 13 hrs. 0.15x0.20 mm.
Larva in early veliger stage, 20 hrs 20 min. 0.20 mm in diameter.
Larva in veliger stage after torsion, 38 hrs 30 min-40 hrs.

PLATE 11

XN LN

—
@

1. Larva in veliger stage after torsion, 38 hrs 30 min-40 hrs.
2. Same specimen as seen in Plate II-1 (ventral view).
3. Veliger larva in late swimming stage, 2.5 days. 0.26 mm in diameter of shell.
4. Same specimen as seen in Plate I1I-3; body retracting into shell.
5. Veliger larva in early benthic stage, 4.5 days. 0.26 mm in diameter of shell.
6. Same specimen as seen in Plate II-5 (ventrolateral view).
PLATE III
1. Creeping larva, beginning to secrete peristomal shell (ventral view), 6 days. 0.27 mm in

diameter.

2. Creeping larva (dorsal view), 9 days. 0.37 mm in shell length.

3. Creeping larva, beginning to develop epipodes (ventral view), 16 days. 0.47 mm in shell
length.

4. Same specimen as seen in Plate III-3, showing ciliary lobes (ventral view).

PLATE IV
1. Creeping larva having much more developed epipodes (dorsal view), 25 days. 0.98 mm
in shell length.
2. Same specimen as seen in Plate IV-1 (ventral view).
3. Young abalone having first respiratory pore (dorsal view), 40 days. 2.2 mm in shell length.
4. Same specimen as seen in Plate IV-3 (ventral view).

PLATE V
1. Developing ctenidium (ventral view), 25 days.
2. Two ciliary lobes and radular in movement (ventral view), 25 days.
3. Larvae (white dots) on the collector, 25 days.
4. Two ciliary lobes having lost their functions (ventral view), 30 days.
5. More developed ctenidium (ventral view), 25 days.
6. Snout and radular in movement (ventral view), 35 days.

PLATE VI
1. Young abalone (dorsal view), 160 days. 6.2mm in shell length.
2. Young abalone with different colour bands (dorsal view), 13 months. 20.3 mm in shell
length.
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ap. t.

ceph. t.
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c.1.2
ct.
e.cC.
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ep.
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LEGEND OF ABBREVIATIONS

apical tuft
cephalic tentacle
first ciliary lobe
second ciliary lobe
ctenidium
endodermal cell
egg membrane
epipode

epipodial tentacle
foot

heart

intestine

liver

1. sh.
m.
mant.
op.

p. b.
ped. gl. p.
ped, so.
pr. g.
pst.
rad. s.
resp. p.
s.

stat.
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Effect of the Approximation to the Equation of State
for Sea Water on the Model General Circulation*

Kenzo TAKANO**

Abstract: In place of the Knudsen formula, simpler approximate equations of state are used
for computing the density of sea water in the numerical models of the ocean circulation. In
order to understand how the approximation to the equation of state affects a model general
circulation driven by a thermal forcing, we carry out numerical experiments with two dif-
ferent equations of state. One is a linear function of the temperature with a constant
coefficient of thermal expansion of 2.5x107*°C™!, and the other is an equation by FRIEDRICH
and LEVITUS giving the density as a little more complicated function of the temperature,
pressure and salinity. The salinity is assumed to be 35 % everywhere. The former suppresses
a cyclonic gyre at high latitude upper layers to develop a large anticyclonic gyre all over the
upper layers, whereas it overestimates the horizontal and vertical circulation and the me-
ridional heat transport, considerably increases high latitude surface temperatures and a little
increases tropical surface temperatures.

a=2.0 to 2.5x107%°C~! underestimates the
density change by the temperature change for
warm water in tropical surface layers and greatly
overetimates it for cold water at high latitudes
and in deep layers.

The density field is closely linked with the
pressure fleld, which in turn is closely linked
with the velocity field. Therefore, Formula (1)
may significantly distort the numerical solution
of the general circulation in a large ocean where
the temperature varies over a wide range. The
o=po(1—aT). (1) present study shows, by several examples, to
what extent the approximation to the equation
of state affects the model general circulation.

1. Introduction

The Knudsen formula for computing the
the density of sea water from hydrographic data
is so complicated that simpler approximate poly-
nomial formulas have been used in the numerical
models of the ocean circulation so far developed.

The simplest one gives the :density p as a
linear function of the temperature T with a
coefficient of thermal expansion @ and a constant
Do as

Not a few models used this formula for its
simplicity, though its accuracy is poor when a
is assumed to be constant. A value of 2.0 to
2.5x107%°C! is usually assigned to a. How-
ever, the coefficient of thermal expansion of sea
water decreases with decreasing temperatures

2. Model

The model ocean extends from the equator
to 70°N and over 48° in longitude. The depth
is 4000 m everywhere. The horizontal grid size
is 2° in both longitude and latitude. The
momentum advection has no significant effect
when such a coarse grid is set up. Thereby,
the momentum equations are given by

and decreasing salinities except at low salinities
and low temperatures. For instance, for surface
waters of 35 %o it takes a value of 3x107¢°C-!
at T=25°C, 2.5x107%°C! at T=19°C and
1x107%°C-! at T=4°C. Since the effect of the
pressure is relatively “small, Formula (1) with ou 1 p

= —429vsin ¢
* Received June 10, 1978 ot pPReosy 04
** Rikagaku Kenkyusho, Wako-shi, Saitama-ken +Au72u+h?M62—u

351, Japan . : 022’
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ov 1 op .
%~ " PR 30 20u sin ¢
0*v
+AMVZ'U+/5M—(§;2~,
1 dp
0=——=——
0 oz g,

1 1 o 0 0
Ve ———— = — =
R%cos ¢ { cos ¢ 0A% + 6¢<Cos¢agp>}’

where A is the longitude, ¢ the latitude, z the
vertical coordinate positive upward, ¢ the time,
u, v and w are the eastward, northward and
upward of the velocity, p the
pressure, R and @ are the radius and angular
velocity of the earth, ¢ is the acceleration of
gravity, Ay the coefficient of horizontal eddy
diffusivity and £y the coefficient of vertical
eddy diffusivity.
The equation of continuity is

component

1 ou 0 ow
kcosgp{—a?-i-%(vcosqo)}—k = =0. (2)

The equation for the temperature is given by

oT 1 0 0
6t Rcos 1] {79_/{ (uT)+%(vT cos (p)}
2
— 2 Tyt Anr T+ 22 L
0z 0 02°

where Ay and kg are the coefficients of eddy
diffusivity for heat.
The coefficient 0 is defined by

(1 T >
6—{0 for p §0,

which parameterizes the vertical mixing process
in such a way that strong vertical mixing re-
stores a neutral stratification whenever the
vertical stratification becomes unstable.

Three cases are dealt with. Formula (1) is
applied to Cases 1 and 3, and a formula by FRIED-
RICH and LEVITUS (1973), hereafter referred
to as F&L, to Case 2. Of these two formulas
the latter, giving the density variable with
temperature, pressure and salinity, is much more
accurate than the former which ignores the
variation of the coeficient of thermal expansion
with temperature. Because the salinity is ex-
cluded in the present study, it is made 35 %o

o

?O - 1 1 1 1 1 Il

60 A

504 L

40 s

301 -

20+ 5

O T T T T T T U
-10 0 10 20 30
Ta (°C)
Fig. 1. Reference atmospheric temperature 7T 4.
Solid line for Case 1 and broken line for
Cases 2 and 3.

everywhere in Case 2.
The boundary conditions at the surface are

w=0, (3)
oL =d(Tu=T9), (4
PA
0
o (2, 9)=(0,0) (5)
Z

The surface heat flux is assumed to be pro-
portional to the difference between the calcu-
lated surface temperature 7Ts and a prescribed
reference atmospheric temperature T4 which
depends on the latitude only. The constant d
is somewhat arbitrary. It is taken here as
50 cal cm~%?day~!. Figurel shows T4 for Case 1
by a solid line and T4 for Cases 2 and 3 by a
broken line.

So far as the formulation is concerned, Cases
1 and 3 are identical with each other except
for T4. Only at high latitudes north of 56°N
it is higher in Cases 2 and 3 than in Case 1.
The reason why T4 is modified in Cases 2 and
3 so as to weaken the surface cooling at high
latitudes is as follows. In the case where

(385
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Formula F&L is used, the density increase by
the temperature decrease is very small at low
temperatures. It takes, therefore, long time
for the high latitude surface water to be, by
surface cooling, dense enough to sink from the
surface to deeper layers. The surface tempera-
ture decreases and reaches the freezing point
(—1.8°C), if the same T as in Case 1 is used
in Case 2. Obviously the reference atmospheric
temperature used in Case 1 leads to an excessive
surface cooling, when the density increase by
the temperature decrease is correctly calculated
by Formula F&L. In other words, when the
density is calculated by Formula (1), the density
increase due to the temperature decrease is so
large at low temperatures that the high latitude
surface water can not remain at the surface for
a longtime, and readily sinks to deeper layers
before its temperature does drop correctly. The
broken line in Fig. 1 is subjectively drawn in
such a way that the surface temperature does
not reach the freezing point. To be compared
with Case 2, supplemented is an additional case,
Case 3, where Formula (1) is used together
with the same 74 as in Case 2.

No wind stress is applied to the ocean surface
in the three cases, which might be helpful to
make clear the effect of the degree of approxi-
mation to the equation of state.

There is no heat flux through the bottom
and the lateral boundary. There is no friction
along the bottom and the southern boundary,
no slip along the western, northern and eastern
boundary. Symmetry is assumed with respect
to the southern boundary.

The grid is staggered. The # and v points
are 1° distant in both longitude and latitude
from the 7, p and w points. The lateral
boundary is defined by 7T, p and w points.

In the vertical, five levels are set up to calcu-
late #, v and T at depths of 20, 120, 640, 1280
and 2760 m, and w at depths of 70, 380, 960
and 2020 m. “

The finite differencing is not described here,
because it is almost the same as that detailed
in another paper (TAKANO, 1974).

Principal numerical parameters are as follows:

k a=2.5x10"%°C"!,
Ay=2x10% cm? sec™!,

Ar=2.5%x10" cm?sec™!,
Ew=rkrg=1.5cm?sec™?,
time step=8 hours.

The time integration is fundamentally leap
frog with the Matsuno’s backward differencing
applied every ten time steps. Case 1 starts
from an initial state where the temperature
varies with depth and latitude. Then, the time
integration is forwarded” over 104.1 years.
Cases 2 and 3 start from the final state of Case
1. Case 2 runs over 30.4 years. Case 3 runs
over 16.3 years. A period of integration of
tens of years is not long enough to get a steady
state in the whole ocean basin. A secular
variation is still persistent at the last stage of
the time integration. At the end of the inte-
gration, the temperature averaged over the
whole ocean basin is decreasing at a rate of
0.015°C year™ in Case 1 and of 0.004°C year™!
in Case 3, and is increasing at a rate of 0.018°C
year™! in Case 2. However, an almost steady
state is reached in each case. There is no short
time scale fluctuation because of the large co-
efficients of eddy diffusivity.

3. Velocity field

Case 1. The horizontal velocities at depths of
20, 640 and 2760 m are shown in Figs. 2 to 4.
This case is somewhat similar to Case 1 in a
paper by BRYAN and Cox (1967). The ocean
shape, the grid size and the coefficients of eddy
diffusivity are not identical with each other.
The temperature in their study is an ‘‘apparent
temperature”’ including the salinity implicitly.
In addition, it'is the apparent temperature that
is prescribed at the ocean surface as a thermal
boundary condition, while the thermal condition
at the ocean surface is given here in terms of
the surface heat flux calculated by (4). There
are no significant - differences between the two
solutions, however.” A single large anticyclonic
gyre spreads almost. all over the surface. A
western boundary current flows northward all
along the western boundary. It gradually widens
downstream. .

The currents at 120m are a little weaker.
The maximum speed of the western boundary
current decreases; from 29, 3cm sec™! at 20m to
26.9cm sec™! at 120m. The current pattern does
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Fig. 2. Horizontal velocity field at a depth Fig. 4. Horizontal velocity field at a depth
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Fig. 3. Horizontal velocity field at a depth .
of 640m in Case 1. layers. At 1280m, the equatorial current flows
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still westward as it does at the upper layers,
but the western boundary current changes its
direction and flows southward. The current
direction is almost reversed at low and middle
latitudes. Going further north, the anticyclonic
gyre is centered around 60°N to the east of
40° in longitudc. A cyclonic gyre is emerging
to the south of this main gyre.

At 2760m a single large cyclonic gyre is well
developed with a strong southward current
along the western boundary, which is much
broader than the northward boundary current
at the surface layer. The equatorial current
flows eastward. There is no anticyclonic gyre
any longer at high latitudes.

Case 2. The velocity field is strikingly different
from that in Case 1. Figure 5 shows the velocity
distribution at 20m. The anticyclonic gyre pre-
vailing at the surface layer in Case 1 is, roughly
speaking, shifted southward by about 15° in
latitude. It is between 13°N and 31°N that
the western boundary current is fastest, while
it is between 19°N and 45°N in Case 1. The
maximum speed considerably decreases from

HORITZONTAL VELOCITY AT 20M
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Fig. 5. Horizontal velocity field at a depth
of 20m in Case 2.

29.3cm sec™ in Case 1 to 19.2cm sec™! in Case
2. North of 55°N there appears a cyclonic gyre
with a broad, weak western boundary current
flowing southward. In contrast with a single
gyre circulation in Case 1, a double gyre circu-
lation, though the cyclonic one is much weaker,
is thus driven provided that Formula F & L
is used instead of (1). The effect of Formula
F & L can be interpreted as an additional
heating of the high latitude surface applied to
Case 1, which upsets the overestimate of the
density increase by the temperature decrease
resulting from Formula (1). As is mentioned
above, the coefficient of thermal expansion, 2.5
% 107%°C~1, holds good around a temperature
of 20°C only. A high latitude additional heat-
ing gives rise to a cyclonic gyre with a western
boundary current flowing southward. The
appearence of the cyclonic gyre is readily
understood in this way, although the velocity
field in Case 2 is not merely a linear super-
position of the velocity field produced by this
additional heating upon the velocity field ob-
tained in Case 1.

Formula F & L brings about an additional
heating to the equatorial region in Case 1, too,
so as to make up the density decrease by the
temperature increase which is underestimated
by Formula (1). However, when « is taken
as 2.5x10-4°C™!, the resulting error in the
equatorial region is much smaller than that in
the high latitude region. This is the reason
why Formula (1) is not so wrong there as at
high latitudes.

The currents flow eastward with very weak
meridional component in the central and eastern
region between 10°N and 20°N. In Case 1 the
zonal component is not so pronounced there:
the currents flow southwest in the western half,
south in the central region and southeast in
the eastern region.

The motion is slightly weaker at 120m. The
maximum speed of the western boundary
current decreases from 19.2cm sec™! at 20m to
15.9cm sec™! at 120m. The current pattern is
close to each other except in the equatorial
region. At 20m the westward current north
of the equator is about 8° wide in the west
and about 4° wide in the east. At 120m it is
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Fig. 6. Horizontal velocity field at a depth

LATITUDE

Fig. 7. Horizontal velocity field at a depth
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of 2760 m in Case 2.

about 22° wide in the west and about 26° wide
in the east except in the boundary region,
indicating that the center of the anticyclonic
gyre is located between 22°N and 26°N, far
north of its center at a depth of 20m located
between 4°N and 8°N. The northern border
of the gyre does not go up. It is still around
55°N. '

At 640m there is no western boundary current
except south of about 15°N as is shown in Fig.
6. The circulation is cyclonic rather than anti-
cyclonic, with eastward currents between 0°
and 10°N and westward currents at higher
latitudes. It might be remarked that Case 1
shows a well organized anticyclonic gyre: there
are westward currents at low and middle lati-
tudes and eastward currents at high latitudes
(Fig. 3).

The northward current along the western
boundary and the westward equatorial current
are much shallower in Case 2 than in Case 1.

The southward current along the western
boundary develops northward with depth. At
1280m it starts from 55°N. No northward
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Fig. 8. Horizontal velocity field at a depth
of 20m in Case 3.
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HORIZONTAL VELGOCITY AT 640M boundary current is present as yet north of
— 0-1.4 ‘“ﬁ‘,”ffﬁg’_i“’ — 2.8-4.2 55°N. The equatorial current flows again west-
> 4.2-5.8 > 5.6-7.0 > 7.0-8.4 ward in the eastern half at 1°N.
70° X AAZI’A>>\1\>\4'I" g 72&;;;" Figure 7 gives the velocity field at 2760m.
§ ﬁﬂ%;%;i:i:j;gjjlljﬂ The currents are mostly northward at middle
50 _{ ‘ ﬁAﬂ%ﬂ;’%}/’:;:gjjﬁ’ﬁML latitudes except near the western boundary,
b /‘/1/”7;::—,7:;/;/’/’/’& where a relatively strong current, though not
\ éM <§7\7\§ﬁizi¢y)5 faster than 1.8cm sec™!, flows southward. To
501 { \§§§§§::zjz://///;};7;— the south of this southward current there is a
g@ggggzzi‘;f%%%% strong. northward current, and to the. north
W 40 - i§§§§§<zlf:££/;555;§;”;/— there is a. v.veak no?thward current. . This con-
2 \ N§<§‘;//://;//;‘V//l;f/’ggg&'x trasts strikingly with the pattern in Case 1.
- 30 41 §§$::ZZ§/’:’;§;¢5‘5;;’;3§§_ Common features between the two are only
< l“\:mzz’;’;jzgggjpj n/ § the soujchward .current along the western bounda-
waﬁ_iizg’;&gﬁg}{,’;; vv;t/ ry at middle latitudes and the northward currents
20 A W“j"“‘}»}iﬁiﬁiﬂy i in mid-ocean at middle latitudes.
ittt ﬁfﬁﬁm,} Case 8. The horizontal velocities at three
10 _@i PPN ;A—»—,»yp:%gggg levels are shown in Figs. 8 to 10. The pattern
‘t"“%ﬁjﬁ;?kl/yls 4f, | at 20m resembles clo§ely the pattern in Case 1,
crirrivyy ‘/Qbiii::r;»bkm' although the motion is slightly weaker due to
0 O‘( lb 2‘0 3'0 4‘00 N the weaker cooling by the higher 74 in the
LONGITUDE northern boundary region. The pattern at 640m

is, however, a little different from each other
in the equatorial region: the currents flow east-
ward all along a parallel of 1°N as in Case 2,

Fig. 9. Horizontal velocity field at a depth
of 640 m in Case 3.

HORIZONT(F]UI;‘”\S/.E&EJSECI]TY AT 2760M indicating that the westward equatorial current
— 0-1.0 - 1.0-2.0 ~ 2.0-2.8 in surface layers is shallower in Case 3 than
;)002'9'3'9 : - 3;9'4‘9 . + 4‘|g"5‘9 in Case 1. Except for the equatorial current at
o} : .
W%:i::ii%&%llﬂ%;xﬁ 1°N, the d1f£ere.nce between Cases 2 and 3 is no
VP’/’//%<<<<<<<LA$;,’;’;§7" less than the difference between Cases 2 and 1.
60 dwrf/j::::Z:t:://Vyv\& ‘g- Contrary to Case 1, the western boundary
gggﬁ:::::w«.«_f’? EZ‘;K\/A\}'%:{ current at 1280m starts from the northern
50 4 W;;i::iiigii‘ﬁj%%ﬁ_ boundary and flows south to the equator, and
Hﬁ‘;”;g%ii?};ﬁﬁﬂﬂﬂﬁﬁﬁ then turns to the east. This also suggests t}.lat
wmjﬁi \RM‘MQQM‘“P g the surface western boundary .current flowing
w40 A ”V%\M\Hﬁﬁﬂ/‘/‘/‘/‘ §§ ‘- northward should be shallower in Case 3 than
2 H\/\{g%"ﬁﬁ‘ﬁﬁﬁm ‘t¥}§ in Case 1. In this regard, the result in Case
- 30 4 Wi{ ;ﬁj%ﬁﬁﬁﬁl\ \SXXQ_ 3 is closer to the result in Case 2 than to the
5 ‘&>§/’Zﬁlrﬁmﬁffﬁﬁﬁ\¥ {\{QE result in Case 1. The currents are eastward
sz;fj;’;’f’:,’ffﬁﬁjjﬂ §§§§§ in the equatorial region between 0° and 10°N,
20 A \jz;(;f;’;’;’;’;’;,’;,’f,ﬁﬁﬁ §§‘\Z' whereas they are mostly westward in Case 1
S i\ and eastward in Case 2.
10 ~ ij,:,’:,’:’,:’,:,’j’,j’,;’/’/’\’{\\\.?:f_’;l/:r A The pattern at 2760m agrees fairly well with
577777 KQ(’L’LQ::““‘;://QZ/ the pattern in Case 1 except for the southeast
(Phedenan OSSPSR half of the tropical region where the currents
0 0 10 2'0 30 4'00 ! are mostly westward, opposite to Case 1.
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Fig. 10. Horizontal velocity field at a depth 4. Temperature field

of 2760 m in Case 3. Case 1. Figure 11 shows the temperature field
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at a depth of 120m. Related to the northward
strong current, isotherms are strikingly pushed
northward near the western boundary. They
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Fig. 11. Temperature field at a depth of
120 m in Case 1.
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Fig. 12. Temperature field at a depth of

1280 m in Case 1.

are slightly pushed northward near the eastern
boundary where the currents are northward
north of 39°N, southward south of 39°N at
this depth, and northward everywhere at 20m.
The isotherm pattern at 20m is alike, but
the northward pushing is much less pronounced
near the western boundary, because the surface
temperature is controlled to a greater extent
by the prescribed reference atmospheric tem-
perature which does not vary with longitude.
The temperature at 1280m is shown in Fig.
12. A warm tongue-like core extends from
the eastern boundary around 60°N to the west
and then to the southwest. A cold water mass,
absent at a depth of 640m, whose lowest
temperature is 1.3°C on the eastern boundary,
extends to the south of the warm core. This
cold water mass is further enlarged at 2760m.
A sharp thermal gradient by the eastern bounda-
ry between the warm and cold water mass,
located around 59°N at 2760m, about 7° north
of its location at 1280m, is closely related to
the transition of the vertical component of the
velocity from the southern upwelling to the
northern sinking in the eastern boundary region.
Case 2. Figure 13 gives the temperature field at
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Fig. 13. Temperature field at a depth of
120 m in Case 2.
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120m in Case 2. Corresponding to the wane
of the northward current and to the presence
of the southward current north of 55°N, the
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Fig. 14. Temperature field at a depth of
1280 m in Case 2.
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Fig. 15. Temperature field at a depth of
120 m in Case 3.
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northward pushing of isotherms is much less
pronounced than in Case 1.

‘What is peculiar to the temperature fields at

the five levels in Case 2 is that isotherms are
crowded into a small area around 50°N in the
eastern boundary region located at the border
between the anticyclonic and cyclonic gyre.
This area coincides with strong convergence at
depths of 20, 120 and 2760m, and with strong
divergence at depths of 640 and 1280m. This
peculiarity is well brought in Fig. 14. The
maximum of the vertical component of the
velocity at each level is found there: —1.07X
10~2cm sec™® at 70m, —3.96x10"%cmsec™! at
380m, —2.45%x107%cm sec™! at 960m and 3. 14
x 10~2cm sec™! at 2020m. Crowding of isotherms
is seen in Case 1, too, but only at the lower
three levels.
Case 8. The isotherm patterns at the five
levels are not very different from those in Cases
1 and 2. For instance, the temperature field
at 120 m shown in Fig. 15 is similar to that in
Case 1. The northernmost region is slightly
warmer because of weaker cooling due to the
higher Ta.

The temperature ranges at the upper two
levels in the three cases are given in Table 1.

Table 1. Temperature ranges (°C) at the upper

two levels.
Case 1 Case 2 Case 3
20 m 1.4 to 27.4 —1.0 to 27.8 2.0 to 27.5
120 m 1.4 to 184 1.6 to 20.3 2.0 to 19.5

The same T4 is applied to Cases 2 and 3,
but the lowest surface temperature is lower by
3°C in Case 2 than in Case 3, and the highest
surface temperature is slightly higher in Case
2 than in Case 3, because the accuracy of
Formula (1) is poorer at high latitudes than at
low latitudes as mentioned earlier. Compared
with Case 1, both the highest and lowest
temperature in Case 3 are a little higher at
20m and 120m as a result of weaker cooling
at high latitudes. The temperature averaged
over the whole ocean basin is 3.38°C in Case 1,
4.02°C in Case 2 and 3.32°C in Case 3.

5. Total meridional circulation
Integrating Equation of continuity (2) from
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Fig. 16. Total meridional circulation in Case 1
(units: 102 cm®sec™).
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Fig. 17. Total meridional circulation in Case 2
(units: 10 cm?®sec™).

the western boundary to the eastern boundary,
we have

1

0 0
?-a—ag'vcosgod/H— chosgodﬂ—o.

0z
This equation permits to introduce the transport
stream function @ for the longitudinal total of the
meridional circulation defined by the relations

S'UR cos pdA=— (2@ ,
oz
1 00
SwRCOSQd/’i——R' *a(;‘

T T 4xm
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Fig. 18. Total meridional circulation in Case 3
(units: 10" cm®sec™).

Figures 16 to 18 show the total meridional
circulation in Cases 1 to 3 in terms of the
stream function which is made equal to O at
the boundary.

Case 1. There appears alarge counterclockwise
gyre with sinking in the north and weak up-
welling in the south, centered at 2020 m, 61°N.
The maximum value of the stream function,
i.e., the total transport of the meridional circu-
lation is 42.5x102cm?®sec™*. In addition to
this major gyre, there is a weak clockwise gyre
just north of the equator, whose intensity is
only 5x10'2cm®sec™'. The downward trans-
port in deep layers at the equator is mainly due
to the downward motion at the eastern region
at 960 m and at the western region at 2020 m.

Another minor clockwise gyre is seen close
to the northern boundary. Its transport is only
0.3x 102 cm®sec™'. A strong sinking occurs at
the eastern region on the northern boundary,
but a weak upwelling in the central region and
a fairly strong upwelling in the western region
upset the downward transport to make a net
weak upward transport along the northern
boundary.

The sinking region of the major gyre is much
narrower than the upwelling region just as
shown by BRYAN and Cox (1967). The lati-
tudinal extent of the former is about 8°, while
the extent of the latter is about 58°.

The main source of the downward transport
is a strong downward motion along the eastern
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boundary. The maximum downward speed at
each level is found there: 1.0x 1072 cm sec™® at
70m, 5.2x10"2cm sec™! at 380m, 10.3x10"2cm
sec™! at 960 m and 14.3x 102 cm sec™! at 2020 m.
Case 2. The pattern changes strikingly. The
‘major counterclockwise gyre in Case 1 shrinks,
shallows and shifts southward. Its center is
located at 380 m, 39°N. Its northern border
around 52°N coincides with the convergence
between the anticyclonic and cyclonic gyre
‘mentioned above. Its transport is 12x 10!2cm?®
sec™! compared with 43X 102 cm®sec™! in Case
1. The weak northern boundary gyre in Case
1 grows southward into a shallower but larger
gyre of 1.4x10"2 cm®sec™!. As in Case 1, the
upward transport at the northern boundary
region originates mainly from the upwelling in
the western boundary region.

At low and middle latitudes below the counter-
clockwise gyre emerges a large clockwise gyre
whose transport is 21X 10'2cm®sec™!, almost
‘twice as large as the transport by the upper
-counterclockwise gyre.

The downward transport at a depth of 2020 m
between 10°N and 27°N results mostly from
the sinking at the eastern boundary, whose
maximum is 1.7x 1072 cm sec™! at 22°N. There
is a sinking along the western boundary at
these latitudes, too, but it is much weaker ex-
cept at 10°N to 14°N. This downward trans-
port is lacking in Case 1, where, contrary to
Case 2, a strong upward motion is found almost
all along the eastern boundary, and the upward
motion in mid-ocean is also a little stronger
than in Case 2. An upwelling at the eastern
boundary gives rise to the upward motion be-
tween 27°N and 51°N, though a weak sinking
at the western boundary reduces it.

Case 2 runs over 30.4 years only. One may
ask oneself, therefore, whether or not the time
integration is long enough to get an almost
steady state which is capable of meaningful
description. In parallel with the present study,
another study is done for the circulation driven
by not only the surface heat flux but also the
surface salinity flux. The time integration is
forwarded over 120 years. The resulting meri-
dional circulation pattern does not essentially
differ from that in Case 2. A deep clockwise

gyre is present below the upper counterclock-
wise gyre just as in Case 2, indicating that
Fig. 17 is not a transition phase far from the
steady state to be reached.

Case 3. Although the circulation pattern does
not significantly differ from that in Case 1, the
main counterclockwise gyre is shallower and
weaker: the maximum value of the stream
function, 27.3X 102 cm®sec!, is found at 960 m,
53°N. The northern sinking region is nearly
twice as large as that in Case 1. The maximum
speed of the downward motion in each level is
found on the eastern boundary as in Case 1,
but about half as large as that in Case 1:
0.59x1072cm sec™! at 70m, 3.0x 1072 cm sec™!
at 370 m and 6.0x 1072 cm sec™! at 2020 m.

Similar to Case 2, four weak clockwise gyres
appear at middle and low latitudes.

The downward motion at 2020 m at low lati-
tudes are mainly due to sinking at the eastern
boundary which is as strong as in Case 2 and
much stronger thanin Case 1. The downward
transport at the equator is produced by the
sinking all along the equator, while the up-
welling is produced by the mid-ocean upwelling,
though there is a relatively strong sinking at
the western and eastern boundary.

Although T4 is a little higher north of 56°N
only than in Case 1, the total meridional circu-
lation is affected to such an extent.

It is only the equation of state that is different
from each other between Cases 2 and 3. Com-
pared with Case 2, the counterclockwise gyre
is strong, though not so much as in Case 1,
whereas the clockwise gyre in deeper layers at
middle latitudes is almost half in transport.

6. Total zonal circulation

Integrated with respect to the latitude from
the southern boundary to the northern boundary,
the equation of continuity becomes

a 0
—_— — dp=0.
R 62Sud§0+ azgwcosq) ©
The transport stream function is defined, as a
measure of the total zonal circulation, by

/

1 09
Rcosgp 04

juR dp= - aai s g'wR do=
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Fig. 19. Total zonal circulation in Case 1
(units: 102 cm® sec™).
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Fig. 20. Total zonal circulation in Case 2
(units: 102 cm®sec™).

Figures 19 to 21 show the total zonal circu-
lation in the three cases in terms of the trans-
port stream function.

Case 1. There are a counterclockwise gyre in
the greater part of the eastern half and a clock-
wise gyre in the remaining region. The latter
in turn splits into two small gyres, lower gyre
centered at 2020 m, 47° and upper gyre centered
at 380 m, 45°. The transport is 41.8x 102 cm?®
sec™ and 37.3x10'2 cm?® sec™!, respectively. It
follows, therefore, that the total zonal circulation

T — O— 5 4km
o} 10 20 30 40
Fig. 21. Total zonal circulation in Case 3
(units: 102 cm®sec™).

is as strong as the total meridional circulation.
The strong sinking along the eastern boundary
is mainly due to the sinking of cold water from
the surface of the northeastern corner. The
western boundary region is a strong upwelling
region by the upward motion through the
length of the western boundary. Its upward
transport is 17.5x10'? cm?®sec™! at a depth of
2020 m and 24.2x10'?cm®sec™ at a depth of
380 m, almost half of the downward transport
along the eastern boundary. Alike the total
meridional circulation, the total zonal circulation
is upward in the greater part of deep layers.
Case 2. The pattern drastically changes. Re-
flecting the wane of the sinking at high latitudes,
particularly in the northeastern corner, the
upper clockwise gyre in Case 1 is considerably
weakened and confined into upper layers. Its
transport is reduced from 37.3x10'%2cm?sec™
in Case 1 to 18.4%x102cm?®sec”!. The lower
clockwise gyre is located at the center and
transports 9.8 X 10!2 cm?® sec™!, while in Case 1 it
is located near the eastern boundary and is the
strongest gyre transporting 40X 102 cm?® sec™!.
The western boundary region splits into two
regions: the upper is an upwelling region trans-
porting 13.6X 10*%2 cm?® sec™!, and the lower is a
sinking region transporting 14.7 X 10'? cm? sec™?,
while Case 1 shows an upwelling region ex-
tending from the surface down to the bottom.
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Case 8. The circulation pattern is close to the
pattern in Case 1. Its intensity is less, how-
ever. The transports of the three gyres in Case
1 are reduced from 41.8x 102 cm?® sec™!, 37.3X%
10*2 cm® sec™* and —21.3x 102 cm®sec™ to 41.2
% 102 cm?® sec™!, 33.8x 102 cm?®sec™t and —6.5
% 1012 cm?® sec™!, respectively.

7. Meridional heat transport

The meridional heat transport across a parallel
has three components: transport by the total
meridional circulation, transport by the horizon-
tal circulation and transport by the subgrid
scale eddy diffusion. The first component is
achieved by bringing warm surface waters
northward and cold deep waters equatorward.
The horizontal circulation yields a net north-
ward heat transport by bringing warm western
boundary waters northward and relatively cold
waters equatorward in the central and eastern
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Fig. 22. Total meridional heat transport in
Cases 1 to 3. Numbers I to 3 written
alongside the curves refer to Cases 1
to 3.

region. The eddy diffusion brings heat from
warmer regions to colder regions.

Figure 22 gives the total meridional heat
transport in the three cases. Case 1 transports
the largest amount of heat, and Case 2 the smal-
lest amount. The meridional heat transport
and the surface temperature are interdependent
through the surface heat flux which is made
proportional to the difference between the sur-
face temperature and the reference atmospheric
temperature. The maximum and minimum of
the zonal means of the surface temperatures
are tabulated in Table 2.

The minimum is found between 68°N and

Table 2. Maximum and minimum of the zonal
means of the surface temperatures (°C).

Case 1 Case 2 Case 3
Max 27.34 27.71 27.74
Min 1.68 —~0.86 2.25
20+ 4 -
: L
. L
3
S
(o |
mO
© 24
104 L
0
0 0 20 30 40 50 60 70

Fig. 23. Three components in Cases 1 and
2. A, B and C denote the transports
by the meridional circulation,! horizon-
tal circulation and subgrid scale eddy
diffusion, respectively.
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70°N in every case. The maximum is between
0° and 2°N in Cases 1 and 2, but between 2°N
and 4°N in Case 3. On account of these
temperatures and the reference atmospheric
temperatures at these latitudes, the incoming
surface heat flux is largest in Case 1, smallest
in Case 2. It is also the case with the outgo-
ing surface heat flux.

Figure 23 gives the three components in
Cases 1 and 2. The meridional circulation is of
The eddy

diffusion is considerable at high latitudes only.

essential importance in any case.

Although a larger amount of heat is trans-
ported in Case 1 than in Case 3, there is no
qualitative difference between the two cases in
respect that each component varies with latitude
in a quite similar way. About half the differ-
ence of the total heat transport between Cases
1 and 3 is accounted for by the difference of
the heat transport due to the meridional circu-
lation and the remaining half by the difference
of the heat transport due to the horizontal
circulation.

However, the decrease of the total heat trans-
port in Case 2 compared with the other two
It is mainly attributed
to the decrease of the heat transport by the

cases is another thing.
meridional circulation. The other two com-
ponents do not decrease much. Another parti-
cularity of Case 2 is the role of the horizontal
circulation, which transports an amount of heat
comparable to that in Case 3. Since the total
transport strikingly decreases, its role in the
total transport increases relative to the meri-
dional circulation. Moreover, its transport is
southward rather than northward. The south-
ward transport south of 45°N is much larger
than the northward transport north of 45°N.
The transport by the horizontal circulation is
northward at any latitude in Case 1, and north-
ward between 0° and 20°N in Case 3.

8. Summary

When a constant coefficient of thermal ex-
pansion, 2.5%X107%°C~!, is assumed as in most
models of the ocean circulation excluding the
salinity, the solution is affected not only at high
latitudes but also at low latitudes in various
aspects:

(1) High latitude surface temperatures con-
siderably increase.

(2) Equatorial surface temperatures a little de-
crease.

(3) The double gyre horizontal circulation at
upper layers disappears.
anticyclonic gyre spreads all over the upper
layers. No southward boundary current
exists any longer along the high latitude

Instead, a single

western boundary.

(4) The high latitude sinking is much acceler-
ated. With regard to the total meridional
circulation, the deep gyre with sinking at low
latitudes and upwelling around 50°N is much
decelerated. Too a deep convection penetrates
into bottom layers at high latitudes.

(5) The surface western boundary current,
equatorial current and other currents become
deeper.

(6) The meridional heat transport is spurred
thereby.
lation decreases relative to the role of the

The role of the horizontal circu-

meridional circulation.

(7) Along the western boundary the total zonal
circulation shows no deep sinking, although
there is still an upwelling in upper layers.

(8) The circulation, either horizontal or verti-
cal, becomes too active.

Neither wind stress nor surface salinity flux
comes into play in the present study. Hence,
comparison with the observed circulation is out
of the scope. A separate paper deals with the
change which they bring to the thermal circu-
lation as obtained in Case 2.

The grid used here is not fine enough to
resolve the mesoscale eddies whose presence is
recently revealed. Although the interaction
between the large scale circulation as studied
here and the mesoscale eddies is not yet well
understood, the approximation to the equation
of state should have some effect on the eddy
dynamics. Formula (1) is used in almost all
the eddy resolved general circulation models
so far developed. We carried out a series of
numerical experiments by use of Formula F &
L and a fine grid in order to have insight into
the effect of the degree of the approximation
to the equation of state upon the eddy dynamics.
A next paper is concerned with the wax of the
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References Oceanog., 2, 514-517.

TAKANO, K. (1974): A general circulation model
for the world ocean. Tech. Rept. No. 8, Num.
Simul. Weather and Climate, Dept. Meteorol.,
UCLA, 46 pp.

BRYAN, K. and M.D. Cox (1967): A numerical
investigation of the oceanic general circulation.
Tellus, 19, 54-80.

FRIEDRICH, H. and S. LEVITUS (1972): An approxi-

RAETT TR DT E A 2 e RTER O BUER S E 38
s R =

Be: WBHAEROBERK TR, BAOFEELHET 2B Knudsen DRD bV I, & L
AT ATRIER S EREES OB 505 Th 2, BUDOEEGFIC ST BELHE 57D, 22000
P2 H - TRHEEX L BRD, KEBRALT CTHEII NS, HAKOEER, B—ORURNTIZAKE
O—REBEHTH BN, FOREURTRARLEHIOCLEBI% (FRIEDRICH & LEVITUS O
RTHESZ—E B5%) LEWicdD) Thh, BiE CHEEKOBERAEILARSLEI & REHR
{—fELic D, TO—FEMEE 2.5X107°C™ &T5, ELFERBEDRZI BT > LEV, H—OD
KEFE5E, (1) SBEOREARRIVWLUALL EFL, @) FREEROXEKRZPPETL,
Q) 1EfEE s S EEEEEN A ABIRKRELRD, @) HRERBORIE L0 OERIRMLT,
T E—DoDEHE b DEEREBEAT YR, (6) XBEMIZ—RICEL LD, 6) T HHAE
BERIIWLUB LAY, (1) KPFERBHL LD, LW IbET, KEOEERRNNGEEIC
LU CIRBEEOBWEUREHES T ERFEL RN,

(81



La mer (Bulletin de la Société franco-japonaise d’océanographie)

Tome 16, N° 3, pp. 162 & 164, Aofit 1978

BILBE®S

BEXERXSHER

BEOAFEP DL B EYARBICE T AR

® &

oo A™

Recherche écologique d’etre vivant relatif aux euphausiacés

Takahisa NEMOTO**

z OWFEE, BAEENRTE X OREKZEE
HEHRAICR TR CEE L, EMS 7 v
b, =A 7 RFs by DEELTOHBEDE
RBICBTHHIFRO—E LT iTlebhic b D Th
D ET,

B EHAFFIBESCENM MR oM HBIRE S
nonET, L, 180 FERekEHADO—F
Thysanopoda tricuspidata 7 Milne-Edwards iz
IOMEShTHETH, Tohz 0BT %
s LABAECB T #OORTELLE
ZBbNET, HACKWTIE, L5 <BIRK
R is o TIPS RO bhic L5 - T
RWCLsd, Lool, SAEBROREHLEEDDT
AR R BE T A IR HIR s WIFRFRA K77
b TWieho B2 T T, BEhAEOKE
X, & oo Mioxhd BRI XD MR TIRES
NI\ e, FOTRITFRSNED bivish -7k
Wiz e —oDEETL LI,

WEEL L CEER O EHEO EE & LT
LB EHAHOSMIREAL B LR, ik
MRRAE R D 38 & HHED AT O TH L WA
MEBRE LA, A, JEREHEILSERCE Y
CvL, Euphausia pacifica, Thysanoessa raschii,
spinifera, T.

T. inermis, T. longipes, T.

* 19784E6 290, HiLafE (R TR
Résumé de la conférence faite le 29 juin 1978
aprés la remise du Prix de la Sociéte franco-

japonaise d’océanogaphie
W BRSBTS AT Institut de Recherche Océa-
nique, Université de Tokyo

inspinata O 6ENPIEHLET, TONH L HE
AR, EOR LD EEOM A THEEAY X
AL FETE, ERESECHET 5 T raschii 11
Hao> Thysanoessa B 4T & R D, JbBILATH
DEEDIRFEKCRTEND K DOZHIL,

T. spinifera (IR < T. longipes, T. inermis
T. inspinata X D PR Ic i EREK O E L 21T
LRI E TOMLET L LREFEORAIT,
BT Z A BRI L D32 TR DI D 72 Kl
TR CEWE 2 or L, T. longipes, T.
inspinatalr X D SR OANFRIC T 52 EDR
ShEd, ¥, BERECBWTIE E. superba
DALRRBAHRIOR S, T OEORECHMT
B FERBRIBCRAR N O R BRI 3\ C,  #EildE
RIS L DN H B 2 LAVRERE LI,

B EHAFTOWTE, FOEETE, AT
B LEAELC, AEFACHR S BETE Y 1
5 EMNREINE T, HMHEOEERT M T b
Thysanopoda JEDF % b LIEEFE L, +o Fur-
cilia 7 b RRBH IR ER TH»LEESR E
BB L &35, BRAGERESRO R LT
MRS AL, B, FETH A TRV E
T, BEHAFHTLELLORERBCRS\WTHA
HWEBHOEMAY Ricd 2 LIHLICINE
L7,

BEHAFEOABWREDOT T, L OEHEBE
LB D HEO—2>TH, —RICE X
HEBEHR & UCEER Euphausia EOERE, 7%
WER T ERAT 5 Ol L figids X o B

(52)



BEDAHEY DT 5 EYERECEET 163

FHEIRZDONEBTTY, KHOEIDEHA
B IO AREOREE, oM, #
BT 5B oREY © AEIKE L BEL CRE
LR ERANIRDLNE L,

HILt@FBOEY 77 v 7 P VvEERD 2R
D Euphausia BOEREL, KM 6 1232 £
FEL, FRAEE 5~12 u BB O 5 e c4
2 T\EF9, Thysanoessa raschii %[EFEDHT
—H, BWEY T 7 v v BERAYRTIERO
FRiERCHEEYTLHET, AU L5 8~1ly
DERHEMECRHIE I ELZ THE T, oL T,
L DO &R Tl BRI o 2B
L, 2 oF@flEoMEskKE <, HEOREN
< 7nh o EWIRENE T, Euphausia [FDOEKS
B FBEchb EELDONS B L AR
EHERIRESY 45 L 2 2OBC i, Euphausia
BomoF BiEaE L i am T R
@ Euphausia & TR 2 EEETRELRL,
TNENBRGOBEELM L S LMD b
nET,

SR O, HWHCAVWDbBRA R, TOE
AN L OIG L CHEHORET S F A A
L, UEHORETAIRBE LN ETH,
WEHEOHRENMEEELT, RERCHHE T 5
Euphausia BOR & HAHIED 5 HMBRERIC 21
THRBIIEAEHARE L, IFRCOHT AR
ZOBENLRI b ERAED b ET, ¥
B WEICA Z ZHRR FEBEHRCE W THE
L, B E. superba WILRER LN 5B
RENBHRIBCIEEL T8, REwEMALCH
3% gibba BB T % Euphausia J&DEFEILZ
DRBHFEZEET, DLAWERDO W 20D H|
T XDIBRENTNET,

BELHAFEORBE L L QL 0T HEI K LH
JELTc—D20EYBITHAE LT AR D T ¥
Foo ONVTHED 5 BRI L 7o RIS RS2 Hul
CI0BE ST bhE T, £05 b, HnHK
%, BEHAEEC L > THESRCWICEL 6 &
FEhHhy, FTHRO-DIHEEYHFT IR S
27 5 Eubalaena glacialis D& T T\icZ &
LFEETHoEHEFLE ),

T BEOEHI OWTT ¥ T -0 EHEBEY
BT 2HERD D T, OIFRO = 7oBEEE
ELTROADERE, MOToRE, CFEoM

R, MOFE, LORROEAENEELIEHE
wmhET, TnLOEHOMARC LD, O

BOBEMNPZAD T BT T,

—ORE L BERLY o~ EHY 72 b
V, %A mF s P E BB TEHOSEFAL T
B LBLAL, K OBERNOEINCE 2 72 S0
T X o TKEBEREY) DT CHICL 5 ik T
o ZOMODOTHEL T, Y RIHAZCT
Balaenoptera musculus, 7 3 A7 v 5 B. physa-
lus, ¥ b 275 Megaptera novae angliae )5
HYET, cNDLOEIRERCHD, FH
TRt KBS B A T 5 8% FH Ui g

oh ERA, BEERCERE, FouBETAEY
D3 b, HHECOWTIEE LT DANKRE SN
9,

W, WEHECRPCHEeH L~ TE8YM 75 v s
FYERETAENAHTONE T, OFEodhT
WY 3 75 Eubalaena glacialis, + v 3% 3 7 7
DHCETLEEZLR

9, i v TOMY, HBEOCHERRC IR
E, Db LEREUBYM ST v s r v T
LDOTT, WMOWBEICH > Tes 7 YT DA
BT A LB TEDL D ERA, Iz D
Fik1m® B0 e ME DT 5 0rvHLH,
Calanus plumchrus < C. finmarchicus % &3
b WRRERDET. T, 20RO
DEGFEDOHBIRE 7oz EN RS hET,

WEINAEY T IV 2V, =4 27ak2s b
v DHAMEREY D OfEEENE, EYEOMKICH
WAL E7, KREOERREIIHEAERES D O
B BAT 50T, Zofmmiadls L
Tix M. novae-anglice \WiHBEINDHAY P I X
TRV ROBEMYHT S L ERET, HE
FE OB L ) EEY O AREIEFIEDH S T
EN EAFEBEITRELAD—D T,

CDTOoDEY LAHELTEA TV 70T B,
borealis b D ¥4, B TIEHDOMMIMD Bala-
enoptera DERELEERT, FfHOT oMR L

v Z B. mysticetus 7T

(53)



164 5 & #le% 35 (1978); HILGHEFER:E

B. musculus & 0 ‘BLIAZRE © 0T &HE E.
glacialis ORFOHE > B T3, Bib, M
WNTEEFE OO R R S FREF DK
ZRL, LFHEPREML T 7o 7 ERLC X
SIERELTRY, Y5V v 2 FLIRS
DB BET, POWMAEBECHES Z LIt XD
BAALEY OFEAAY LD LLFRETT,
ElBEDCA V7T, MPobLERRED
LI DM st HIE Parathemisto gaudichaudii 7
WAEL, FCEBREDEERECE VO EER L
ehZ bR ENET, P gaudichaudii 3\
HLEZFCHETHOT, BEBRECKVTE,
W77 v bv—k&EHL (E. superba)
— T
E B EN R EE O M,
B 75 v 7 b v —hnd UR— 0
(P. gaudichaudii)—— 1 v v 275 (B.
borealis)
DEYHEENGIET L E0MBM I T h L
2o T OEYEET E. superba X DIERE R
HEH LR, X DEHFEORAERCHEL
TIH, BHIRICA TS L DRV A BEE &

LTCERTHEEZDNE T,

AV 7 o7, FBEBRENOEHEORE LD
YRFHTAZOFRFHAZCT LD LEN, B
BEEDOE LI EEAR LR E T2, ik
WM L 2EBORR BT O ET, &
fo, VRFHAIOT, FHAZOFE, KB
FEEOBDCERN, 41 7Y 725 DEHEDR
QAR Y, »OoBEETHENLIEE TS
TERRENRTCAL FEB LI D A,

A OB T 5l X KBy 7
Svr bV, =47 wxs b vOERBCETAH
BN L > CTHELD R ERDET, BEDA
HoRriebd, A, 2O, Wl 8%
BEDT, ERACKITLNLOEYEICHT:
LIAWEBRPEELZE 2 bhvE T, HEE
DEWRECBTH <4 7wz r7 b ORI D
THRERET CnEWEE LT T,

4AE, HIAEEFLSETHEEELALC xS
2, IhbOFECO2EIDLEENEHTTED
WEEZTREDET, JlERESEHOBRED
misE A BEVCEL T 9,

(54)



1.

2.

Hp

2

WEF53LE 6 A28H, BIEKERFLIWT, MEE

Banprini,

MFI534E 6 A23H, HEKERZFLCREWTHERS

R Ry (e

1) 2BRE, FERSSGTRbhk,

2) MBFIS2EE ORI IE S L N HM3EE DO FHRE
REHINT,

3) ELAEBEHELLUURABRARSEEIL, ZE
F e UORE L iBBnRE s i,

4) HRBEEFLESZHERMLGHEZBISEE TR
DEFDEMLE,

b = B8, AEER B % SN 8 FH
W, BT D, FERE-, VETH aFR=, 2
Bz, HATGA, BEEE B4 B WkE=
RERZE

HEAI534E 6 H29H, HILSESBEEICRSWT, #19

T2 2308 a0, ROBEN ICE#ZNTH

1) FARS2EE OB AR E M Th i, &
B, BEO2EEPERENKEI N,

2) WEZEENDZESERIBEOFERBRELT
bz, HBISEIRB <~ VK217 2— VT, £O
WAFUZREE R 14 7 (FI3C8, #6), HE 1,
aEE LR, TOMERTLFERETH D,

3) ZAEZEEL LU CHEARAKNREICE D
REES R,

1) WEAB3EBEOTERECOWTEZORER, HERD
ERDEATEINZ,

5) [HFI53, SAEEDMHBENEH S, (K169

<=V OFRADLH LB
TEFIS2EE B I PR EL
A
H H WAZEHE W&
AT 4E FE AR i & 22,630
S % 1,167,500
2 B 2 # 425,000
2 B % 20, 000
¥ 4wk 108, 150
s E 220, 000
& 1,963, 280

i =F
X W
= I TWEME W *E
FAREEHNE 1,720, 400
2Ok EER 142, 810
b % # 3,150
= B A 34, 000
x @\ A 15, 640
& B H 31,400
AR RS 15, 880
7t 1,963, 280
TRFIS3ERE TR A
B A
=3 IH WAZEM f® B
4R B 48 R 4 15, 880
2 & 1, 200, 000
g2 0 a2 % 500, 000
¥ &%k E 120, 000
= E B 250, 000
H 2,085, 880
X W
H H IHEME) W
S EHIRE 1, 800, 000
X E #EE A 150, 000
W% = 5,000
= B = 40, 000
Z @ # 20, 000
& B B 40, 000
S B ¢ 30, 880
&t 2,085, 880

(55)

6) MRSIMEEXLUTHAERERNERORMN S
WTHRERD - 7o
RAKTR, St HORSRTbI,
WRIS3EE S SHZEE: HABAR ERREE
ERTIEFT), ZEEE: BEBLELD2EHME
BT AR CE THEELE 2R, 2K~



166 5 % Hm16% H3%5 (1978); HILEAEERES

LRABELICHR, A4 MBLTESREEIR,
w2 ET SN Tb,
5. BERTHRBEARHNINEBLTH - I,
. WF534E 6 A29H, 30HOMHE, BLALEAHIEC
BWT, EME34EE [HILVEESAFMARERES]
RO & B BLNZ,

6 H298 (k)

RO

1. BEHERICAANBKCLDHFRIR
TEABEKDEHR »ooeereeeees SR (RS W),

A= RS (HEA - 3)
2. R L B EAFEKEIRENC OV T—Hik L&
HHRORIE & BRSO RE—
--------------------- CHRABAE (HEAZEEL TRR),
FIEBA=RE (RIEA - B)
3. Bk B CRERICHEET S Slick DFENT
—Moire OJ7ikic & % Capillary Waves DOfi#
Fpm e eremreee e cEnlEE, ISR &,
FER R =R (A - F)
4. XKOEO LROEFRTE"HFE FE, FLEL
KAER (HAR)
5. ZEFEWEE OIEFE & BRG]
------------------------------ R (B HRTRRT)
FRO
6. FIER)IVEOHEMEE &S BUEHE
........................ Dﬁ%ﬁt&y /ﬁf@?%% (ﬁﬂ(jﬁ)
7. EAMOKHT T T b B ERGEAK),
TS (EX - KEERKRH)
8. 74 2vT = iCkAEEEEYEIRECE
R <Y 113 R PP R PP TP RIS PRPPRPRPRES B OSCE -
CER & (BEXR - EHRER)
9. hEERATZEIC L DEAEEH DA IO T
.............................. E‘Rﬁﬁ (R;Eﬁ%j( . ‘E)

19 A
F2HEE
FLHRHESHE
AT IR D EYE BT S5

................................. *Ejigﬁ(ﬁ\ (ﬁﬁj(rﬁ:{?ﬁﬁ)
6 H30H (&)
R DR
10. TRYAGICEIS B RFFE— KL T- O iR &
HET HHE— e CHIHE—, ARNED

FEEk, FEMA=E GREK - EH)

11, #KOEEECRIE T HERHIE D EE S
L VR BOATEH A DR AR OB,
RiffEE, PR =/ (FEK - )

12, REHAREKDOFBHEE—16 mm Film i X
DIBRR DR — e CNR B, BEEEMR,
Pl A=A (EFK - #)

13. 3—u oy N ICRT 2T RE, Hov s vfi

D AT EEIC DN Teverereeenes FH OB (FEAKR)
PR DES
14. FEHFIC R 2 EKEESY O BB g
--------------- ARsgE FEK - B, EREERT)
15, FrF 5 74%7 I KERBEEOBENICONWT
--------- Mg, CEARE, B ET AR
16. M EEBOHEN DS LEEE DN
— IR BB DN T — e HE W,
KiF—&, BT W, & T GEAR)
17. BEGKBOZEE L L INEBT,
s (AR
5 ol G
WEADOF v F 2 74 FT IFEETOWT
(R E ) cevvmmennnnennnnenns HWEE T (FAKR)
7. FIALR (E£EB)
K & Bt B BN E
RRIEA  BUKKKZERA i
IEEE— HAK PRI WE D
bt ” ” ”
AORFEF BRI K=
RAw= 3R R JCH %
|EREF e LR o
(BE£B)
WAHE REIER BLR F N
BeE

FAH MTHSD, BE 0 KERE RER
#oE WEARS

8. SROEFAROLE

K 4 S5 LI SR

EE M A TEERILTET-178 BFGHERRE
BESE 3L AL ESEXEHK200~63

AR, K000 RBRZEEFER

WA B SNTmRE2-14-11

HFAZE JERFEME3-14-29

(56)



EEE

9. ZHmBUGTHNE

1) BrFERLRE 27(3, 4, 5)
2) WEWTERRS, W ERERE W45
3) HEHEE-.—A 5,6, THS
4) BPERFHE L, SRR UE No. 17
5) MEREEZERIIREH 9(2, 3, 4)
6) 1 W 555
7) HAUERKERIER, HITRE H29%
8) YRR ®95
9) BESARBREHR (D) kELKRK  H20%
10) FHEERYEERT, BIERE 24(1~2)
11) KB B ILHEH No. 67~70

12) ENRIFHOATTERE AR @YY 4@
13) BHBETHYEFERE(BARNE)  H2u5

14) HABREYEERE F1E
15) B #3155

16) ZEILIKEER, MEERIZIZC, BREHE  H10%
17) KEBERBAPATEHREE, YErEBnER TARI48EEE
18) Science et Péche N° 273-275
19) Publications Scientifiques et Tech-

niques du Cnexo Catalogue au les

Janvien 1978
20) Ia gazette N°21, 22
21) Annales Hydrographiques 5(747)
22) Bulletin d’Information N°113
23) American Museum Novitates N° 2641
24) CSK Newsletter, No. 52

25) Biology of The Commercial Fishes in
The Inland Reservoirs of The North
European Pare of The OSSR Ter-
ritory Vol. 32
25) Mechanization and Automatization

of Fishery Problems of Rational

Exploitation of Fishes Vol. 39
26) Revue des Travaux de L’institut des
Peches Maritimes Vol. XIV

BILBEPLESERSEHERAE

K % B A W A EEKRBENSFRD
B % BEXLAELDHEYERECET HHE
HHEEE: $X5HE, BEOEHM TS5/ b+ rodhT
B £, TROTHOERELT, XbERE
BAKEEMERE L TCOTEEYFD, OO TEE
EMBETHDLEZOND, BRARAELIRZ, R
HLONE, N, BECOWT, IbkEkkid

@

= 167

HOTEAFEEZTH HOTEOAME, HEHCoOn
T, BECDDEBAHREELZETL, BEHHEHE
LT AEEEYOERBICET A RS OEELMEY
BT,

JEASERE, B, 1 v NEER kRS EHEERT
BANIEEICESWT, FERICETER8EHAHD
K - SETTINGE, EERE, HoEE, £HOE
B BRESCOWTEANLHER TR, S0ERE
B, Thbb, <=V v, LA BXUHE
BRI 2 EERSEHHONHEELMICL, F
B1REYTH L, BICEEBTEELBENREL DD
BEXbHAHTIR, M, O8, HE HoEEE .
R LERH AR E L eBER B2 TR, BHELT
W75 v 7 bR RBIRIESZERHLNC L,

DG EOEE A RO TR, TICEBEERE, D05
RoOTEEE - PRIk, BOMEL B, HATE, oI
DE R HEAEDHEIECOWTHELRREL R
Flk, Tibb, OFEOEBENELFALIALE, 7
LD B LT EDEEATOEDCN T oo THRAH
OO D ERE BRI YO 28&HHT
BV, TR KRERBEEERSE AR5, —77,
FLIRO 0T ik EbAofc, Tk DR
BIa oL o0nd LECHEE, REEY DHEA,
B T O R I & & X LD, FRE
CHWTH, RRBEINTWEEYT 57 b -
BEHA-OTEICE D BYHEROMICHEY 75 ~
T b=k LE-MEE- M VY VTR EDH
REETHZEEHAL, HBREOLERICOWTE
EinmRE A,

BABLR N BE ALY AEELEYLED
M D, WEEHORAHAERDO—> & LT, Bk
2%, EAEEOBEHHICOWTRITEED, FOE
TRHIIE, EEHTEE 7785 BB R N Z EYHIRE,
BEBMC B /X5 4 — 2 —EEonT, HELO
SBE R R RE L,

PERRZE DI, BARAGLERIRESSED S
DUHEEDBE L CFDERICB L TEhbD CHERE
WrbT e, AZRESR IR LRBL 2 AEOZ
BEe UTHEST 5,

FLEDBEBHEMETZES
ZER B T % #
F E M X

1959: Foods of baleen whales with reference to whale

¢57)

movements. Sci. Rep. Whales Res. Inst., 14;



168 5 & H16% W35 (1978); HILGHEFKE

149-290.

1962: Food of baleen whales collected in recent
Japanese Antarctic whaling expeditions. Sci.
Rep. Whales Res. Inst., 16; 89-103.

1967: Feeding pattern of euphausiids and differenti-
ations in their body characters. Inform. Bull.
Planktology Japan Comm. Dr. Y. Matsue’s
60th Birthday Anniv. vol., 157-171.

1968: Feeding of baleen whales and krill, and the
value of krill as a marine resource in the An-
tarctic. Ant. Qceanography, 241-250.

1969: Euphausiaces dans les couches intermediaire et
profonde. La mer, 7; 50-55.

1972: Chlorophyll pigments in the stomach and gut

of some macrozooplankton. Biological Oceano-

o e e R AR OAI

graphy of the North Pacific Ocean, 411-418.

1975: Present status of exploitation and biology of
krill in the Antarctic. Oceanology International
75; 353-360.

1977: Food and feeding structures of deep sea
Thysanopoda euphausiids. Proceeding of
International symposium on Sound Scattering
In the Sea. Oceanic Sound Scattering Pre-
diction, 457-480.

1977: Characteristics of food habits and distribution
of baleen whales with special reference of the
abundance of North Pacific Sei/Bryde’s whales.
(In the press, Papers in Sei whales Conference,

Whaling Commission Supplement).

& A

= i

FGGE i rh O AR AR E O S 122V T

FGGE (First GARP Global Experiment: 1978 4F
1280 1 BH~19794£ 11 A 30 B) HMhFTEIA TN
WBHERTHEORECOWT, £ OEHFEEHNEDR,
1I0C (BREmEREERS) EHREL L OEREXESR
X ' # X N7z TProjected Observational Plans Form |
OEARKEZOI ORI BnE T,

BEXCEENTH S XS5, ARROBOEBER
H iR (JODE) 2B U Cfibh o & d
DOTHY FFH, Hic FGGE I A - Tk v EERTH
KBRINTD, W 2EEEHREEAGCKEI N
b THhDET, W EHEEEEETRENTRR
DI BAEANO\B I BET D & &b, K
BT 244 el BnEd,

I0C DIKEXEDEEIRRD LY T,

FGGE # M hicFE I T\ HEEETRA s 4 @ 3
D7 5 —LIFTAL, KED NOAA €&k %5 RNODC-
FOY (FGGE S0 EEENIRTEER v v 2 —) ~
B shiln, Zhid RNODC-FOY i b
NIIRD D DR

(1) TeHERMIUEEEET ~ % HiR] OIER

(2) TEHBRIEERRET — 2 ~—2 ] OfER
DHDHEDRDDDDTH 5,

AH#IZ, FGGE HIHc Bl I N R T OWHEFT

— 4 (&4, L2, 9E, HE) OEARYETIOT
%%, RNODC-FOY A SN [Projected Obser-
vational Plans Form| »bAREFEYREEATIT L, £
DHHIZLIITIE6 H & FEIN TV D, /8B T DEEI
BRKTRICER T — 4 HEASOWMA R NEHERE
#HE (ROSCOP) DREFMICE » TF = v 7EINDH T EIT
oTnb,

F ARG RER T — 2 <— ] 1%, FGGE #Erh
CHHE SN T R TOFHETET — 2 (Es, KR, &
w, WEAKAL, HERIE, ERRE, BEBRFE L DER
ENb, ThBOF— a5 TEREFERTBEOF
Bl& ) it - TEEMEFESHRET » AVvEBU CE/mIR
3, MIBLEAK TR 2EUNIK, BROBHEER 2 £
— T OERE(LILE A E T RNODC-FOY 43N b,
RNODC-FOY BHEK 2 LRI ET — & ~— AERE
SET L CHRER ¢ v 2 — (@HE)~NBA L—RFIHE
DFEICET 2,

FGGE % RIIX ¥ 2B, TNDHEEF—2 i
L7 — 2 DRBWEAL TOEF DI A hh - T
W5,

UERKBEOERCTTR, AFBEELT, Z0HE
EERBRRET,

1. [Projected Observational Plans Form | @ %457

(58)



¥ &

(FE @), b)) WFhOHFETOREETE,)

(a) WBEEERE > 2 ~iEh

PEREDAR, HELEE v v 2 ~~BfF3hicn,
Y EZ—RBAREF = v 7Dk, —# LT RNODC-
FOY ~&HFLET,

(b) RNODC-FOY ~E%

B RNODC-FOY ~HIcHAIRbDE LI
LSBHBERTEDDIOIX, 4HBD7 y u—DEDIC, F
O3 E—FEEEE L v 2 —CBFI NN, FBLI
7 3 — LRI TV B,

AT 1 — LDLBARICOW TIRDOBHLIAIIRE
7£DT RNODC-FOY ~"B& L& h, @TAT #
~ . 5), 6) @ Processing Center 1%, E@EIZHE—IX
L% FT S FHEREEEA, 12) @ Residence of final
data I3 EBIRHEER L 4 —2TATHLEDZ LT
To Mo TI2D) RTHEOLIEALTF I,
JAPAN OCEANOGRAPHIC DATA CENTER
Hydrographic Department, Maritime Safty Agency
No. 3-1, Tsukiji 5-chome, Chuo-ku, Tokyo, 104
JAPAN (PHONE 03-541-3811)

AT+ — ANDOBFHECOWCR, BEFTFE
By 2 —~BAEIH O3 ENEERETEOF O
DNP (EE3hzBWEH) 4R oBRCEEN
F3, BIRUAD 7L —R1CDoNWT AR O &
BINDL5FBLET,

F 2 IRFS44E 4 A IBOTRER A £ X AHEE D%
SRV BZTIAFTOLOREEL, 4B LUEDL
RHEERERET S L5 LRI ERWET,

SHOEBICONT

SEGEHIND 7V — X DEEETIEEHE (ROSCOP)
12, BEKTHRLDR#HN, ST s7—4
BB THREEL LS 2EUR, HRRIE1FAED
WG ER & v 2 —Fakfi i SEVWBL 3,

D

10C DIRIELENFEATBIC L - TN DT, W5
Bo—{EME IOV TEE LT RNODC-FOY ~
ENINDBThH 0 T4, WHEEREy 27—~
BENINZELSEE 4 — T L 34, BHE
RNODC-FOY ~#F a3 N5 E1T, BEBRCEEY
XFBedDTENRINDLIIFBLET,

TAFHERREDOESE, 28— LTnhEL 1Y
U E=ANFERLTTF I,

WEEER v 5 — (EREFEECRENTER)

Z— # # Bz

=

B A

B sk
BEERE
HBHE
mMERE
B =

B

nﬂ;l&
m

(59)

169

RILEFZREE
IR—)eTayYe Vv THb
Prxy o= FLIVAFFTUT
—J) N)F—e T 537
IV e —Y 2
12 RiEF%

BAREEE, BEFEFH
MEA=EF, FE F, KH E
=R
B
BE W, HE E S & ATOtH,
JIEHR #%, #HEg=, FhE— ETZ48
FRE—, BAKER, HHEE SARTE
EEE=, HEME, REWT, BAEA,
BRIER, BE B, UEE=E, RERZE,
W B (EA+ETD
SMRE B, ARFA
HibfEH, AR FH, Bab f, RS
FIERA =88, B, SEEE, 1% 8
EEEMS, TRER, FE OE S 8
ANLEE, BEFA, ATHE, =HES
FHERE, FH B, KNEX, NEEBEH,
KT, RS, MR &, Bk AR,
IIREE—, I AL JIATER I EKER,
JIRER, NEE %, WHEBRC, ShE—,
HTHM, W £ EEFH ARH B
BOREUE, /NRBEE, MR, MRS
PSR, FEERE—, BT, AEME,
RATAREE,  EAREZHE, (L RER,
WIEH T, HEEEMNE, SmER, THEUE,
FERIRAES, it B R, 2EEX,
EANE, SRz, SBEHE S8 o,
Ao M8, BEER, BN OHf, TESR,
THEE, FARE, RUEH, EKBEE
BESN, hAdE T, REEAKE E,
KHE B, ST, KELE, AR
BHrEEHE, HARA, B FE, RKEHS,
kBREA, HOPEL, FEHHNE B4B T,
SEEFEUT, BRIRZCHE, R R, AEAE
W OFR, BEEY, HNERR, BHER,
e B, RFE—, WXEBE=E, =,
=EFE, BETE, BWERS HEFER
JeH 7%, FIEHES, RERZE, HRERMEE
ZH B, WI=EE, this 5, LhEZ 8,
i —88, b —, HHESER, B —
(EA+EIR
NN TTVA, Ve e TUIT
4, Bz s R A



170 5 A H16% B35 (1978); HILMH¥LHE

B fb K T ¥ B R & #
BRXE&EANHEZBET L HAE
X & A B
BRet A—vrv ez -V
B X & # XK K #
MMM AEAEBRREIS
S V= o S I - R
BReH wEBR Y & —
WRERITE® X & &
ML oK R &
Mt T B XRXNe
w B =
ERMEAEKI LS
EAXEBEHWEHXRISE
Y aF A4 ¥ —HEREEEEREH A
M f1 & % B X & #&
FHARRHBEKRRN S &
R e H B R BB
HFEEZTEHKR KX & &
R I M % X & #
B X & # ® E A X
HESEgEn—TBREeH
B X & # FE H E B
oI By BT % Bk R & H
B X & &£ + v 7
BAT7 /7 5V HREH
BEAWMBEER X & &
BAF F5 8 v FHERXISEHE
#EBEA B X B X #H &
BHEAZ LAz 7Y — P BER&H
b2 I -
i .

{l

b s >

SEHE Il VR B

)2
i
SR SRR R R OB

2 B <&« B

HHHETRERERE 1-1-2 =H#en
HEHTREXARIE 1-2-1 B

HEURHREE 3-1-10 Afvr #HERA SBHEEHES

HESTRERFHEZELRE 112 F1EEeL
HEETRERMEER 2-3

NE TR NET 3-4-3

HAEMIX AR AL 5-5-16

HEEREBRMRIR 1-9-1
HEHTRARWEHEABRE 1-21 e
HABEBXEA 4-24-1
KEHILFJIRMRE 1-342

WX RE AR 6-15-10 ZERIFNR]
HEaTREXMH 1-16-8

WREAREE 5-23-7 =Fea
HEMEXEHEL 2-2-8 DF e
EARHISEFHET 1079

HEHEARXE 1-19-3 FHlivw

BT B RXERET 1506
HEBTREXEERT 5

HEMPRXEH 4-7-1 =
WHMBRKHAR 3-1-15 A% w
HRHAAXBABEE 26 LR
HEHEEXER 1-8-9
HERSTREXWHEGEE 2-2-2 ®HERYeL
WHEMERERA 1-2-7 SHITEfMev
WREEY X AT 2-4-7 H2 T
HEHRGEXERE 2-6-1 FImtRen
HEAMBXEE 2-1-13 FiRELe v Il
HREHRXEAR 3-1-22 #Hiren
HEHH AR BABAGE 1-4
HEATRAXRGEGET 1-9-1 KEZ e 8k

HEEFERMEA 3-9 APHErLr BRefertTae—v s>

ERHTHEXER 1-3-25 #R4&4d hR&%ETH
HESTRERBHENIET 3-20-2 #EeL
HEEmhRRAEN 45 BEfier
HEHPRR B ABREERT 2-1-1
HESTRERE 7 3-256 S&7EeL 3002 5=
HEHILRAE T R 1-14

HEESTRAXEHSHEET 1-10-4
HRSXFERER 1-7-17

(60)



T.S.K.

OCEANOGRAPHIC
INSTRUMENTS

REPRESENTATIVE GROUPS OF INSTRUMENTS AND SYSTEMS
954 Y4 FXFvr VF—LXAF A
ARy AT DINBRFUER < ¥ — 70« R/ DER I E T,

O/NEI AT h o UMD MM DlERE /A T bh, BFREEATARICKEIREK
D10° FICE>» TRFULET, RETI—EBMEASO STV 7 FTHEilRESW Iy —T7ILE S
UCTHECEESNEFENTT. BEEMTEOREARE SHBCHBI T X F4,

ORI OTEERIL v v AN THEEERL PDR O L 5 e v MWW A, AN, EEENE
LT ET.

OB ELTAFTDOF » VAN ERETHLERNL D T8 A, BHEOAME (0m) DT
I, AWTF v v AOohRicic ), EHEIMETIRONTRBIEIETF v VA NVILER, HF %V %
NMTHCEEL 7,

OfLée, HMEIIEETHMTE, ¥ —7A0E, 7—<~—Fr—74 (EFHE Ston) LRE
DYV EYALEr -7 (GEEITRE 2.8ton) MNEEINTWET,

OBtk k: XDCR B % 100 kHz, -0 A1g 0. 1 msec, H/7128dBre 1gbar/lm

ERT — X
C DOFLEIIRRSA4E 2 H 3 HHFAME T A B L TEAI L2 d 0 T3, FLEEH RO Bt
EOMNBEZ R LUEARTOME « ZRYSLPREYZELHLET, 2OF —Z2Te F FRoOYIT
BEEO TS (WNEBRERET) O7vh—2ELHIREDTT,
CONEEHEOTLHEEEILZES D 9. MLTISCEERL 9,

2O K B &

et B OB OO

1506 Tsurumi-cho, Tsurumi-ku, Yokohama, Japan T230 TEL; 045-521-5252
CABLE ADDRESS; TSURUMISEIKI Yokohama, TELEX; 3823750 TSKJPN J

OVERSEAS FACTORY; Seoul KOREA
IWAMIYA INSTRUMENTATION LABORATORY




AT ILEARIZERE L. AR L7250
SR ICVOETEE & [AIE I25C8R T % '
R B OFEFT CHI20 B B D ECER A HX
SEPVHSEE T, H UR#EIZ205E 1
3 SO FHHoR 2 Xmid20558 12
—@|, sy ZIRCEEER L E T2
LETHIAIER IS E 2 DA S &
THEY ¥,

(4+38)

TORTEA,B, CEM—HMERH-TEY
AGEFRR) e I'm/sec
B(hA) e 2m/sec
C(RAFTR ) eevemer 3m/sec

BN T — (L B RAEEE (d5940m/secTE .

ET—HBCRE
LTHUET,

(&= &)

B ¥ &S B
P B K T X 8 = 3
o— 7 R K E G
7 o— A B fx o
A 87 X H FC v OE B
=] ! 7K DA
o B L+ JE OE
MR K P H XS
Z O fth Vi B FE B 23

%*u ﬁql**—tA*i HemBEaXAE4 THUFIN =
. . = W <~y TEL (952) 1376f%% F171




AUTO-LAB PORTABLE S-T BRIDGE

Model 602

F— b7 T HEEBERNETESHTERENT,
BAR X h BB LS OEHBNE Ao WA
HEHHCT. BE, Bned L4 7 CTHEHEH
X, BECERELIIERERELRY Yy FAT—
FD= =y MESEEORFHIETT.
B OE ¢ 0~35°C Y/ BERE +0.1°C
B 4 ¢ Scalel. 0~32%S FEE =%0.1%S

Scale 2. 32~42%,S FERE +0.03 %S
& B : Bk 9V, 200 R:ROEESHETRE
BB &

e e i
%{ 's’giﬁ;ﬁm%% z % AXs LUV 7 O7RAEE
! { \ B®REK 5 =

byl g ebk b ax PEERRT AR R ET

KB H - B b HIEBEEST o o .

S SN - B XK K m & 107017

et i N TEL (811) 0044 (f£%) ®© 113
(h 5 AT BHROFIBELHEAD LHERTELD

i3
R E &
i3

ES o HEHHABEX AR —13—1
s Ar &l R ok Bk AR UM




iﬁﬁﬁﬁ%ﬁﬁ
{ﬂ)ﬁii’ﬂ@.ﬁ/iﬂl B i i

@ KEHRE - 752t yr&ﬁ&%
RAE - Y - BT - KIB-IRBEL-
BIRFDRAE(FER-TIR)

@RIREF7ELXAP>Ialb—7

@ BEHF - HE - WE - BED

c KFERAE - BERWIERNE

B\

@ ¥ KPS BAR XS4t

E S AR HEE B K HAE 5 — 23— 7 ( L) T 03(432)2971~ 5
X BR X /g KBRS K BFET B — 6 — 2 (fREE L) 206(353)0858-7020
P9 E) B 3BT AL UL T M E]CHEET 3 —32( Ry EiTE L) 22093(321)8 8 2 4

MrEdefilyi e o) 0222(27)9 35 5
7L o FALIE) X011(251)3 7 4 7

il & AT il —FEN 2 - 8 —15¢
FLAR AT ALBLIH A XA H2 -85 (

woan O ZHMERXEH

mm %mg%wﬁ
e EERERE

At/ EH 19— 52700798 (65) 2111 (K




REDaE BEOTSUR
| aqua-lung-

technisub
Italy. Australia. U.S.A.

BAR7ZIO75 I kkett

AL - BRI RS ERE HEE2-4-7 (E 2 BB L) Ti6s TEL.(03)313-8441
i - MEXA D WFHEMRIRFAT2TH18-6  T652 TEL.(078)681- 320144

A M X HIEREGHRREITHT-5 T8I0 TEL(092)741-8907-751-0715
WK B R METHEHEAI- 129 T232 TEL.(045)231- 3021

BEEREN EAENEXELIFAII- 14 Td6l TEL.(052)951- 501 6¢4%)

KB OE®R:ARTERALEI THES3  T550 TEL.(06)582- 56044

3R B EIRTIRERTAT B36- 9(MLHEA) T60 TEL.(0878)5-8853

TI2T7S73BRICEVTRYUHAIERAERIELBL TULS EgmmiE T,
BE$H Taqua-lung | Z$ES $F4948778 HEZH (P o7 5 >0, BEIRES $404878%

B

X2y 7

HEMUBRER TT 06, BRXKEZEE RO TEBOLE pil L,
BEMEEICEE LT T,
F)=Fry, 7TriBEILRESELT T,

K'Y ay g
B8R, N, RIRAL LRI Q2SR EEO R o — v »
7# T3,

KU 9294 =

792 22ERGEL, ERBF Y)Y ~—% 7 v FLEBE, BHBEO
— V¥ 2T 2T,

RE I M kX%t

Rt RX i 4-T-1 TEL (542) 3361 (f%)




e

0.
T

R

Bl
(583

mm

Te¥-el
NS

mm
€W

g

moy
0

R g
BEE

el ¥ 950

MR HER ™
N [eo]
poE o
8 THE Lo
) &H//MMOA,Q
® @EWlMﬁM
\_m. N Az..m..
g mBY Sy
HEwd
log 44 E%WMEWM
KR
o oo iR
® e
B R W

1"

N

Bl Rl &

#

E F1 OH ORI
HEHBSCAX AR 6-15-10

5:11 3

: 03(941)6500

B E E
g =

Bl Rl B




B R
R =
FEME DERI (FEIL) wovvrrereereresnminnstseisiesitesse s et arate s ah ettt et ot b st e e st a e st bt ebaeas E ¥ B ¥

BRMNEET 7 v, Haliotis tuberculata LINNAEUS OISREW BT % £ 850

BLCERFOTE L DHRES LCHADBR (FE) oo N E
REFEROEPOE L 2HEEAEROMIERICBUET R () oo HH g =

RILBFZLEZTRESHER

K%ﬁéﬁ?b(%i%i%ﬂ@g?éﬁ% ............................................................... ;!:E 2‘; ;{.fﬁ( y\
L S T T N

Tome 16 N° 3

SOMMAIRE

Notes originales

Origin Of Trenches «reereereeererimiiiiiiii ittt et s aeene Michihei HOSHINO

Biological and Ecological Studies on the Propagation of the Ormer,
Haliotis tuberculata LINNAEUS
I. Larval Development and Growth of Juveniles::---e-s-eeeeeeses R CRRRRCTET Yasuyuki KOIKE

Effect of the Approximation to the Equation of State for Sea Water
on the Model General Circulation s-retesrsreeeesrrirmmiiiiiiiiiiiiiiiiaci.. Kenzo TAKANO

Conférence commémorative

Recherche écologique d’étre vivant relatif aux euphausiacés (en japonais)------: Takahisa NEMOTO

PrOCES-VEIDATIX ccerereeuertennneraemetat ettt ettt ettt easaaatas et e tes s hee s ae s ot e ata et et s ten sttt

111

124

147

162

165

111

124

147

162



