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Préface

Le président défunt Tadayoshi SASAKI visita
la France en 1956 pour la premiére fois. Fort
impressionné de la position active et avancée
de la France pour l’exploitation de la mer, il
établit lui-méme en 1960 la Société {ranco-
japonaise d’océanographie pour renforcer les
liens entre la France et le Japon dans le domaine
les sciences de la mer.

Les relations entre les deux pays ont progressé
solidement. Le gouvernement frangais I’a décoré
en 1974 de I’'Ordre de Chevalier de la Légion
d’Honneur en regard de sa contribution aux
échanges franco-japonaise.

A part président de la Société franco-japo-
naise d’océanographie, il fut aussi directeur du
laboratoire d’océanographie physique a 1'Institut
de Recherche de Physique et Chimie, professeur
a P'Université des péches de Tokyo, puis recteur
de cette derniére. Son ceuvre dans la recherche
océanographique, I’exploitation de la mer et I’
enseignement supérieur est donc trés considéra-
ble.

La Société franco-japonaise d’océanographie
a décidé de publier un numéro spécial de «La
mer>, sa publication scientifique périodique, et
de le dédier a la mémoire du président T.
SasAKI. Un comité de rédaction ad hoc a ac-
cepté vingt-neuf articles dans la mesure ou leur
qualité a été reconnue par un systéme de le-
cture critique, comme pour les numéros réguliers
de «La mer». Il convient de noter qu’en France
une société jumelle, la Société franco-japonaise
d’océanographie (francaise), a été établie au
mois de février de cette année. Le président
de la Société (francaise), le professeur H. J.
CEcCCALDI de la Station marine d’Endoume de
I'Ecole Pratique des Hautes Etudes a bien voulu
envoyer un article sur la coopération franco-
japonaise. Il trouve particuliérement bien sa
place dans le présent numéro. D’ailleurs, des

Tadayoshi SASAKI
(1¢* mai 1910—11 octobre 1983)

collégues au Canada, en Chine, aux Etats-Unis
et en France ont bien voulu le mettre en valeur
par leur collaboration.

En faisant léloge du Président défunt T.
SASAKI et & sa suite, je souhaite que cette édi-
tion de «La mer» puisse servir au développe-
ment de la Société (japonaise), a la coopéra-
tion des deux Sociétés franco-japonaises d’
océanographie et au renforcement des liens
internationaux dans la recherche de la mer.

Masahide TOMINAGA

Président de la Société franco-
japonaise d’océanographie

Octobre 1984



86

Liste de publications principales

. SASAKI (1950): Fishing apparatus equipped with
a fish attraction lamp system. Bull. Jap. Soc.
Sci. Fish., 16, 281-294.

. SASAKI (1950): On the color of the fish attrac-
tion lamp. Bull. Jap. Soc. Sci. Fish., 16, 295-298.

. SASAKI, S. WATANARE, G. OsHIBA, K. TANAKA
and N. OKAMI (1952): An instrument for re-
cording continuously the temperature and depth
of sea water. J. Sci. Res. Inst., 46(1285), 162-
171.

. SAsSAKI, N. OkAMI, S. WATANABRBE and G. OSHI-
BA (1955): Measurement of the angular distri.
bution of submarine daylight. J. Sci. Res. Inst.,
49(1387), 103-106.

. SASAKI, N. OkAMI, S. WATANABE and G. OsHI-
BA (1955): On the vertical distributions of the
intensity of illumination in the water and water
temperature of Lake Ashinoko. Rec.
Works Japan, 2(1), 57-70.

. SAsAKI, N. OkaMI, S. WATANABE and G. OSHI-
BA (1955): Optical properties of the water in
the Kuroshio Current. Rec. Oceanog. Works
Japan, 2(2), 1-8.

. SASAKI, S. WATANABE, G. OsHIBA and N. OKA-
MI (1955): Underwater camera and some recent
applications. J. Sci. Res. Inst., 49(1388), 107-116.

. SASAKI, S. WATANABE, G. OsHIBA and N. OKA-
MI (1956): Relation of the DSL to water tem-
perature and illumination. J. Tokyo Univ. Fish.,
42, 161-164.

. SAsSAKI, N. OkaMmI, S. WATANABE and G. OSHI-
BA (1957): Measurement of the angular distri-
bution of daylight in the sea. Rec.
Works Japan, Spec. No., 42-45.

. SASAKI, S. WATANABE, G. OSHIBA and N. OKA-
MI (1957): Investigation of the sea floor of Tsu-
garu Straits by underwater camera. Rec. Oceanog.
Works Japan, 3(1), 56-69.

. SAsAKI, N. OrkaMlI, S. WATANABE and G. OSHI-
BA (1957): Optical properties of the water in
the Kuroshio Current (II). Rec. Oceanog. Works
Japan, 3(1), 92-103.

. SASAKI, G. OsHIBA, S. WATANABE and N. OKA-
MI (1958): A submersible turbidimeter. Rec.
Oceanog. Works Japan, Spec. No. 2, 116-119.

. SASAKI, N. OkKAaMI, G. OSHIBA and S. WATA-
NABE (1958): Spectral energy distribution of
submarine daylight off Kii Peninsula. Rec.
Oceanog. Works Japan, Spec. No. 2, 120-127.

. SASAKI, S. WATANABE, G. OsHIBA and N. OKA-
MI (1958): Measurements of angular distribu-
tion of submarine daylight by means of a new

Oceanog.

Oceanog.

T.

instrument. J. Oceanog. Soc. Japan, 14(2), 47-52.

SASAKI, N. OkAMI, S. WATANABE and G. OsHI-
BA (1958): Angular distribution of submarine
daylight intensity in horizontal plane. J. Sci.
Res. Inst., 52(1958), 71-77.

. SASAKI, N. OKAMI, S. WATANABE and G. OSHI-

BA (1959): Measurements of submarine light
polarization. Rec. Oceanog. Works Japan, 5(1),
(New Sries), 91-97.

. SASAKI, N. OKAMI, G. OsHIBA and S. WATA-

NABE (1960): Angular distribution of scattered
light in deep sea water. Rec. Oceanog. Works
Japan, 5(2), 1-10.

. SASAKI, S. WATANABE, G. OsHIBA and N. OKA-

MI (1960): Measurements of perpendicular and
horizontal angular distribution of submarine day-
light by means of a new remote control instru-
ment. Rec. Oceanog. Works Japan, Spec. No. 4,
197-205.

SASAKI, S. WATANABE, G. OsHIBA and N. OKaA-
MI (1962):
vation. —On current meter—.
Phys. Chem. Res., 56, 69-76.
SASAKI, N. OKAMI, G. OSHIBA and S. WATA-
NABE (1962): Studies on suspended particles in
deep sea water. Sci. Pap. Inst. Phys. Chem-
Res., 56, 77-83.

Telemetering of oceanographic obser-
Sci. Pap. Inst.

. SASAKI, S. WATANABE, G. OsHIBA, N. OKAMI

and M. KAJIHARA (1962): On the instrument
for measuring angular distribution of underwater

radiance. Bull. Jap. Soc. Sci. Fish., 28, 489-496.

. SASAKI, S. WATANABE and G. OsHIBA (1965):

New current meters for great depths.
Sea Res., 12, 815-824.

Deep-

. SASAKI, G. OsHIBA and M. KIsHINO (1966): A

4r-underwater irradiance meter.
Soc. Japan, 22, 123-128.

J. Oceanog.

. SAsAKI, S. WATANABE and G. OsSHIBA (1967):

Current measurements on the bottom in the deep
waters in the western Pacific. Deep-Sea Res., 14,
159-167.

. SAsAKI, N. OkaMI, M. KISHINO and G. OSHIBA

(1968): Optical properties of the water in ad-
jacent regions of the Kuroshio. J. Oceanog.
Soc. Japan, 24, 45-50.

. SASAKI, N. OKAMI and S. MATSUMURA (1968):

Scattering function for deep sea water of the
Kuroshio. La mer, 6, 165-176.



La mer 22: 87-89, 1984
Société franco-japonaise d’océanographie, Tokyo

Sciences de l1a mer: un renforcement des liens entre
le Japon et la France*

Hubert J. CECCALDI**

Les coopérations que le Japon a établies avec
la France dans le domaine des sciences de la
mer vont en se renforcant d’année en année.
Elles se sont manifestées au Japon, de fagon
formelle, grace & la Société franco-japonaise d’
océanographie, présidée au cours de ces derni-
éres années par le regretté Professeur Tada-
yoshi SASAKI.

Au cours de son mandat, le Professeur T.
SASAKI a toujours réservé aux scientifiques
étrangers et en particulier a ses collegues fran-
cais, un accueil des plus cordiaux, un excellent
contact personnel, souvent concrétisé par une
sortie en ville, par un repas pris en commun ou
plus simplement par le verre de l'amitié.

Il a joué dans toute la mesure de ses capaci-
tés un role important dans les échanges scien-
tifiques avec la France dans le domaine des
sciences de la mer.

Les thémes de coopération ne manquent pas,
et des échanges existent dans de nombreux do-
maines, en particulier ceux pour lesquels des
complémentarités scientifiques évidentes existent:
plongée profonde, péche, récolte et utilisation
du krill, technologie et conchyliculture, patho-
logie des animaux marins, aquiculture, environ-
nement, études intégrées cotiéres, ouvrages en
mer, énergie thermique des mers, géologie, tec-
tonique des plaques, minéraux des grands fonds,
télédétection, pour ne citer que les plus impor-
tants.

Des domaines scientifiques entiers permettront
la promotion et le développement de program-
mes de recherches importants, originaux et no-
‘vateurs.

* Manuscrit regu le 10 septembre 1984

*#* Fcole Pratique des Hautes Etudes. Président
de la Société franco-japonaise d’Océanographie
(francaise), Institut océanographique, 195, rue
Saint Jacques, F-75005 Paris, France

C’est le cas de ’étude de la tectonique des
plaques pour laquelle les méthodes et les techni-
ques de 'opération FAMOUS, puis la mise au
point de nouveaux véhicules de plongée profonde,
laissent présager une abondante moisson de ré-
sultats, & acquérir au cours de I'opération KAI-
KO, qui déroulera ses différentes phases en 1985
dans les fosses profondes des eaux japonaises.

C’est aussi le cas de travaux coordonnés entre
la France et le Japon sur des espéces d’intérét
commercial, dans le domaine de l’aquiculture,
aprés les décisions prises au Sommet de Versail-
les. D’autres pays se.sont joints par la suite a
ce programme général dont les résultats auront
des effets bénéfiques auprés du Tiers Monde dans
les prochaines années, pour les Mollusques
Lamellibranches ou les Salmonidés par exemple.

C’est également le cas pour les récifs artificiels,
dans lequel le Japon a une grande expérience
technologique et pour laquelle plusieurs équipes
francaises ont des méthodes d’étude originales
et des modéles théoriques trés intéressants dans
le domaine des peuplements de substrats durs.

C’est aussi le cas de la conchyliculture, des
études des aménagements cdtiers, des pollutions
cotiéres et des critéres a4 employer, au niveau
international, pour les mesurer et en prévoir les
effets. Toutes les opérations de repeuplements
cotiers dépendent de ce type de données, et les
comparaisons de résultats obtenus dans les deux
pays sur les mémes espéces comme les crevettes
pénéides, le homard ou le saumon par exemple
conduisent a 1’établissement de modeéles de
dynamique de population et d’aménagement
indispensables & une exploitation raisonnée du
milieu marin.

C’est aussi le cas d’études détaillées sur la
physiologie des animaux marins, que ceux-ci fas-
sent 1’objet de pécheries ou qu’ils soient élevés
dans des opérations d’aquiculture. Toute don-
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née nouvelle sur la physiologie de la croissance,
de la nutrition, de la digestion, de la reproduc-
tion, de la respiration, pour chacune des espéces
susceptibles d’étre élevées par ’homme, constitue
une victoire sur ’inconnu et sur l'irrationnel, et
conduit & une meilleure gestion des capacités de
production ou de récolte de protéines destinées
a ’homme. Il ne faut pas oublier, dans ce con-
texte, les travaux de biochimie marine. Trop
peu de laboratoires traditionnels de biochimie
s’intéressent & des modéles pris chez des ani-
maux marins ou a des réactions caractéristiques
qui n’existent que chez des organismes marins.
Aussi, la plus grande partie des progrés réalisés
dans ces domaines ont été développés dans des
instituts de biologie marine, grice a la différencia-
tion de laboratoires de biochimie marine. Il y
a la un champ d’investigations considérable qui
conduira & une meilleure compréhension de la
physiologie, de la biologie et du comportement
des organismes marins; elle permettra, de plus,
une meilleure connaissance des chaines trophiques
marines, surtout dans ses aspects qualitatifs, ou
encore un élargissement des potentialités de la
pharmacologie ou de la thérapeutique appliquées
a ’homme.

De fagon plus concréte, les échanges a déve-
lopper et les progrés a réaliser en commun peu-
vent trouver des cadres formels différents:
Agence de Péches, Japanese Society for Promo-
tion of Science, Ministére de I’Education nationale
ou Mombusho au Japon, par exemple, Institut
Francais de Recherches pour I’Exploitation de la
Mer, (intégrant 'ex-CNEXQO et Iex-ISTPM),
Ministére des Relations extérieures, Ministére de
IEducation nationale, Centre National de la
Recherche Scientifique en France, par exemple.

D’autres relations, parfois de caractére person-
nel, ou mettant en jeu des universités ou des
associations privées, ont permis d’intéressants et
d’importants programmes scientifiques.

Soulignons par ailleurs, les réunions réguliéres
des Comités franco-japonais d’Océanologie, dont
le 8¢me s’est tenu a Paris en Mars 1984, les
deux premiers symposiums franco-japonais d’aqui-
culture de Montpellier, en Décembre 1983, et
de Sendai, en Octobre 1984, le 1° Colloque

franco-japonais des sciences de la mer de Mar-
seille, en cours de préparation pour Septembre
1985.

Une bonne harmonisation est rendue possible
et est facilitée par les activités de la Maison
Franco-Japonaise.
les relations qui vont s’établir entre les deux
Sociétés Franco-Japonaises d’Océanographie, la
japonaise et la francaise, vont permettre d’ac-
croitre cette efficacité par des recommandations,
par des orientations, par des indications sur les

Il ne fait aucun doute que

programmes, par des mises en relation de cher-
cheurs homologues qui s’ignoraient jusque la,
par des conseils pratiques a donner & de jeunes
chercheurs qui se rendent pour la premiére fois
dans une nation, une société et une civilisation
inconnues d’eux, et favoriseront cette harmonisa-
tion. i

Les deux sociétés jumelles pourront ainsi de-
venir des interlocuteurs privilégiés dans le dé-
veloppement des relations entre les deux com-
munautés scientifiques francaise et japonaise.

D’autres structures communes peuvent étre
utilisées; c’est le cas de ce journal scientifique
“La mer”’ qui devrait réunir en priorité les tra-
vaux de coopération scientifique franco-japonaise,
ou encore le journal international Oceanologica
Acta, qui n’a pas regu jusque ld un nombre suf-
fisant d’articles de scientifiques japonais.

Les liens qui se nouent ainsi, de proche en
proche, entre les scientifiques des deux pays,
participent 4 la constitution d’une communauté
scientifique mondiale harmonieuse et efficace.

Il est connu que les Japonais ont une intense
et insatiable curiosité, née de I’isolement de
ere d’Edo, pour les autres pays.
particuliéres se sont établies avec la France,
parmi les autres pays occidentaux, basées vrai-
semblablement sur un fondement et un désir
d’universalité, tout en respectant les autres
cultures.

En cette période de fantastique mutation
technique, scientifique et culturelle, il est de
notre devoir de réussir ces échanges scientifiques
dans le modeste domaine qui est le notre, celui
des Sciences de la mer.

Des relations
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Effect of nutrient loading in seawater as observed
in experimental ecosystems*

Timothy R. PARSONS**

Abstract: During the course of controlled ecosystem experiments, a number of studies have

been performed to determine the effect of excess nutrient loading on marine ecosystems.
Widely different results can be obtained under experimental conditions depending on the
type of ecosystem, temperature, nutrient ratios and other factors. Some of these results
have been summarized in order to provide a better basis for understanding eutrophication in

the natural environment.

1. Introduction

The use of controlled experimental ecosystems
in the aquatic sciences provides an alternative
approach to field monitoring programs in pol-
lution research. Controlled ecosystems are es-
sentially biological models of the environment.
Their use generally follows one of two approches:
viz., an exploratory approach, in which a large
data set of ecosystem dynamics is generated in
a relatively short time span compared with field
monitoring programs and, secondly, an approach
to hypothesis testing which permits evaluation
of preconceived ideas (LEFFLER, 1980).

It is not the purpose of this paper to review
the different types of controlled ecosystems or
to represent all of their many uses. In order
to focus on the utility of this approach I have
chosen to examine the effects of nutrient loading
on controlled ecosystems. This essentially iso-
lates one impact of pollution (i. e. such as could
occur from a municipal discharge) for separate
examination in controlled ecosystems. Other
pollution impacts such as heavy metals, pesticides,
organics and pathogenic organisms could also be
treated separately, as can natural changes (e. g.,
in light intensity).

2. Results and Discussion
RYTHER and DUNSTAN (1971) concluded that

* Received April 20, 1984

** Department of Oceanography, University of
British Columbia, Vancouver, B.C. V6T 1WS5,
Canada

nitrogen was generally the limiting nutrient in
marine environments. This is probably accept-
able in terms of total productivity but, for phyto-
plankton species succession, one has to consider
the ratio of macronutrients, including particu-
larly N:Si and P:Si (HARRISON and TURPIN,
1982). Eutrophication generally involves the
addition of nitrogen in different forms including
Thus, for this
discussion, I have chosen examples of nitrogen
loading of controlled ecosystems to serve as an
example of the diverse results that can be ob-
tained by changes in the addition of a single
nutrient.

Repeated additions of nitrate-N, in conjunction
with silicate and phosphate, result in a rapid
increase in primary productivity which is sus-
tained for a few days following each nutrient
addition, but decreases if no more nutrients are
added. The driving force for this increased
production can be shown to be the nitrate con-
TAKAHASHI et al. (1982) showed
further that the phytoplankton which were most
susceptible to increased nitrogen were the centric
diatoms, which could not be sustained in the
absence of continual inputs of new nitrate.
Smaller phytoplankton, including pennate dia-
toms and flagellates <10 #m, tend to survive
better at very low concentrations of inorganic
nitrogen. Since the grazing of some dominant
species of calanoid copepods can be shown to be
size selective towards larger phytoplankton species
(i. e. >20pm diameter; e. g. RUNGE, 1980;
HARRIS ez al., 1982), it can be surmised that

both inorganic and organic.

centration.
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nitrate-N derived from excess application of
agricultural fertilizers in runoff to the marine
environment could have a direct beneficial effect
by maintaining an important link in the pelagic
food chain of estuaries.

In experiments where both ammonium and
nitrate uptake have been studied, it appears
that the uptake of ammonium by diatom domi-
nated phytoplankton is generally more rapid
than for nitrate (e. g. KOIKE et al., 1982).
This would indicate further that the dominance
of ammonium in municipal sewage outfalls would
also be beneficial to the pelagic food chain of
large diatoms and calanoid copepods.

‘While ammonium 1is already a constituent of
municipal waste entering the marine habitat,
the further production of ammonium from solu-
ble and particulate organic nitrogen has been
studied in controlled ecosystems. For example,
the degradation of dissolved organic nitrogen
compounds has been studied by HOLLIBAUGH
et al. (1980).
substrate, the authors calculated that, under
natural conditions, the amino acid carbon flux
ranged from 17 to 2109 of the primary pro-
ductivity and that the amino acid degradation
by bacteria accounted for 60 % of the flux into
the ammonia pool. Thus, under conditions in
which the seawater is enriched with amino acid
substrates (from either allochthonous or auto-
chthonous sources), the bacterial flux can be
expected to govern the production of ammonium.
Although zooplankton also contribute to the
ammonium pool (e. g. CORKETT and MCLAREN,
1978), the removal of zooplankton in a controlled
ecosystem experiment resulted in no change in
ammonium production while filtration through
1pm filters decreased ammonium production by
>759% (KOIKE et al. 1982). However, in the

same experiment, there was also shown to be a

Using radioactive leucine as a

strong correlation between the amount of particu-
late organic nitrogen and ammonium production,
a result which indicates that both substrate and
attachable surface are important in ammonium
production.

The actual production of bacteria from an
organic substrate is believed to benefit two parts
of the marine pelagic food web. The first is
the production of zooflagellates which appear to
be the principal bacteriovores in the marine

pelagic emvironment (FENCHEL, 1982); the
second is the survival of benthic larvae which
appears to be better in the presence of bacterio-
plankton (cf. PARSONS et al., 1980).

Irregular patterns in the release of ammonium
in nearshore estuarine environments have been
studied following ammonium additions to blue-
green algal communities. While the release of
ammonium has previously been considered to be
a sediment-dependent reaction, SCHIEWER and
BAADER (1982) have shown that a cyclical
phenomenon exists between the uptake and
release of ammonium by blue-green algae. Using
controlled ecosystems of approximately 1m?, the
authors were able to show that NHy* storage
in blue-green algal cells cannot be sustained and
breaks down periodically under conditions that
limit production (e. g. light or phosphorus de-
ficiency). Thus a rhythmic release of ammonium
can be observed from blue-green algal com-
munities associated either with light/dark cycles
or periodic changes in the phosphorus flux.
Where this is accompanied by any change in
the pH towards values >10, a sudden occur-
rence of toxic NH; would result.

Using flow-through seawater microcosms (ca.
5001), HENDERSON and SMITH (1980) enriched
benthic algal communities with nitrogen and
phosphorus, independently. Their results show
that the effects of nitrogen enrichment were
reversible in a short time frame (i. e. weeks),
while the results of phosphorus enrichment failed
to reverse over a period of 2 months. Thus
while the short term effects of nitrogen as
the limiting nutrient in seawater (c¢f. RYTHER
and DUNSTAN, loc. cit.) can be observed as a
dramatic shift in productivity, a long term
change in a community ecosystem can be ob-
served following phosphorus enrichment due to
the better retention of this element by the
biota.

Temperature effects on eutrophication in a
subtropical environment have been studied in
controlled ecosystems using estuarine waters
(KI1ITCHENS and COPELAND, 1980). The authors
concluded that additions of nutrients to com-
munities at 30°C resulted in successional develop-
ments while, at 20°C, similar changes were not
noted within a time period of 100 days.

The pulsing of nutrients leads to a further
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differentiation in the food chain. = HARRISON
and TURPIN (1982) ‘showed that flagellates
dominate in a low nutrient flux ‘while diatoms
dominate under conditions of high nutrient flux.
This result is similar to the effect of silicate
limitation (e. g. THOMAS and DODSON, 1975)
which may also suppress diatom growth and
lead to flagellate ecology in some areas.

The efficiency with which nutrients are trans-
ferred up the food chain following increased
primary productivity from enrichment has been

Table 1.

studied in experiments by PARSONS et al. (19774
and 1977b). Following nutrient additions, photo-
synthetic efficiency and primary productivity
values were increased approximately threefold
compared with the control. =~ This resulted in an
approximate fourfold increase in the phytodetritus
collected in sediment traps, but only about a
509, ‘increase ‘'in ctenophore production at the
tertiary trophic level. These results indicate
that, while production” is increased throughout
the food chain as a result of eutrophication, it

Productivity and transfer efficiencies following nitrate enrichment to a ca. 60 ton

controlled ecosystem (from PARSONS et al., 1977a).

Container §

Control 1 2 3
Nitrogen addition (gN/container) 1.7 4.3 17.6
Photosynthetic efficiency (%) 0.025 0.041 0.047 0.077
Primary productivity (gC/container) 16.8 26.8 31.1 50.9
Sedimented material (gC/container) 6.8 11.4 15.1 27.8
Ctenophore production (gC/container) 0.40 0.42 0.46 0.74
Ctenophore to primary production ratio 2.4 1.6 1.5 1.5

Inorganic

Nutrients

Increased

Primary

Productivity

Phosphorous .
Deficiency Silicate
Deficiency
(low nutrient fiux)
Flagellate
Production
?)
Ammonium \/
Release Other
Herbivores -
?) e.g. benthic
o larvae
’ |
Toxic ?) .
Ammonia Organic :
Nitrogen\ HR
(DON and PON) Bacterial
Activity

(high nutrient flux)

Increased
Phytodetritus
to sediment

Centric Diatom
growth with
adequate
inorganic N

Y

A
P T P

Supporting
Calanoid ?)
Copepods
Increased
(?) Benthic
Production

3° Productivity
increase with
decreasing transfer
efficiency in the
food chain

Fig. 1. Summary of some controlled ecosystem experiments on nutrient enrichment in -

marine ecosystems.

Solid lines indicate substantial relationship, dotted indicate

tentative relationship and (?) indicates a relationship not substantiated in this

report.
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occurs at a lower transfer efficiency than in
natural, more oligotrophic waters. Further, the
major beneficiary of increased primary production
is the benthic community. A summary of these
changes in production and transfer efficiencies
is given in Table 1. ~ At the same time, measure-
ments of diversity in the control and enriched
containers, both on the phytoplankton and pro-
tozoan communities, indicated that no change
occurred that could be attributed to enrichment.
This result from low level eutrophication is in
contrast to more drastic pollution impacts where
it is known that species diversity undergoes a
successional change away from the point source

of pollution (e. g. an industrial outfall, PEARSON,
1980).

3. Summary

A summary of some of these findings is given
in Figure 1. The results show in general that
there are a number of different biological
strategies which may be followed by the environ-
ment as a result of inorganic or orgrnic nutrient
(primarily nitrogen) enrichment. In extreme
cases, this could lead to such diverse results as:
1) an increase in pelagic tertiary production,
2) an increase in benthic secondary production,
or 3) the release of toxic ammonia. The use
of controlled ecosystems helps to explain why
such diverse results can occur from a single
impact.
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The process of eutrophication in a body of natural water*

Humitake SEKI** and Tetsuo IWAMI**

Abstract: The process of eutrophication in a body of water was shown schematically with
special reference to the threshold theory. Reversible process of each element comprising an
aquatic ecosystem maintains a steady-state oscillation within a certain range that is bounded
by thresholds. When the amplitude of the oscillation increases more than the threshold
range of the original system, however, the system reaches the next trophic system irreversibly

crossing over the threshold.

At the beginning of this short review, it is
appropriate to refer exactly what eutrophication
means. According to Webster’s Dictionary, the
term ‘‘eutrophication’”’ means ‘‘the process of
becoming more eutrophic either as a natural
phase in the maturation of a body of water or
artificially’’; where ‘‘eutrophic’’ means ‘“well-
nourished”’.

Eutrophication of a body of water is a natural
process that can be greatly accelerated by arti-
ficial enrichment of human activities. The arti-
ficial enrichment contributes greatly to the eutro-
phication of aquatic ecosystems, and that may
be one of the greatest impacts of human activi-
ties on the delicate equilibrium of the biosphere.
Domestic wastes can cause serious eutrophica-
tion, not only in the freshwater environment
but also in coastal regions of the marine en-
vironment. Sewage disposal began to be carried
out partly to maintain sanitary standards and
partly to prevent the contamination of rivers and
quiet waters with organic matter. The disposal
of organic wastes has become a very important
problem in the course of industrial development
and consequent concentration of human popula-
tions in big cities.

Agriculture also causes serious eutrophication
in certain locations of the aquatic environment.
Lake Kasumigaura in Japan is one such environ-
ment which is artificially enriched chiefly by
agricultural drainage from paddy fields and pig

* Received February 19, 1984
** Institute of Biological Sciences, University of
Tsukuba, Sakuramura, Ibaraki, 305 Japan

farming. Biogenic organic matter primarily com-
prises the particles in water at such an extreme
stage of eutrophication. Phytoplankters are ma-
jor components of the biogenic materials through-
out the year, especially during the blue-green
algal bloom. Heterotrophic microorganisms com-
prise almost the same biomass, and their con-
centration fluctuates by one or two orders of
magnitude compared to that of phytoplankters
throughout the year. Various kinds of ecologi-
cal successions go on in a body of water during
the process of eutrophication to reach this hyper-
eutrophic system.

The original state of all natural waters is
assumed to be oligotrophic.  ‘‘Oligotrophic’
means ‘‘poorly-nourished’’. Too heavy accumu-
lation of nutrients may be destructive to a series
of negative feedback loops in the ecosystem (SE-
K1, 1982a). Hence the cybernetic system loses its
function to control trophic equilibrium (HUTCHIN-
SON, 1969) for preventing any catastrophic proc-
ess of eutrophication. Then a water originally
oligotrophic is changed to eutrophic via mesotro-
phic. Here ‘““mesotrophic’® means ‘‘intermediate-
ly-nourished’’. This change can be schematical-
ly shown as a series of typical examples of dif-
ferent trophic waters in the order of eutrophica-
tion progress, with special reference to organic
matter in the waters (Fig. 1). During initial
enrichment of a watermass in the oligotrophic
state, the concentration of dissolved organic
matter increases but there is no appreciable
increase in particulate organic matter. When
the system in the water is enhanced up to the
mesotrophic state, both dissolved and particulate
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Fig. 1.

Constituent distribution of organic matter in various aquatic environments with

special reference to eutrophication (SEKI & NAKANO, 1981).

organic matter increase according to the enrich-
ment. Finally, the concentration of dissolved
organic matter attains a plateau and does not
increase the concentration of particulate organic
matter within the system of a eutrophic stage.
‘When a eutrophic system is enriched even more,
the dissolved fraction of organic matter seems to
be transferred into the particulate fraction by
heterotrophic bacteria exclusively. These changes
are due to the action of predominating physico-
chemical factors in the environment, to the
action of creatures in modifying the environ-

ment, and to combinations of these actions.
The characteristic change of different trophic
waters in the order of eutrophication progress
is evident in another case (SEKI, 1979) that the
turnover time of an easily metabolizable organic
solute is divided clearly by thresholds among
oligotrophic, mesotrophic and eutrophic water-
masses in the Pacific when analyzed using val-
ues measured during the optimum season for
microbial activities. When these values on the
turnover times of various dissolved substrates
measured at various seasons are compared, on
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Fig. 2. Turnover times of amino acids in different trophic watermasses of the Pacific Ocean

without regard to seasons.

Amino acids examined at every sampling station are aspartic

acid, glutamic acid, glycine, alanine, and lysine (SEKI, 1982b).

the other hand, some of the turnover times are
shown not to be divided clearly by the thresholds
(Fig. 2). There is a common range of the
turnover time among waters either of the oligo-
tropic and mesotrophic or of the eutrophic and
mesotrophic types. The mixing of neighbouring
watermasses with different water types is primar-
ily a possible reason for the existence of com-
mon range of the turnover times. This possible
reason includes almost the same case when a
determination of the turnover time is made by
using a water sample of the oligotrophic or
eutrophic water that intrudes sporadically from
the neighbouring watermass into the mesotrophic
watermass. Another possible reason for the ex-
istence of this common range is modification of
microorganisms by a number of non-limiting
elements, as can be explained by the OHLE’s
theory (1954).

Another scheme of this succession in the eu-
trophication progress of a natural water can be

illustrated as changes in the biotic community
of an enclosed lake system (Fig. 3). The pri-
mary effect of nutrient enrichment must be an
alteration in the composition and abundance of
microorganisms; such as phytoplankters, auto-
trophic and heterotrophic bacteria, and allied
microorganisms. As microorganisms have been
known as the primaryiagents responsible for the
dynamics of organic matter in any aquatic eco-
system, they modify the environment of more
enriched ecosystem to be less stable by activat-
ing the ecological processes therein. Less stable
environment must be more lethal for sensitive
creatures as fish. As a typical example, when a
large quantities of organic matter is introduced
into the ecosystem, the microorganisms will
use up much amount of dissolved oxygen in the
water. As the amount of oxygen in the water
decreases, a kind of fish that requires high con-
centration of dissolved oxygen for breathing
soon dies, leaving only fish that are not sensitive
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Oligotrophic waters
Phytoplankters: Qocystis, Pinnularia, Cyclotella, Peridinium, Dinobryon, Tabellaria
Zooplankters:  Daphnia, Diaptomus
Fishes: Oncorhynchus, Brachymystax, Hypomesus
Mesotrophic waters
Phytoplankters: Staurastrum, Cosmarium
Zooplankters:  Chydorus, Diaptomus, Cyclops
Fishes: Salangichthys, Carassius, Acheilognathus
Eutrophic waters
Phytoplankters: Scenedesmus, Glenodinium, Anabaena
Zooplankters:  Bosmina, Cyclops

Fishes: Carassius, Misgurnus
to low concentration of dissolved oxygen. Thus zooplankters that feed on these microorganisms
this microbial alteration affects then the popula- and are grazed by the fishes (BROOKS and DOD-
tions of planktovorous fishes. Both of these SON, 1965). Thus, the succession progresses

are evidently stepwise as characterized by hys-
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teresis, i.e., a lag of the effect in a system

before and after the actions on it is changed.
At the initial stage of such ecological changes

in eutrophication, on the other hand, organic

600

600 — ———
INSIDE OUTSIDE
% 500r 4 5001 B
- 400| .\ ® - 400 R
~~
x 300 ° 4 300f E
g3 i
D & 200t \“ o q200F 1
Zz — | o® *
o . ® /(\\0_
5 100f | ' {100R 1)
- - (S}
o . o N
8 e —— 8
-~
IL
a &
—
()}
<3
° N o P .
20 — 2.0 T
-
é 2 s g 155 [‘> 1
ol & sd J \’\
FE AN
éa&g 0.5+ 4 os}{ 1
X 0100 260 300 466 500 %0 106 260 306 400 500

HOURS

Fig. 4. The population density of bacterio-
plankton, the concentration of ATP and the
turnover rate of glutamic acid in natural and
experimentally enclosed dysphotic layers at
1 m above the sea-floor (SEKI, 1983).

matter as well as other components of the eco-
system remains in the steady-state equilibrium
(MCALLISTER et al., 1972) of a water of any
trophic state. A short-term experiment on
this steady-state characteristic utilized a large
subsurface bag in which there was a reduction
of solar energy, and was made in Saanich Inlet.
The energy reduction only retarded the re-
sponses of microorganisms to changes in the
amount of organic matter in the dysphotic water-
mass but did not affect the general mesotrophic
characteristic. These conclusions were arrived
by measuring directly the population density of
bacterioplankton, the ATP concentration, and
the turnover rate of glutamic acid in the natural
and enclosed dysphotic water at 1 m above the
sea-floor (Fig. 4: Table 1). Major groups of
the biological agents responsible for the dynamics
of matter are phytoplankton and bacteria. They
can be indicated by ATP (HOLM-HANSEN and
BooTH, 1966). Hence both the population
density of bacteria and the concentration of
ATP can be expressed in regression models as
sine or cosine curves because the steady-state
equilibrium of the microbial populations is main-
tained by their multiplication and death phases.
Glutamic acid is useful to represent the easily
metabolizable organic materials for measuring
their dynamics in a natural water (SEKI, 1982a).
The turnover rate of glutamic acid can be ex-
pressed in another regression model also as sine
or cosine curve because the biochemical equi-
librium of organic solute is maintained by the

Table 1. The best regressions for the steady-state oscillations of the population density of bac-
terioplankton, the concentration of ATP, and the turnover rate of glutamic acid in natural
and experimentally enclosed dysphotic layer at 1m above the sea-floor (SEKI, 1983).

OUTSIDE SSE’S ENCLOSURE BAG

Bacteria (cellseZ 1) =5.0x% 108 cos {27 (¢—160)/46} exp {— (+—350)2/150, 000}
4-8.0% 108 cos {2n(¢—77)/74} exp {— (¢—77)%/6,000} +9.5Xx 108

ATP (pg-I")=0.75sin {z(t—3)/15. 5} exp {— (¢—40)%/2,000} +4. 2 exp {— (¢—195)?/3,000} +2.7

Turnover time of glutamic acid (hr) =100 sin {z(¢+5)/25) exp {— (z—80)?/3, 000}
+50 exp {— (z—230)%/8, 000} +100

INSIDE SSE’S ENCLOSURE BAG

Bacteria (cellsel™) =3.5x 108 cos {27 (¢—53)/20} exp {— (+—50)2/700}
+6.0X 108 cos {27 (z—130)/40} exp { — (¢—130)%/800} +8.8%x 10°

ATP (pg+l)=1.5sin {x(¢—10)/15.5) exp {— (t—80)%/3,000} + exp {—(t—150)%/1,000} +2. 4

Turnover time of glutamic acid (hr) =300 sin {z(¢+100)/27} exp { — (z—50)?%/3, 000}
+180 sin {7 (¢+5)/105} exp {— (t—350)?/20, 000} + 280
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release and the assimilation by biotic constituents
of the ecosystem. In the natural environment
of Saanich Inlet outside the bag, the time lag
between the oscillation of bacterioplankton abun-
dance and that of turnover time of glutamic acid
was calculated to be 4hrs. In the experimental
condition inside the bag, the time lag between
these phenomena was 7hrs. This experimental
time lag shows a slower response of microorgan-
isms compared to the natural environment.
Moreover, the abundance of bacterioplankton
and ATP, and the turnover time of glutamic
acid in the natural and experimental environ-
ments could maintain different theoretical popu-

MS  :easily metabolizable substances
HUMUS : aquatic humus
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Fig. 5. Energetic scheme of eutrophication in
aquatic ecosystems. Reversible process of
each element comprising an ecosystem main-
tains a steady-state oscillation within a cer-
tain range that is bounded by thresholds.
According to the degree of eutrophication,
the amplitude of the oscillation increases
within the range and the system finally
reaches the next trophic system irreversibly
crossing over the threshold (SEKI, 1983).

lation densities, all of which remain within the
normal range for the mesotrophic environment.

In conclusion, every ecological constituent in
a water of any trophic state maintains a steady-
state oscillation within a certain range that is
bounded by thresholds (SEKI, 1982a), while the
addition of nutrients is limited (Fig. 5). This
is because a natural water is a dynamic system
in trophic equilibrium where a series of natural
negative feedback loops works to maintain the
original trophic state (an example in SEKI, 1979).
Once the addition of nutrients is greater than
the critical level, the amplitude of the oscillation
increases more than the threshold range of the
original system (SEKI, 1982b). This excitation
makes the system raise up to the next trophic
level by irreversibly crossing over the threshold.
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Les engins francais d’exploration.sous-marine*

Marc DUPUIS**

Le Professeur Tadayoshi SASAKI a été le

premier savant japonais a descendre dans la
grande fosse sous-marine du Japon, en plongeant
en 1958 avec le bathyscaphe FNRS III, puis en
1962, avec le bathyscaphe Archiméde: c’est
pourquoi il nous a paru approprié, dans ce numé-
ro de ““La mer” dédié & sa mémoire, de retracer
I'histoire des engins francais d’exploration sous-
marine et de présenter les projets en cours de
réalisation.

L’histoire des engins francais d’exploration
aux grandes profondeurs a maintenant trente
ans. En effet, c’est dans les années 1950 que la
Marine Nationale s’intéresse aux idées du savant
suisse Auguste Piccard et réalise avec sa col-
laboration le premier bathyscaphe opérationnel:
le FNRS III atteint en 1954 la profondeur de
4.050 m au large de Dakar, record mondial de
I'époque, et plonge ensuite & des profondeurs
comprises entre 3.000 et 4.000 m au large du
Japon, lors d’une campagne organisée par le
journal Asahi. La France construit ensuite le
bathyscaphe Archiméde: dessiné par 'Ingénieur
Général Pierre Willm, I’Archiméde plonge en
1962 4 9.500m au large du Japon. Sous les
ordres du Commandant Georges Houot, il va
étre utilisé pendant douze ans, jusqu’aux expédi-
tions FAMOUS (French American Mid-Ocean
Underwater Studies), en 1973-1974: une seconde
campagne aura lieu au large du Japon en 1967.

Entre temps, le Centre National pour I’Exploi-
tation des Océans (CNEXO) s’intéressait aux
soucoupes plongeantes congues en 1963 par le
Commandant Cousteau et I’engin
Cyana d’un poids de 9 tonnes, mis en service
en 1970. Celui-ci a effectué jusqu’a 150 plon-
géees par an, descendant jusqu’a 3.000 métres.
Le Cyana est propulsé par deux moteurs de 1,2

réalisait
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kw, alimentés par une batterie au plomb lui
donnant un rayon d’action de 2km et une
vitesse maximum de 2 nceuds. Il peut embar-
quer 3 hommes (un pilote, un copilote et un obser-
vateur scientifique) dans une sphére de 2m de
diamétre, pour des missions n’excédant pas une
douzaine d’heures, mais avec une autonomie
respiratoire de 3 jours; un télémanipulateur
permet de prélever des échantillons d’un poids
maximum de 40 kg. ‘

L’Archiméde ayant été mis en réserve spéciale
par la Marine Nationale en 1975, le CNEXO
langait en 1978 la construction d’un sous-marin
capable de plonger 4 6.000 m et d’intervenir sur
97% du fond des océans, d’ott le nom de SM
97. C’est un sous-marin de 18 tonnes, techno-
logiquement trés avancé. En effet la sphére
est en titane, et il a fallu forger des lingots de
titane de 7 tonnes pour construire les deux
hémisphéres qui la composent. Le SM 97 a une
hélice orientable pour la propulsion principale
(puissance: 3,3 kw) et des propulseurs verticaux
et transversaux pour évoluer dans la tranche d’
eau. L’énergie est fournie par deux batteries
au cadmium-nickel de 50 kwh et deux batteries
auxiliaires pour les équipements et le secours.
Il peut emporter une charge utile de 200 kg et
dispose de deux télémanipulateurs d’une force de
40kg et de 80kg a 6 degrés de liberté. L’engin
peut ainsi se fixer avec un bras et travailler avec
Pautre, ou travailler avec les deux bras. Les
premiers essais du SM 97 auront lieu a 'automne
de 1984. Le SM 97 sera ensuite utilisé pour
I’expédition franco-japonaise KAIKO en 1985.

Pour répondre aux besoins des chercheurs, le
CNEXO a lancé d’autre part plusieurs projets
d’engins inhabités. Il s’agit d’abord, avec le
projet Raie, lancé en 1977, d’un engin passif
remorqué a grande profondeur. Equipé de
caméras photographiques et de capteurs, il per-
met d’étudier la topographie des fonds. Le Raie
sera suivi fin 1984 d’un engin plus. performant,
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le SAR (Systéme acoustique remorqué), doté d’
un sonar latéral 4 200 kHz qui pourra dresser
une cartographie d’une bande de terrain de 1.000

m de largeur & un métre prées, le long d’itinérai-
res choisis. Plus tard, I’engin Prisme, encore
remorqué, donnera l'image du fond en temps
réel. Le SAR entrera en service en 1985 et le
Prisme en 1986.

La France est d’autre part le premier pays a
avoir réalisé un engin inhabité d’exploration
scientifique autonome: il s’agit du robot Epau-
lard, d’un poids de 3 tonnes. Celui-ci gagne
le fond, fait route suivant un cap qui lui est
indiqué par une télécommande acoustique, prend
des photos pendant 6 & 8 heures, sur 8 a 11
milles nautiques avant de remonter en surface
ou il est récupéré par son navire support. L’
Epaulard va étre doté d’un propulseur vertical a
commande automatique, qui va lui permettre de
gravir des pentes pouvant atteindre 45°.

Le SAR, le Prisme et I’Epaulard sont tous
congus, comme le SM 97, pour plonger & 6.000
m.

" Bien que cette présentation soit spécialement
consacrée aux engins d’observation scientifique,
il convient de citer deux projets importants a
finalité industrielle.

Le premier est le Projet SAGA. C’est au
Commandant Cousteau qu’est due l’idée de I’
Argyronéte, premier sous-marin véritablement
autonome capable de plonger & 600 m. Conguy,
comme le bathyscaphe Archiméde, par 1'Ingéni-
eur Général Willm, sous la maitrise d’ceuvre
de P'Institut Frangais du Pétrole et du CNEXO,
le Projet Argyronéte est actuellement repris par
la Société de plongée Comex et I'Institut Francais
pour I’Exploitation de la Mer (IFREMER) sous
le nom de SAGA (Sous-marin d’Assistance a
Grande Autonomie). Cet engin est destiné a
assurer le soutien des plongeurs et leur permet-
tre de travailler dans tous les états de mer. II
peut embarquer jusqu’a six plongeurs; équipé de
deux moteurs Stirling de 100 CV, il peut filer 6
nceeuds en plongée. En surface, un moteur
Diesel lui permet de se déplacer a la vitesse de
7 nceuds. Le SAGA devra pouvoir remplir, en
immersion totale et donc par n’importe quel
temps, la mission type suivante en mer du
Nord: Stavanger-Cormorant aller-retour (soit 150
milles) et sept jours de travail sur zone pour

quatre plongeurs utilisant un équipement de 20
kwh. L’énergie embarquée sera de 10.000
kwh, soit environ dix fois celle de 1’Argyron-
éte en 1971.

Le second projet important & finalité industriel-
le est le Projet de robotique sous-marine ELIT
(Engin Léger Autonome d’Inspection Télécom-
mandé acoustiquement) mené par 'IFREMER,
en association avec la Comex, et avec V'aide d’
autres sociétés frangaises. C’est un engin sans
cable qui pourra intervenir dans la tranche 0-
1.000 m, doté de sa propre source d’énergie et
qui transmettra ses observations par voie acousti-
que. Il devra étre capable de se positionner et
de tenir un point fixe.

L’ELIT est donc le prototype des engins
robots de demain qui seront absolument indispen-
sables pour opérer aux hautes latitudes, sous la
banquise, et pourront étre utilisés en complé-
mentarité des sous-marins installés du type
SAGA-Argyronéte.

En conclusion, il apparait que la France a
une solide connaissance des techniques de pointe,
répartie dans I'industrie et dans les organismes
publics. Dans le domaine des engins d’explora-
tion a grande profondeur, la France est en téte
au monde avec les Etats-Unis. Dans le domaine
des engins a finalité industrielle, lorsque le projet
SAGA aura été mené & bien, la France pos-
sédera une certaine avance dans le domaine des
sous-marins autonomes de grand déplacement,
qui lui ouvrira les portes de I’Arctique et des
zones ou les conditions météorologiques inter-
disent toute intervention depuis la surface durant
plusieurs mois par an.
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Spectra of currents in a shallow sea

1 Turbulence aspect™

Takashi ICHIYE** and Masaaki Tsujr#**

Abstract: Power spectra and energy spectra of horizontal currents are determined from data
collected at 10 m from the bottom in the water of 50m depth at the mouth of Tokyo Bay
between 1978 and 1982. The frequency range covers from 3X1077 to 1Hz. In order to
compare the spectra to those of Kolmogorov and Ozmidov, criterions for validity of Taylor’s
hypothesis are applied. Only one run of data for a frequency range between 2X10™* and
4X107% cps satisfies these criterions. The postulated two dimensional spectra with the —3
power of the wave number may not be applicable to the spectra obtained here. The —2
power of the frequency in the inertial subrange may be appropriate below the surface wave
frequencies, since the energy dissipation rates determined by the curve fitting are within a
range of those determined by GRANT et al. (1962) and agree with those obtained from the
Kolmogorov spectra for the run satisfying criterions for Taylor’s hypothesis.

Spectra from data obtained with an ultrasonic current meter for several minutes are iso-
tropic and show peaks due to swell and local wind waves. They have the cascade portion
with the —7 power of the frequency. Future plans of analysis of data from the same source
and future experimental designs are also discussed.

1. Introduction

In recent years there have been numerous
measurements of currents with moored current
meters in shallow and deep waters. These
measurements were carried out mainly to de-
termine the tidal currents or the mean flow and
Most
conventional current meters are not responsive
to the fluctuations with frequencies, say higher
than 0.1 cps and the data of speed are in general
those averaged over several minutes with direc-
tions measured at similar time intervals.

The flow in the sea is mostly turbulent be-
cause of the high Reynolds number. In the
classical work of GRANT et al. (1962), unique
measurements of turbulence were made in the
natural flows by determining wave number
spectra of the kinetic energy. They measured
fluctuating velocity components in the tidal cur-
rent in the Discovery Passage off British Columbia
with a towed sensor which is suitable to obtain

its variation in low frequency range.
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wave number spectra of turbulence. Their data
provided a unique proof of applicability of KOL-
MOGOROV’s (1941) basic concept of the inertial
subrange of turbulence for the natural flows,
though there are a number of experiments prov-
ing validity of this concept in laboratory flows.

For much larger scales than laboratory flows
or flows in a tidal channel, randomness of the
geophysical flow has been recognized, mainly
from data obtained by long-term moored current
meters (RHINES, 1979) and large-scale dispersion
of drifters (DE VERIDIERE, 1983). These data
provide information on large scale turbulence
or the geostrophic turbulence which now is
considered as an integral part of the general
circulation in the ocean and atmosphere. Par-
ticularly data with moored current meters indi-
cate that a substantial part of the kinetic energy
in the ocean is contained in a subtidal frequency
range.

Most of the energy spectra obtained with
moored current meters show strong peaks at
tidal frequencies and the inertial frequency, indi-
cating definite energy inputs at these frequencies.
The energy inputs in subtidal frequencies may
be substantial but it is distributed over a wide
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range in low frequencies.

~ Sensors of turbulent velocities or scalar quanti-
ties at fixed points provide the frequency spectra
of turbulence but not the wave number spectra
which were predicted theoretically by Kolmo-
gorov’s hypothesis. Results of  GRANT et al.
(1962) which confirmed Kolmogorov spectra
were based on measurements that lasted only
several minutes to the maximum of 15 minutes.
Therefore, in the term of the frequency spectra
their measurement did cover only frequency 1
to 10~3 cps. In order to obtain frequency spectra
of oceanic turbulence covering wider frequency
ranges, the sensors available at present makes
it necessary to use different kinds of current
meters for high and low frequency ranges. It
is also desirable to measure currents at one site
which is not affected by peculiar bottom topog-
raphy or coastlines. These requirements are
difficult to be met in general.

2. Data source and measurements

National Institute for Pollution and Resources,
Agency of Industrial Science and Technology,
Japan, has been engaged in monitoring of cur-
rents at the mouth of Tokyo Bay since 1976

105

(Tsug1, 1978). Locations of current measure-
ment sites are shown in Fig. 1. Particularly at
a site designated as ‘‘Buoy Station’> which has
a mean sea depth of 50 m, five current meters
with temperature and salinity sensors were sus-
pended from an anchored buoy equipped with
meteorological sensors since 1977 (TSuUJI and
KANARI, 1983) and currents, water temperature
and salinity and meteorological parameters were
measured for a month on seasonal basis. At
two nearby stations currents were measured for
other purposes.

Among a bulk of these data, five sets of time
series of current velocities near the bottom (10
meters from the bottom) are selected and their
spectra are calculated by use of the Blackman
and Tukey method. Table 1 lists the data and
time interval, averaging time interval, number
of lags, degrees of freedom, frequency range and
pertinent physical parameters (site depth, current
meter depth and mean velocity). These sets are
numbered as runs. Current meters used in these
runs are of MTCM-ST (Tsurumi Seiki Co.)
type with a savonius-like rotor and sample
current speed, direction, water temperature and
salinity nine times during 20 seconds. Thus for

Yokosuka

3>
(2
Kannon §i { F', .
Ueaga I \ ;
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a0 \C)J 0 ! y 3 {'50° ;
| - |
Fig. 1. Chart for locations of current meter stations. Buoy Station at 35°17.6’N and

139°43.3’E (Runs 1 and 2), Station A at 35°18.3’N and 139°42.5’E (Run 3), Station B at
35°16.9’N and 139°43.2’E (Runs 4 and 5), Station C with an ultrasonic current meter at
1.2m from the sea surface with water depth 8 m.
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Table 1. Parameters for current measurements and spectral analysis.

Mean velocity

Mean
Sensor Aver- Number Degree
Run Date and time Station 2, depth  aging Frequency range of of ~(cm/s) —
No. depth (m) o (cps) 1 freed N-S E-W
(m) m ime ags reedom oo comp.
16:00, 23 Oct.
1 1979-09:00, 15 Buoy 50 40 lhour 2.6X1077-1.4X107* 540 40 0.64 0.84
Jan. 1981
00:00, 1 Nov.
2 1980-23:45, 30 Buoy 50 40  15min. 1.1%X107%-5,6%X10"* 47 120 2.54 0.62
Nov. 1980
14:00, 14 Nov.
3 1978-09:40, 17 A 52 40 1min. 1.4%107%-8,3x107®* 59 140 —11.01 2.84
Nov. 1978
14:00, 16 Nov.
4 1982-13:00, 17 B 60 50 20sec. 2.4x107%2,5x1072 104 80 2.39 0.55
Nov. 1982
5 6 July 1977 C 8 1 0.5sec. 9.8%x107%-1 100 41 —4.65 2.51™

SPECTRAL DENSITY {cm /s/ps

10 i 10
vt 10 1?17 04 1 et 107

FREQUENCY (cps)

Fig. 2. Spectral density (cm?s™%/cps) of N-S and
E-W components of current for each Run.

a high frequency range, the averaging interval
can be taken as 20 seconds.

For a higher frequency range, data obtained
with an wultrasonic current meter (EC type,
Kaijo Denki Co.) was used (Run 5). The
sampling interval is 0.5second. The measuring
site was far from those of Runs 1 to 4 and also
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Fig. 3. Energy spectra (cm®s™) of N-S and
E-W components of current for each Run.

different in hydrographic features, since the
depth is only 8 m and the current meter was
set up at 7m from the bottom. The averaging
interval is 0.5 second and the length of the
measurement is 1024 seconds.

3. Spectral representation
The spectral density of N-S and E-W com-
ponents for each run is plotted in Fig. 2. In
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Fig. 3 energy spectra-for the same components
and frequency range are plotted. The energy
spectra indicate high peak at semidiurnal fre-
quency and lower peaks at diurnal and other
higher harmonic tidal frequencies. The inertial
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Fig. 4a. Spectral density (cm?s?/cps) of N-S

component of current for a frequency range
from 2.6xX1077 to 1 Hz.
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Fig. 5a. Energy spectra (cm?s7®) of N-S compo-
nent of current for a frequency range from
2.6X1077 to 1 Hz.

period is 20.71 hrs. for f=8.43%x107%s~1.at 35.3°N
equaling 1.34xX107®*Hz and is close to diurnal
tidal frequencies, thus the energy input at the
inertial frequency cannot be distinguished from
those at tidal frequencies.
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In order to show the spectral feature of wide
frequency ranges, the spectral density of N-S
and E-W components for each run is plotted in
Figs. 4a and 4b covering a frequency range from
2.6X10""Hz to 1 Hz respectively. In Figs. ba
and 5b energy spectra for the same component
are plotted. In these figures, a higher frequency
range was plotted from the data of Run 5 ob-
tained with the ultrasonic current meter.

Figure 5 indicates presence of the energy
window between the tidal and inertial frequencies
and about 107! Hz, where an eminent peak
appears. Peak at about 107'Hz and 0.3 Hz
corresponds to swells of periods 10 sec. and wind
waves of periods 3 sec., respectively. This was
confirmed with the visual observations of the
sea state during the time of current measure-
ments, though wave gauge which should have
been operated simultaneously failed to function.
The tidal ellipses at heights 10 to 40 m from
the bottom at Buoy Station are slender and
have major axes from northwest to southeast
in major components of semidiurnal and diurnal
tides, thus current roses of tidal currents show
predominant direction in the northwest and
southeast (Tsuji, 1978). However, there is no
systematic differences between the N-S and E-W
components of the energy and energy density
spectra. This suggests that the turbulence due
to the energy input from tidal currents is at
least horizontally isotropic. The energy density
spectra of Figs. 4 and 5 show the cascade feature
between tidal frequencies and about 0.1 Hz but
this process can be considered as isotropic in
the horizontal plane, because of similarity in the
spectra between these two directions. The high
frequency range above 0.1Hz has different
characteristics because its energy input depends
on wind waves and swells. This range will be
discussed separately.

4. Energy cascade in oceanic turbulence
The energy density spectra of Figs. 4 and 5
indicate a feature of the energy cascade in
oceanic turbulence explained schematically by
OzMIDOV (1665) as shown in Fig. 6. He con-
sidered that the energy input in the ocean is
mainly in three distinct wave number domains:
planetary scale of about 1,000 km, tidal and
inertial scales of several kilometers and wind

log Etk) ‘
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Fig. 6. Schematic energy spectral density of
wave number domain in the ocean proposed
by OzMIDOV (1965).

wave scales of several tens of meters. The
wave number spectra of energy density would
show peaks in these three input domains. Be-
tween peaks the energy cascade occurs as in the
inertial subrange of KOLMOGOROV (1941) and
the energy density decreases with the —5/3
power of the wave number as schematically
shown in Fig. 6.

The present spectra cover the frequency range
which encompasses from the tidal and inertial
scales to less than the wind wave scale. The
low frequency range between the planetary scale
and inertial scale was discussed by RHINES (1973)
by use of current data at ‘‘Site D’ on the
continental slope south of Cape Cod in 2,650 m
invoking the spectra of —5 or —3
power of wave number from numerical inte-
gration of a two-dimensional barotropic vorticity
equation with the beta-effect.

Although the present spectra show a —5/3
power-like tendency between the inertial (tidal)
and surface wave frequencies, three objections
may be raised against Ozmidov’s prediction.
First, in order to apply his prediction to fre-
quency spectra, Taylor’s hypothesis of ‘‘frozen
turbulence’” should be invoked. Second, the
predominance of two dimensionality of the flow
field in the frequency range much lower than
surface wave frequencies casts doubt about
validity of the —5/3 power law which is derived
from the three dimensional isotropic turbulence.
Third, OzMIDOV (1965) assumed that the energy
dissipation rate may be higher than the one due

of water,
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to the molecular viscosity on the smallest eddies
‘(Kolmogorov’s micro-eddies) and considered the
dissipation by the eddy viscosity on larger eddies.
The rationality of introducing the eddy viscosity
and corresponding larger eddies is obscure.

5. Taylor’s hypothesis

LIN (1953) and later LUMLEY (1965) discussed
conditions for applicability of Taylor’s hypothe-
sis to a uniform flow and a shear flow. In
a simple form these conditions can be expressed
as follows (see also MONIN and YAGLOM, 1975).

For a uniform flow U in the z-direction the
instrument (current meter) registers the velocity
components ui(x+ Ut ¢). Taylor’s hypothesis
that the instrument registers the space variation
by measuring the time rate of change du./dt
is based on the assumption that the terms
0Ou;/0t+ U 0u;/0x is predominant in the Navier-
Stokes equations of motion and that the term
of local change is very small compared to the
advective term by the mean flow. Therefore

(Oui/9t)* LU 0ui/02)* , 1

where the bar indicates the ensemble average.
For the isotropic turbulence the ratio of the
lLh.s. to the r.h.s. of (1) is given by

(Ous/08)*/ U(Ous/0x)*=al(U’ /U, (2)

where a; is a constant of an order of unity,
depending on the directions relative to the mean
current and

(U’)2=3Z-ti—2. (3)

‘The criterion can be represented by the ratio
U'/U.

Since the current in the present example is
predominantly two dimensional, the vertical
component is omitted for estimation of U’/. The
component of (U;))? is determined by integrating
numerically the power spectrum density of Fig.
2 with frequency in a range of each run, after
peaks at inertial and tidal frequencies are smooth-
ed out. The values of U and U’ for each run
are listed in Table 2. Tt is seen that only Run
3 satisfies the condition (1).

For a shear flow, the predominance of the
advective term by the mean flow in the Navier-
Stokes equations is expressed by

Table 2. Taylor hypothesis applicability criterions.

Run U v’ no (107° cps)
No. (cm/s) (em/s) 20=0.0lcm zo=1cm
1 1.06 4.13 1.46 2.44
2 1.64 2.82 2.27 3.78
3 11.37 1.26 15.69 26.15
4 2.45 0. 66 3.38 5.65
|U0u/0x| > |wiu/oz]| (4)

in addition to (1), where the main shear is as-
sumed in the direction z with w being its veloci-
ty component. For the isotropic turbulence

[0u/dz|/[w]=k . (5)

If the Taylor hypothesis is valid, {requency
o=kU and condition (4) can be expressed simply
by

»>|0U/dz]. (6)

In the present case, the mean shear was not
measured directly at the current meter depth.
The data collected from April to September 1976
indicate that the current averaged over five and
one-half months is 3.3 and 2.5cm/s at 2.5m
and 10 m from the bottom, respectively, showing
the decrease upwards (Tsuji, 1978). However
tidal ellipses of M, Ss, O1 and K; constituents
have major axes increasing upwards from 2.5m
to 20 m from the bottom with small changes of
directions between 320° and 349°. Therefore
it is not unreasonable to consider that the mean
current at 10 m from the bottom is within the
bottom boundary layer for the averaging period
of several hours.

In the bottom boundary layer of a constant
stress, the velocity profile is given by

U(z) = (us/ko) In {(z+20)/z0}, C7)

where u, is the friction velocity, ko is the Kar-
man’s constant and 2, is a roughness parameter.
The shear at = can be expressed as

dU/dz=U(2) (z+20)~*{In(z+=20) /20} !
=U(z)z ' (In 2/z0) 71, (8)

where the last term is justified because of %< z.
The value of critical frequency 7o (cps),

no=(27)~1(dU/dz), 9
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is determined from the mean velocity at 10m
by use of equation (8) with 2=10"? and lcm
for each run and is listed also in Table 2. The
larger value of 2, may correspond to unrealis-
tically rough bottom but the values of ny do not
change very much with 2z, From the criterion
(6) the applicability of Taylor’s hypothesis may
be valid for Runs 2 and 4 but only marginal for
Runs 1 and 3 in the frequency ranges where
spectra are determined. The mean velocity of
Run 1 also may be not expressed by a loga-
rithmic profile because of the long averaging
time. Therefore combination of criterions (1)
and (6) suggests that the Taylor’s hypothesis
may not be applicable to the frequency range
lower than the surface wave frequencies. In
meteorological context, the Taylor’s hypothesis
was a subject of extensive study, mainly with
experiments in the surface boundary layer from
early years (PANOFSKY, CRAMER and RAO,
1958; LAPPE and DAVIDSON, 1963). This is
because the measurements of the wave number
spectra of vertical and lateral components of the
wind velocity are easier in the atmosphere than
in the ocean because of sensors equipped for an
airplane. In the ocean sensors towed by a ship
functioned only for ten to twenty minutes at
the most as experienced by GRANT et al. (1962).
Also the current meters for the high frequency
range in the ocean were not developed in the
sixties. However, now both measuring tech-
niques are much improved in the ocean and can
test validity of Taylor’s hypothesis more con-
clusively.

6. Twe-dimensionality

The geophysical flow with frequencies or wave
numbers much lower than those corresponding
to the surface waves is predominantly two-
dimensional. Turbulence of the two-dimensional
geostrophic flow of planetary scale was reviewed
by RHINES (1979) who compared results of
numerical integration of the barotropic vorticity
equation in the beta plane with the data of
long term moored current meters.

Earlier KRAICHNAN (1967) treated the two-
dimensional turbulence field caused by the energy
fed at a constant rate to a wave number domain
around a value of characteristic wave number
k;. He derived two inertial ranges from cascade

of kinetic energy and enstrophy (mean square
vorticity) as a quasi-steady state. For the wave
number range k<k; and k> k;, the energy den-
sity spectrum E(k) is given by

E(k)=ae?3k573, (10)
and
E(k)= kS, 1D

respectively, where ¢ and 7 are the rate of dis-
sipation of kinetic energy and enstrophy and «a
and B are universal constants of an order of

unity. These rates are defined by
e=2(0ui/0z5)?, a2
n=v0w:/02,), (13)

where the subscripts follow the tensorial product
rule, w; is the 7th component of vorticity and v
is the molecular viscosity. The range represent-
ed by (10) causes backward energy cascade from
higher to lower wave numbers with zero vorti-
city flow, whereas (11) produces a forward
vorticity flow from lower to higher wave
Later LILLY
(1973) integrated numerically two-dimensional
equations of motion and continuity with viscous
terms and surface drag (CSANADY, 1982) in a
non-rotating system. His energy input was at a
certain wave number domain only at the initial
instant but he could produce the —3 power
range (his Fig. 1. 6). He conjectured that the
wave number spectra for the large scale atmo-
spheric motion follow the —3 power law, whereas
those of the small scale motion are of the —5/3
power law. As mentioned above, the —3 power
law for the planetary scale motion was confirmed
by RHINES (1979).

Although LILLY’s model (1973) predicts the —3
power law for the flow field in the range similar
to the tidal current treated here, his result may
be not applicable to the present case for two
reasons. First, his energy input was only at the
initial instant, whereas the tidal energy input
is continuous. Second, the dissipation of kinetic
energy in his model is two-dimensional mainly
through the bottom friction, whereas in the
tidal currents it may be three dimensional and
through viscous dissipation as expressed by

numbers and zero energy flow.



Spectra of currents in a shallow sea 111

equation (12), as proven by GRANT et al. (1962)
in their experiments. PO

7. Energy dissipation rate

The high frequency spectra corresponding to
surface waves in Figs. 4 and 5 are rather spuri-
ous, since they are obtained from a completely
different set of data. If the data are obtained
at the same depth and place as for Runs 1 to
4 using the same current meter as for Run 5,
perhaps the peaks at higher frequencies are not
so pronounced as in these figures, since the wave
induced currents decay rapidly with depth. In
fact, the Kolmogorov time scale defined by

r= (/)2 (14

ranges from 0.97 to 0.0lsec. for e=1.5x10"?
to lem?®s™® with v=1.4%X10"2cm?~! from data
of GRANT et al. (1962). This time scale reaches
7.5sec. for e€=2.5%x10"*cm?s® obtained by
STEWART and GRANT (1962) at a depth of 12 m
from the surface in the same area when the
surface wave height is about 0.5m. It is noted
that the Kolmogorov time scale decreases with
increasing €. The latter increases with wave
height at least in the upper two meters in the
presence of surface waves as observed by STE-
WART and GRANT (1962), though its range is
surprisingly narrow and of the order of 1072
cm? s73 up to the wave height of 1 m, in contrast
to the subsurface values of GRANT et al. (1962)
which range from 1072 to 1cm?s72,

8. Frequency spectra of the inertia subrange

If there is no mean current and turbulence is
homogeneous and isotropic, the frequency energy
spectrum can be expressed for the inertial sub-
range in terms of frequency w and e as the
wave number spectrum of (10) postulated by
KoLMOGOROV (TENNEKES and LUMLEY, 1972).
‘When the frequency energy spectrum is denoted
by ¥(w), then we have, from the dimensional
reasoning

¥ (w)=DBew™?, (15)

where B is a universal constant to be determined
experimentally. Since the energy of turbulence
in the frequency domain near ® is the same as
in the wave number domain near k, the follow-

ing relation is valid.
kEE) =0T (w) . (16)

On the other hand, a size of eddies with wave
number near k is 2x/k and its characteristic
velocity is kE(k), leading to the characteristic
vorticity S(k) as

S(ky={kE(k)}"?*(2r/k)~*. an

In the inertial subrange, E(k) can be given
by (10). Since the angular frequency w=2S(k)
corresponds to k, the following frequency equa-
tion is obtained;

w=al/2g1/3 [2/3, (18)
Then by use of (16), we have
B=a%2=18. a9

If the turbulent velocity is considered as the sum
of the Fourier series of arguments both in time
and space, in the inertial subrange the frequency
and wave number are not independent but re-
lated with each other by (18). This relation is
similar to the frequency equation of the gravity
waves in the intermediate depth, since the fre-
quency of the latter is between (gk)!/? and (¢H)k,
where ¢ is the gravity accerelation and H is the
depth of the water. Of course, the wave number
for the gravity waves is only in the horizontal
directions and the analogy may be superficial.
However, if the internal waves are considered,
the wave-turbulence similarity becomes more
realistic. Later this problem will be treated for
the data obtained from the same source.

In passing, it is noted that for the two-dimen-
sional case (11), the frequency spectrum in the
inertial subrange cannot be expressed in terms
of w as equation (15), in contrast to the wave
number spectrum (10). This is because the dis-
sipation rate of enstrophy has a dimension of
(time)™® and thus the energy spectrum cannot
be expressed in terms of 1 and @ only.

In Fig. 4, the —2 power curves from equation
(15) are plotted in the range of frequency lower
than the surface wave frequencies. It is seen
that the overall agreement with the spectral
density curves from Runs 2, 3 and 4 is rather
good. The data in the high frequency range
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Table 3. Estimation of rate of energy dissipation (¢).

Run No. Coefficient “Units - E-W N-8
2,3,4 C cm®s™? 5.5%X1072
2 C cin®s™? 3.0x1072
3,4 C cm?®s™2 7.5%107%
3 D cm®3s%  0.27 0.75
3 efromD) cmds? 3.5X107% 8.1x107%

of these runs show slopes which are less steep
than the —2 power and closer to the —5/3
power, particularly for Runs 3 and 4. It is not
conclusive whether this is due to the validity of
Taylor’s hypothesis as discussed before.

Equation (15) suggests that the value of ¢ can
be estimated by fitting the —2 power curve to
the observed spectra, if the constant B is known,
although the partition of energy in two horizontal
directions is unknown for the flow which is
predominantly two-dimensional.

The coefficients of the —2 power and the
—5/3 power for the spectra of Fig. 4 are denoted
as C and D, respectively. These values are

listed in Table 3 for each component. The co-
efficients are expressed by
C=RB¢g, (20a)
D=K'g23[2, (20b)

where B’ is different from B of (18) because of
uncertainty in the energy partition. However,
K’ may be taken as 0.5, the same value de-
termined experimentally by GRANT et al. (1962).
The N-S components have two values of C: a
smaller value from Run 2 for a lower frequency
range and a larger value from Runs 3 and 4
for a higher frequency range. Because of un-
certainties in the energy partition, B’ is simply
taken as unity, leading to C being e.

In (20b), K’ is taken as 0.5 and ¢ is deter-
mined. The values of ¢ thus determined from
C and D agree with each other and also both
are within the range of values determined by
GRANT et al. (1962).

9. Spectra in the surface wave frequency
range
Since the spectra of currents in the surface
wave frequency range were obtained only for
Run 5, the discussion on them is brief and

10% T A

SPECTRAL DENSITY {cm /sfps

Run_5
U~COMP, (E-W) ol
e V-COMP. (N-.5) |
-------- W-COMP.
S 1 A aaal 1 " i il
19,g¢ 10" 10°

FREQUENCY (cps)
Fig. 7. Spectral density (cm®s™?/cps) for three
velocity components measured with an ultra-
sonic current meter.

schematic. The spectra of three components are
plotted in Fig. 7. Two peaks at about 0.1 and
0.3 cps correspond to the swell and local wind
waves, respectively as mentioned before. The
spectra seem to be isotropic including the vertical
component.

The cascade of the spectra can be recongnized
in a range from 0.4 to 0.8cps for the three
components. The regression analysis is applied
to the spectrum of each component varying as
=% The average slope of the three components
gives

a=6.96+0.40. 2

This slope is very close to the —7 power spec-
trum determined by GRANT et al. (1962) for the
very high wave number range. This slope is
completely different from the one derived from
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the sea level spectra of the surface waves. The
latter has been a subject by various workers
(PHILLIPS, 1977) but the consensus is that the
sea level spectra follows the —5 power in the
frequency range beyond the peak. If the linear
theory of the surface gravity waves is applicable,
then the spectra of each current component
should follow the —3 power, since the velocity
is proportional to a rate of change of the sur-
face elevation with time. The —7 power indi-
cates that the decay (or cascade) of the wave
induced currents is not a linear process but due
to non-linear interaction or turbulence.

The Kolmogorov’s time scale can be deter-
mined for the cascade range of frequency.
The mean turbulent velocity (U’?)!/2 is estimated
by integrating spectra density of Fig. 7 with
frequency, leading to 0.503cm s™!. The mean
value of g is (5.53+2.05)x 1072 cm?®s™2 from
Table 3. If we take v=0.014 cm?s™!, then t=
0.50 s7! or 3.1cps. Therefore the cascade range
of frequency is influenced by Kolmogorov’s
microscale eddies.

10. Concluding remarks

Data with moored current meters at the mouth
of Tokyo Bay provide various information useful
both for scientific purposes and for practical
problems. In this paper the spectra of the cur-
rent in a range from sub-inertial-tidal to super-
surface wave frequencies are discussed mainly
from turbulence theories originated from Kolmo-
gorov’s classical model. The argument is es-
sentially heuristic, since the original data were
collected for monitoring currents for pollution
control and lack quality needed to reveal struc-
tures of oceanic turbulence. For the latter pur-
pose, currents and density should be measured
at closely spaced depths, in high frequency
ranges, though for short periods of time. Other
measurements should determine the wave number
The former
may include measurements with a towed instru-

spectra and the Lagrangian spectra.

ment or with sensors attached to a ship as
carried out by GRANT et al. (1962). The latter
seems more difficult, since Lagrangian measure-
ment or tracking of drifters is still not fully
automated except for satellite tracking of drifters
with low time and space resolution in the open
ocean.

However, automation of tracking a

number of drifters for a short period of time in
shallow waters is within the present technical
feasibility. It is important that these two types
of spectra should be determined simultaneously
and near the same location of the moored cur-
rent meters. Classical works of GRANT et al.
(1962) would have increased their value for turbu-
lence dynamics if frequency spectra had been
simultaneously determined with high-resolution
current meters.

The other aspect of the present data source
is that the location of measurements is too
complicated both from the points of view of ex-
perimental feasibility and of dynamics. Because
of heavy shipborne traffic the proposed experi-
ments may be difficult to perform. Also compli-
cated coastlines and bottom topography with
variable meteorological conditions make data
interpretation difficult, though fortunately tidal
currents seem to be rather simple. It will be
ideal for turbulence hydrodynamics if a long-
range experimental set-up is established off the
coast of Tokai-mura, Ibaraki, where the Japanese
Atomic Power Research Institute has been moni-
toring oceanic environment since the mid-fifties.
The coastline and bottom topography are much
simpler there than at the mouth of Tokyo Bay.

Future work on the data from the same source
will be focused on more deterministic models of
the spectra than those discussed here. One will
be the response of the current to the stochastic
wind stress and more or less deterministic tidal
This problem is concerned with spectra
for mainly inertial-tidal frequencies. The other
is interpretation of the spectral cascade in terms
of internal wave spectra. The internal wave
spectra in shallow waters are not fully under-
stood yet, and the present data are admittedly
inadequate in this regard, and thus new data
may be neeced.

The first author is supported by the Office
of Naval Research.
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Slope measurement of water surface by means
of Moiré fringes*

Harumitsu TAKAYAMA** and Tomosaburo ABE**

Abstract: Two gratings are used for measuring of the slopes of water surface by a method
using the Moiré fringes. One grating is set beneath a water tank with transparent bottom.
When ‘this grating is observed through the tank, its image shifts the original shape because
of refraction at the water surface, and the displacement changes according to the increment of
the slopes. For magnifying this displacement, Moiré fringes are produced by superposing
the image of another grating on that of the first grating. The displacement can be magnified
easily by adjusting the cross angle of the two gratings. Thus slope distribution of the water
surface can be obtained by measuring the displacements of the Moiré fringes, thereby the
time-varying processes of slope distribution of the water surface can be observed by use of
a video-camera without disturbance of water surface.

1. Introduction

The Moiré fringes are created by superposi-
tion of a fixed grating on its shadow cast onto
the object surface (KATYL, 1972; JAERISCH
and MAcoscH, 1973), or by superposition of
fixed grating on the distorted image of another
grating by light refraction at the surface of
transparent object (THEOCARIS and KouTs-
ABESSIS, 1965; ScOTT, 1969). This phenom-
enon can be applied to measurement of the
wave profile by taking photographs of the Moiré
fringes moving with wave motion in a water
tank with transparent bottom (TAKAYAMA and
ABE, 1979).

2. Principle of Moiré fringes

The Moiré fringes are formed by simple geo-
metrical superposition of two line gratings or
that of two lattices.

As shown in Fig. 1, the intersections of rul-
ings form straight lines. The Moiré fringes are
perpendicular to the rulings of grating 1 when
the rulings of two gratings are superposed under
the following condition,

f=cos™1(S:/S1) , @Y

* Received May 29, 1984
** Faculty of Science, Science University of Tokyo,
Kagurazaka 1-3, Shinjuku-ku, Tokyo, 160 Japan
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Fig. 1. Generation of Moiré fringes by inter-
ference of two straight line gratings.

: basic grating (grating 1).

. grating lines superposed on the

—_—— D0 - —

grating 1 at an angle of incidence
0 (grating 2).

- - -~ : case where the lines of the grating
1 move by 4X in the X-direction.

where S; and S; are the spaces between the
rulings of the gratings 1 and 2, respectively, and
@ is the cross angle of the rulings of the two
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gratings. The distance D between the fringes

becomes
D=Sicotf. R ¢))

Let the intersection of rulings of the two
gratings be P, and when the grating 1 moves
by 4X in the positive X-direction, the intersec-
tion of these rulings changes from P to P’.
Hence the displacement 4Y in the Y-direction
is

4Y=4Xcotf. 3

If the angle € is very small (cot&>1), then
the displacement 4Y of the Moiré fringe be-
comes much larger than 4X.

3. Principles of slope measurement of the
water surface by means of Moiré fringes
3-1. Moiré fringes projected on the screen

through the water surface
The optical system of this method is shown
in Fig. 2. The line grating (hereafter referred

to as Gl), which is set between lens L and a

water tank with transparent bottom, is parallel

(b) (c)

Light source

Fig. 2. Schematic view of the optical system

(Moiré fringes projected on the screen).
The upper figures show Moiré fringes

on the screen. The dotted lines are lines

connecting the intersections of GIIl and GI2.

(a) Still water; intersections of GI1 and GI2
are arranged in straight lines.

(b) Sloped surface; intersections of GI1 and
GI2 are arranged in straight lines and
shift 4Y in the Y-direction.

(¢) Wavy surface; intersections of GI1 and
GI2 are arranged in wavy curves.

to a screen. The screen is set at a certain
height (h) above the water surface. Parallel

 beams from a light source reach the screen after

passing through Gl and the basin. The image
of Gl is formed on the screen (hereafter refer-
red to as GI1). The Moiré fringes are formed
when another grating G2 is set in contact with
the screen.

Here a coordinate system is taken on the
screen with X-axis perpendicular to the rulings
of GI1 and Y-axis parallel to the rulings of GI1.

In the case of still water, GI1 becomes a
group of parallel lines with equal spacing and
is identical with G1. When G2 is superposed
on GI1 at the angle #, the Moiré fringes form
the patterns which are parallel to the X-axis
(Fig. 2-a).

When the water surface is uniformly sloped
at an angle ¢ (Fig. 2-b), Snell’s law gives

nsini=sinj, 4

where 7 is the incident angle, j the refractive
angle and 7z the refractive index of the liquid.
Equation (4) gives, with d=j5—71,

tan £=sin 0/(n—cos d) . )
As in Fig. 2-b, 4X=~htand, then
d=tan"W4X/h) . 6)
Equations (5) and (6) lead to

tan i=sin[tan"Y4X/h)]/[n—
—cos(tan™'(4X/h))], D

so that Egs. (3) and (7) lead to

tan z=sin[tan " (4dY tan 8/h)]/[n
—cos{tan"*(4Y tan 0/h)}], (8

which gives the surface slope if displacement
AY of the Moiré fringes is measured.

In another case when plane waves are propa-
gated in the X-direction (Fig. 2-c¢), GIl be-
comes a group of parallel lines with unequal
spacings, which are narrower near the wave
crest than near the trough. When the rulings
of G2 are superposed on the rulings of GI1 at an
angle 0, the Moiré fringes form a nearly sinu-
soidal profiles. A wave form 7p=75sin kX is
assumed, where 70 is amplitude and k is the
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wave number, and the position of the ruling of
GI1 located on a distance X changes its position
to X+4X due to refracting at the water surface
(Fig. 2-b). Then displacement 4X is

AX=htan(j—1), €]
and

tan i=dn/dX=b, cos kX ,
(bo=lno) . o
Snell’s law gives

sinj=nsinz, an
which gives with Egs. (9), (10) and (11),

AX=[(n— v1—mE—1)b* cos? kX)
/(V1=(n2=T1)be? cos? kX
+nbe? cos? kX)) hbo cos kX . a2
When G2 is superposed on GI1 at the cross
angle 6, displacement of the intersection of two
rulings at X+4X is AX)hbycos kX cotl. If
the equation for profile of the Moiré fringes is
denoted by f(X), then
SX)=AX—4X)hbo cos k(X—4X) cot 0,
a3

where

. n— /1—(n2—1)be? cos? kX
T V1= (n2=1)by? cos? kX + nby? cos? kX .

In Fig. 3, the value of f{X) is normalized as
S/ /A X/Ax=0, where 2 is the wave length.
This profile is skewed according to the increase
of the value of 2/4 or 7y/A.

3-2. Moiré fringes photographed with a cam-

era or a video-camera

When it is difficult to set up the apparatus
of the above-mentioned method (3-1), the fol-
lowing method can be employed practically with
a video-camera placed above the water tank.

A grating is placed below the tank and an-
other grating is set between the tank and the
camera (Fig. 4). Hereafter these two gratings
are referred to as G1 and G2. 'When the images
of Gl and G2 (images GI1 and GI2, respective-
ly) on a TV screen are superposed at an apt
cross angle 0 (Fig. 4-a), the Moiré fringes are
formed perpendicular to the rulings of GIl in
the case of still water. GI1 looks like groups
of paralle] lines with unequal spacing by refrac-

A(X)

1.0

FOUN) [ H{x/ N )x=0

ok
-1.0r
1
0 0.5 1.0
x! A
Fig. 3. Profile of the Moiré fringes on the
screen. -----+--+ : Sinusoidal curve.

4 \
4 $as —_— je— AT AL
7 1y N {
/ \ / | \
| \
I \
A

G1 ) G1

(a) (b)

Fig. 4. Moiré fringes photographed with a video-
camera. The upper figures show Moiré
fringes on the TV screen. (a) Still water;
(b) wavy surface.
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tion, if observed through the water tank.

A coordinate system is taken on the Gl with
X-axis perpendicular to the rulings of GI and
the origin is taken beneath the camera C. The
light beams diverging from the point (Po), at
xo are refracted (Fig. 5) at the tank bottom and
the water surface before it reaches the point C,
and diverge from the point P located at a dis-
tance x. Hence the following equations are ob-
tained;

xo:}ll tan ¢1"|—]’Lg tan ¢2+}L3 tan Qs
+d tan (,b(l N <14>
x=htan¢, (h=mh+hs+hs+d). (15

From Snell’s law, it follows

sin @1 =, sin @e=sin gs=ny sin ¢pq , (16)

Gl

(X0

Fig. 5. Displacement of GI1 by refraction.
(a) Still water; (b) uniform slope.
(C: camera)

The light passes through water and glass
before it reaches the point C. After refrac-
tion at the water and glass surface, the rays
originally diverging from the point Po now
diverge from the point P, though not origi-
nated at P.

where 7, and nq are the refractive indices of
water and glass, respectively. When g repre-
sents the displacement (x—wxo), the differenti-
ation of g with respect to x is

dq _he+d hcos[tan”!(x/h)]
dz~  h P4zt
ho sec?{sin~![sin(tan~(x/h))/ns]}
< vnt—sin?[tan~{x/h)]
. dsec?{sin~[sin (tan~!(x/h))/na]}
B Vgt —sin?[tan~{x/h)] )

an

It is readily seen in Fig. 6 that dg/dx in-
creases with x/h. The spaces of GI1 get wider
with the distance x/h. The value of dqg/dx
seems almost insensitive to the change of As/A.

For small value of x/h (<0.1),
[(dq/dx)—(dg/dx)z=0]/(dq/dx)»=:<0.02,
so that
dq/dx=(dq/dx)z=0 .
At =0 Eq. (17) is transformed into

(dq/dx)s=0=hs(1—1/n2)/h+d1—1/na)/h .
13

Under the above condition the ratio (SIz/SI)
of the grating space of GI1 to that of GI2 be-
comes

SI/SI=1:8s/1:8:1[ 1+ he(1—1/n2) /R
+d(1—1/na)/H], a9

where S; and S; are the grating spaces of Gl
and G2, and /; and /> are the distances to the

o
o

({dqid)- (dgice), )

L 1
01 02 0.
x/h 3
Fig. 6. Displacement of GIl by refraction in
the case of still water.

o
o
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camera from Gl and G2, respectively.
When GI1 and GI2 are superposed at the
cross angle ¢ under the following condition

6:COS71{lng/ZZSl[l+h2<1—l/n2)/h
+d(1—1/na)/R1}, (20)

the Moiré fringes are nearly perpendicular to
the rulings of GI1 (Fig. 4-a).

Another coordinate system is taken on the
TV screen with X-axis perpendicular to the
rulings of GI1 and Y-axis parallel to the rulings
of GI1. Then the displacement 4Y’ from the
straight line is given by

AY"=AX cot 0 @D
(AX" =Ra[(dg/dz)—(dg/dx)z=s]) ,

where R is the ratio of scales of coordinates on
TV screen to that of Gl.

The displacement of GI1 is analyzed in the
case of uniformly sloped surface. The light di-
verging from the point Py at xy is refracted at
the water surface before it reaches the point C
and it diverges from the point P’ at 2/ (Fig.
5-b). Then

zo=hi tan §31,+h2 tan ¢2’ -+ hs tan 953’

+dtan ¢4/, (22)
a2/ =htan ¢/ 23

and, from Snell’s law
sin{(@y/ — i) =nz sin (¢ — i),
72 sin @' =sin @3’ =nq sin ¢4’. 24)
Thus oy is obtained by substituting the value
of &/ into Egs. (22)~(24), and ¢; (Fig. 5) is
obtained by Newton’s method after substituting
xo and £ into Egs. (14) and (16). Equation (15)
gives x. Consequently, displacement 4z from
the position in the case of still water is obtain-
ed by
de=a'—x. (25)
The water surface is assumed to be

=m0 sin kx'’, (26)

which gives

tan i=dp/dx!! =kpy cos kx'’, @n

i=tan" (b, cos kx'"),

(bo= ko) . @28

The coordinate z’ of the intersection of Gl
and extension of the straight line connecting the
point C to the ccordinate 2’/ on the water sur-
face (Fig. 5) is given by

d=2"r, r=h/h). (29

Hence the displacement 4z at 2’ is obtained
as follows: 2’/ is obtzined by substituting z’
into Eq. (29), 7 is obtained by substituting z’/
and by into Eq. (28), 4z is calculated from '/
and 7 in the same way as in the case of uni-
form inclination. Then displacement 4Y is
given by

AdY=4X cot 0
(R=X/x). 30)

Thus, the profile of the Moiré fringes cn TV
screen is obtained from Egs. (21) and (30) as
follows;

AY+4Y"=A4X cot 0+ 4X cot 0
=dzRcot+4x’Rcotg. (31)

The first term of the right-hand side expresses
displacement from the Moiré fringes which are
formed in the case of still water. The second
term expresses displacement of the Moiré fringes
from the tangential line which touches the fringe
at =0 in the case of still water. The Moiré
fringes in this case are not completely straight

AY [aYx-0

x/Ih

Fig. 7. Profile of the Moiré fringes photographed

with a camera. - : Sinusoidal curve.
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lines as the spaces of GIl are widen with in-
crease of the distance z.
In the profiles of Moiré fringes which are ob-
tained in the way described above (Fig. 7), the
value x is expressed in dimensionless form by
using a distance 4 between the camera and G1.
The value 4Y is expressed as the normalized
form of 4Y/4Yx=,. The profiles are consider-
ably skewed by the effect of the shift from a
straight line (the second term of the right-hand
side of Eq. (31)), whereas they are hardly
skewed when 70/ is small.
By using the Moiré fringes the water surface
is obtained as follows:
1) The distance of Moiré fringes 4Y at 2/
was measured by using the Moiré fringes in
the case of still water and of wavy surface.
2) From Eq. (30), dx=4Ytan0/R
(4Y, 0 and R given).

3) From Eq. (25), x=a'— 4z
(@’ and 4x given).

4) From Egs. (15), ¢1=tan"'(z/h)
(x and h given).

5) From Egs. (14) and (16),

Zo=hy tan @i+ he tan o+ hs tan @3 +d tan ¢q

(sin 1=z sin o =sin s =174 sin @)
(1, h1, he, hs, d, ns and ng given).

6) From Eq. (23), ¢/ =tan"'(z'/h)
(' and A given).

7) Angle 7 is given by Newton’s method using
Eqs. (22) and (24)

(xo and @/ given, 7, ¢, @3’ and ¢4’ deter-
mined).

Consequently, the value of tan 7 is the surface

slope at '’ (from Eq. (29), 2/ =a'r).

4. Instruments

Geometry of the instruments is shown in Fig.
8. Gl is a lattice drawn on the paper (100X
50 cm) with a pitch of 2 lines/cm and is placed
at a distance of 80cm below the water tank.
G2 is made in two ways. One is a film of the
parallel lines with a pitch of 5 lines/cm and
the other is that of the lattice with a pitch of 5
lines/cm. Each film is 30 cm wide and 45 cm
long. These are placed between the camera and
the water surface under the condition of Eg.
(20). The Moiré fringes are taken with a video-
camera which is placed vertically at 90 cm above
the water surface. Two 500 W lamps are placed

video
come_r%, =
o
o
G2
‘wctter basin ‘ o
| ©
G1
‘«:Q

v

<« 100 ————>
Unit : cm

Fig. 8. Laboratory setup for taking photographs
of Moiré fringes.

above Gl. Two water tanks are used; one is
made of transparent glass 45c¢m long, 15cm
wide and 6cm deep, and the other is made of
wood 180 cm long, 90 cm wide and 20 cm deep,
with a transparent glass bottom (90x90cm) for
taking the Moiré fringes. The video-camera is
operated at 60 frames per second with exposure
time of 1/250 second per frame. The images
recoreded by the video-recorder are analyzed by
the video-motion analyzer. Quantitative analy-
sis is possible by reading photographs of these
images on the TV screen. It is convenient for
the calculation to take the origin at the center
of the TV screen.

Because 4Y is measured as the amount pro-
portional to the slope, the area where the Moiré
fringe changes are maximum corresponds to the
node and the area where the Moiré fringes hardly
change corresponds to the loop in case of stand-
ing waves. These areas are clearly recognized
by watching the motion of the Moiré fringes on
the TV screen.

5. Some examples of analysis
5-1. Mononodal standing wave in a rectangu-
lar model basin
Figure 9 shows the Moiré photographs of
the mononodal standing waves produced in
the rectangular model basin (45X 15x10cm),
when an external periodic force is applied. G2
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is a film of the parallel lines with a pitch of 5
lines/cm. The amplification factor (4Y/4X) can
be changed by varying the cross angle & be-
tween Gl and G2 based on Eq. (3). With de-
creasing cross angle, the Moiré line widens and
numbers of the Moiré fringes per unit area
decrease. After 4Y at each point of the Moiré
fringes (Fig. 9) is measured, the surface slope is
evaluated by the method mentioned above (Fig.
10). The water surface nearby the tank wall

8=19°
aY/aX=30

8=3.7°
AY/aAX =15

8=57°
AY[aX=10

Fig. 9. Moiré fringes with increased sensitivity.
The standing waves are produced in a rec-
tangular model basin (45X15X10cm). € is
the cross angle of GI1 and GI2, and 4Y/4X
is the amplification ratio.

0010

tan i)
N
N,
/}
-

0005} -
V]
Q.
o
(Vp]
0
0 5 10 15

Distance (cm)

Fig. 10. Surface slope obtained by analyzing
the Moiré fringes shown in Fig. 9.

is bent upward by the menisucus and the Moiré
fringes are distorted.

5-2. Standing wave produced in a model

harbor

A rectangular and circular model harbors are
introduced for analyzing the standing waves by
the Moiré method. Each model harbor has a com-
paratively narrow entrance and uniform depth.
Figure 11 shows the rectangular basin (180X 90
X 10cm). The model harbor is placed at a dis-
tance of 160cm from the wave paddle. The
wave paddle is driven with a given period with
help of a speaker so as to send stable waves
to the entrance of the model harbor.
filters are placed in front of the wave paddle and
wave absorbers are placed in front of side walls
of the basin (Fig. 11). G2 placed above the
basin is a film of the lattice with a pitch of 5
lines/cm.

The wave

e ’:—;—:—:—:~Z—:»Z’M1

Cwave absorber J\lli,ﬂi

. wave paddle 7| 11 |
g s,',( A
X speaker .J;”ﬁ \

|!1] |

N Ill‘ |

NN e el I H U
e —180 cm —————————>

Fig. 11. Water basin with a transparent glass
bottom.

(a) The rectangular model harbor

The rectangular model harbor is 30cm long
and 15cm wide and its entrance is 1.5 cm wide.
The standing waves was produced in the model
harbor when the wave generator sends the waves
of 2.23 and 2.90Hz. In Fig. 12 showing the
distributions of slope obtained from the Moiré
fringes, arrows indicate the normalized line vec-
tors, proportional to the slope at each point.
By assuming that the water level at the posi-
tion of the node is zero, the positive water level
areas are shown with dots.

There are two longitudinal nodal lines (Fig.
12-a). The transversal component of the slope
is large, but not well organized near the harbor
entrance, where the longitudinal component of
the slope is large. There are one transversal
nodal line and two longitudinal nodal lines when
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Fig. 12. Moiré fringe photographs and surface slope in the rectangular model harbor.
The phase difference between two cases is 7. The arrows show the horizontal
(2) The frequency

projection of the normal line vector of the tangential plane.
of standing waves produced by the wave generator is 2. 23Hz. (b) The frequency

of standing waves is 2. 901z,

13-b) with standing waves of 3.78 Hz. Annular

the wave generator sends waves of 2.90Hz
ridges and furrows are observed.

(Fig. 12-b). Areas of slope not well organiz-
ed are also observed around the harbor entrance.

(b) A circular model harbor

A circular model harbor (diameter 10 cm, open-
ing 10°) is used. There are two nodal lines
which intersect perpendicularly each other when
the wave generator produces waves of 3.18 Hz
(Fig. 13-a). One nodal circle is observed (Fig. for
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Storm-induced currents observed in Tanabe Bay

Shigehisa NAKAMURA and Shigeatsu SERIZAWA

Abstract:

Data of storm-induced currents were obtained for a period from July 1981 to July
1983 at a fixed station in Tanabe Bay by an ultra-sonic current meter.
paid to the currents and sea-level of September 24, 1982 when a typhoon landed.

Special attention is
Amplitude

spectra of the storm-induced currents were studied in relation to spectra of the storm-tides,

wind speed and atmospheric pressure as well as to the coastal configuration.

Oscillations

which seem not directly induced by storms were discussed in terms of shelf seiches.
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Study on deepening of the surface mixed layer*

Zhen Hua JING**, Jin Ping ZHAO** and Guo Jin SHEN**

Abstract: A three-layer model is developed for studying the time change of the depth of
the ocean surface mixed layer and the time change of the temperature in it. Modelling
philosophy is basically similar to that of NIILER, but leakage of heat through the bottom of
the mixed layer is allowed for preventing the depth of the mixed layer and the temperature

in it from infinite increasing with time.

Results calculated for various combinations of

dynamical and thermodynamical parameters and initial conditions are shown.

1. Intreduction

A vertically almost homogeneous surface layer
is generated owing to the turbulence caused by
wind mixing and the solar radiation penetration,
which in turn gives rise to a sharp thermocline
with a strong vertical velocity shear, separating
the surface mixed layer from the underlying
water. The surface mixed layer changes its thick-
‘When both the dynamical and
thermodynamical effects are present, however,
no analytical solutions for the vertical distribu-
tion of velocity and temperature in the mixed
layer and for the depth of mixed layer are readily
obtained. Recently, several models for the mixed
layer were developed. NIILER (1975) developed
a three-layer model to get the vertical distribu-
tion of horizontal velocity, the change of poten-
tial temperature and the mixed layer depth.
In his model a constant wind stress and a con-
stant heat flux are prescribed as upper boundary
conditions, while there is neither momentum
flux nor heat flux across the lower boundary of
the surface mixed layer. Both temperature in
the mixed layer and depth of it will increase
with time if heat is continuously supplied across
the upper boundary without heat loss across the
lower boundary.

ness with time.

‘We shall develop a more realistic model where
heat exchange across the lower boundary so
that the temperature in the mixed layer is not
monotonously increased with time.

* Received July 12, 1984
** Shandong College of Oceanography, Qingdao,
Shandong, People’s Republic of China

2. Three-layer model of the mixed layer

There are two forcing processes to be con-
sidered; one is wind stirring process and the
other is heat transfer process. Subject to these
two processes the flow in the turbulent mixed
layer could not be explained simply by the
EXMAN’s wind drift theory. For the purpose
of simulating it, NIILER (1975) suggested a
three-layer model; a main, thick layer of verti-
cally uniform temperature and horizontal velocity
is bounded by a thin upper (surface) layer and
a thin lower layer, both characterized by strong
vertical shear.

While a momentum flux and a heat flux are
supplied through the top surface of the upper
layer, neither momentum flux nor heat flux leaks
out from the bottom of the lower layer. The
momentum entrained in the lower layer ac-
celerates the horizontal velocity there and the
heat entrained in the lower layer warms the
lower layer. Based on these basic assumptions,
a short-term calculation was carried out. The
time evolution looked satisfactory. However,
the long-term evolution did not; both mixed
layer depth and temperature in it were increased
with time. The calculated result did not agree
with the observation.

In the real ocean, some processes should work
to prevent the depth and temperature of the
mixed layer from increasing infinitely with time,
when the momentum and heat fluxes, constant
in time, are continuously supplied through the
top surface. One of them is leakage of heat
across the bottom of the lower layer. It is
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assumed that the leakage Q is proportional to
the temperature T’
Q=KT (K: constant). e

Figure 1 is a schematic of the present three-
layer model.

U (z) | a F::pper shear layer

h mixed layer

lower shear layer

Fig. 1.

Three-layer model.

3. Formulation of the governing equations
Following NILER (1975), we have the equa-
tions for homogeneous layer;

W o ars—n F
= —— | VW |——
s fx V== [T @
and
oT 0 .
_(;t_*o—l:W’T’] (=, 1)/ Cppo 3

where the horizontal velocity I_; is independent
of horizontal coordinates and W is assumed O.
Further, —poV' W’ is assumed to be a linear
function of z, which becomes equal to the wind
stress 7o at the upper boundary 2=0, and to

V%Z— at the lower boundary z=-—*%.

The resistance force F' is introduced in such a
way that the momentum supplied from the top
surface is dissipated in the mixed layer;

— — —>
F=pocp|VIVh™. @

In (3), g(z, ¢) is the heating rate due to ab-
sorption of solar radiation at depth = at time

t. DENMAN (1973) regarded it approximately
zero. Vertical advection —cp00 W’ T7 is assumed
to be a linear function of 2, too, which is, at
the upper boundary, equal to the value Qo=
Qr—Qr—Qs—Qr (Qr, Q», Qs, Qr denoting
the incoming short wave radiation, the long-
wave back radiation, the sensible and latent
heat transfer from the sea surface, respectively
(POND, 1972; WARREN, 1972)), while it is equal
to —cppoW'T’ (2=—h) at the lower boundary.
Let I" be the vertical temperature gradient. Then
T=-ny— Tz=—n—5y=T+Th, where 0 is the lower
layer thickness, and

_ )
— P W,'Jv(zz_h) = (T+ F}L) -£+KT

Integration of (2) and (3) from —7% to 0 gives
_—
oV - = 7o —0h ==
h ﬁ-i‘fx Vh= ?_V-al—‘—.CD]V[V’ 5)
-T Q

CpPo

€

By use of (2) and (3), (56) and (6) lead to

= —oh
—{’oV'T/V':To-(—] <T0*100V > s D
— pocp IV’T’:QO+%
oh
{QD——cppo[(TJth)—a?JrKT]}. @

A closure system is constituted with the
following equations for general perturbation

field,
ai}’, 8U
— —
~ +f><V+ Vp+W' — U TV
+7 V- W’F’ Kp T +372 V7, (9)
and

—
V.v=0, 10

where the mean horizontal flow Z/t is a function
of 2 alone.

After some manipulation similar to NIILER’s
(1975), we get

—>
%—q-ﬁx U=2-Z 00, @
0
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9 o
h%—T; T+KT+JZF11_ Q“ N
0Oo
5
ok h“g<T+rh>—U U:I
oz
3/2
=2mo —20—1 h2—agh3( 2] +KT) (25)
Yo |
where [7=k7 is the EKMAN transport (cf.

Appendix).

4. Discussion of results

(1) When a constant wind stress and heat
flux are applied, the generation of turbulent
kinetic energy is initially controlled by surface
processes; in a pendulum hour the mean motion
is increased abruptly, while in two or three
pendulum hours inertia motion of large amplitude
is generated, and then its amplitude is decreased
gradually. A phase difference distinctly exists
between # and v just as shown by NIILER
(1975). The flow turns to the right side of
the direction of wind stress. The magnitude of
flow is decreased gradually with time to reach
the steady state. In the steady state, # and v
are very little variable with changes of thermo-
dynamic parameters K, I' and Q,, but changes
of dynamic parameters 7, and Cp result in
striking changes of # and v. The magnitudes
of # and v is proportional to 7o. It becomes
very large for small Cp. The changes of thermo-
dynamic parameters will affect not only the
current speed but also its phase.

(2) As regard to the mixed layer depth A(2),
it is increased abruptly at the very beginning,
then increased gradually to approch a steady
state value which is independent of the initially
chosen depth. This steady state value depends
primarily on the absolute value of the wind
stress. If the wind is strong, the depth is
deepening. Thermodynamic parameters K and
I" have a weak effect on the mixed layer depth,
while the surface heat flux has a stronger effect
on it. If Qy=0, K=0, and I'=0, and if only
the dynamical parameters are considered, the
mixed layer depth may penetrate to a depth of
about 100 meters, coincident with the EKMAN’s
theory. If a surface heat flux is applied in
addition to these parameters, the mixed layer
depth will be limited in a range of about 10 to

20 meters because of development of a thermo-
cline.

(3) Though the steady state value of T is
independent of its initially chosen value, the
latter has still an effect on the temperature
structure. The general tendency of the temper-
ature change is such that the temperature is
increased with time, and the time required to
reach the steady state is so long (=20 days)
that #, v and & also require a few tens of days
to reach the steady state. Furthermore, the
steady state value of T is closely dependent
upon K, as discussed in detail below.

(4) In a shallower sea the topographic factor
evidently affects the current field response to
the wind field. The time lag between them
will be increased with depth. This time lag
depends primarily upon two characteristic factors;
one is the initial stratification, i. e. the initially
chosen values for the temperature and depth,
and the other is the specified dynamic conditions
such as the strength of the wind stress and the
value of turbulent coefficient.

(5) Results obtained by various combinations
of the parameters and initial values are shown

in Table 1 and Figs. 2-9. (The data used in
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Fig. 4. Variation of the mixed layer depth
with time (unit: 10%sec).
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Figs. 2-9 are t,=3, 7,=0, Cp=0.002, Qy=2x
10~2cal/cm?sec, K=0.4x107%cal/cm?sec®C.)

The values mo=1 and Qo:2><10"2 are taken
from NILLER’s paper (1975), and the values
Cp=0.002 and p»=0.0005 are derived from
NILLER’s (1975) nondimensional ones. It is
evident that the parameter K stabilizes the
temperature field.
with increasing K. The parameter /' has a
weaker effect on the temperature. Since NIILER
(1975) has not taken K into consideration, i. e.
K=0, the temperature is increased monotonous-
ly. Here K is a pure thermodynamic parameter,
so that its change does not affect dynamic vari-
ables #, v and A.

The temperature is lowered

5. Remarks

Wind stress fluctuation brings about internal
waves in the thermocline, which transfer hori-
zontally some amount of momentum and heat
far away to change the time required for dy-
namical and thermodynamical adjustment (PHIL-
LIPS, 1977). The present study is concerned
with the inertial motion and stratified vertical
variation in the mixed layer. The wave motion
is out of the scope because no horizontal change
is taken into account, which is a shortcoming
of the present paper.

Appendix
Taking dot product of (9) with V”, and putting
- =
¢ =V« V" by use of (10), we have

.
Cl? a;— 7! PIJ_C/E "_);/ 12 (A)‘Uv
w (Tl (*,5;'“2‘)\“ Y

|
i

(=51

— i'o‘EW'T'—uVVV TV a1
0

b

Table 1. Results in various cases.

Tz Ty mo cD Qo 4t ho To K pP (cm7sec) (cm:[;sec) hiem) T(°C)
3 0 1 0.002 2x%107% 100 100 5 0.4x1072 0 6.49 —20.34 1299.82 5.00
3 0 1 0.002 2x107% 100 100 5 0.8X107% 0.0005 6.48 —20.34 1299.68 2.50
3 0 1 0.002 2x1072 100 100 10 0.4x107% 0.0005 6.49 —20.34 1299.82 5.00
3 0 1 0.0005 2x107% 100 100 5 1.4x107% 0.008 0.15 —22.80 1267.35 1.15
3 0 1 0.002 2x107% 100 100 5 1.4%x107% 0.00005 15.11 —10.83 2186.63 5.00
3 0 1 0.002 0 100 100 10 0 0 —0.91 — 4.08 13152.86 3.14
(unsteady)
3 0 1 0.002 2x107% 100 100 10 0.4%x107% 0.000005 6.49 —20.34 1299.34 5.00
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Table 2. Order of magnitude of each term in Eq. (11).

Perturbation

Order of magnitude

energy flux Estimator (cm?/sec?) Reference
3z U2
ﬂi( cr ) T ) 3%107 PuILLIPS (1977)
ot \ 2 (U*:To/Po:3 cm“/secs)
T =1day=10°sec
N 7 {4U)
= U h 3x4Ulcm/sec)™* x 107 Equation (7
V'w’ . e (AU: 10 cm/sec) quation (7)
h =100 m
CY
Q max
0EC .
ag ——— o"Cp Equation (8) and
o W' ag/0,=2 X 10 cm/sec? °C 4% 107 Dearan aed
Cp=1Cal/cm MIYAKE (1973)
Q max=2x10"%Cal/cm? sec
s Shape of turbulent 6—1%10"" GRANT et al. (1965)

K. E. Spectra

of which the orders of magnitude of each term
are listed in Table 2.

In consideration of two different regions, the
above equation (11) is transformed into two
different forms by putting

12
namely
O Dy 222\ Lo 29 g
w0 ()R
—d<z<—d—h), as

ﬂ+?’/Wf NCLEA
0z
(14)

Integration of (13) and (14) with respect to

oo AT a2
;
_’.[W/ Lo
oz o0 2

O0>z<—d, h+d<z<—~h—90).

IS

glVeb
T T N )i—d r-d
RG] I N
Q0 2 | —h+d —h+d
-a
:S LTy (15)
~hs+d Qo
/ /2 0 0 = olT*
l:W/<i_;_c_>jH :_S v Y g,
0o 2 |-a —d
0
-——g edz ae)
-d

an

where U* (2) is an additional wind-wave driven
flow component near z=0.

The first term at the right hand side of (16)
may be integrated approximately as follows;

—>
0 > J7T* -
f T e 2 py, ()
J-a z 0o

because terms of order (d/A) may be neglected.
Since U*
tion of 2/ within the lower boundnry,
”+h+5 —> 2
( )f ( 0+d )

< > 0h
expressed as — — V t:l—}-()( )], (18) leads

(z) 1is approximately a linear func-
U(x)=
, and VW may be

o+d
to
(o+ds——— [T el
\ "V =2V V2 H)( ):I
Jo oz 2 ot

(19

Writing U*(0)=U%*,, and then combining (15),
(16> and (17) we have

—_— —

Al 72 0 0 T
[W’(L-i— i—ﬂ +g edz — L Uyt
Oo 2 —h Qo

—> —> ~ 0
~V°Vﬁ@=ﬂg WiTdz .
2 0t pPo Jon

(20)

Equation (8) gives
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, 0
_fﬁ.g W’T’dz:ﬂg—{ hQ
0o )on o5 1200Cy

A oh
+_2{<T+ rn -|—KT]} . @D

Again, putting

T AT 72N —0 0
[—W’(iJrC—)] ool *—S edz
P 2 ~h

3/2
, (22)

Oo

=moUo**=1m,

we get the system of the governing equations

(23), (24) and (25).
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A numerical simulation of oil spreading
on the sea surface*

Tetsuo YANAGI* and Yasuaki OKAMOTO***

Abstract:

A numerical model for simulating the oil spreading on the sea surface where the

residual flow, the tidal current, the wind-induced transport and the turbulence are dominant.
Oil slicks are considered to the summation of many elementary patches. Each elementary
patch is advected by the residual flow, the tidal current and the wind-induced transport and
is scattered by the turbulence in the numerical model. The result of numerical experiment
coincides well with that of field observation of the accidental oil spreading from Mizushima
Harbor in the Seto Inland Sea, Japan, on December 18-22, 1974.

1. Introduction

The rapid growth of oil consumption by man-
kind has led to an increasing danger of oil
contamination of the coastal waters by the
accidents of oil tankers or oil factories on land.
When such a crisis of oil spill arises, there is
an immediate need to determine how fast and
how far the oil spill will spread so that a reason-
able plan for contamination and collection of oil
spill can be carried out.

An oil slick generally originates from an
instantaneous casualty spill or from a continuous
chronic spill with a time dependent spill rate.
‘While undergoing changes in its physical and
chemical properties the oil slick subsequently
spreads and drifts on the sea surface under the
combined effects of winds, waves and water
currents. FAY (1969) and HOULT (1972) studied
the spreading of oil slick on the calm water
surface and classified its spreading into three
regimes, that is, the gravity-inertia, gravity-
viscous and surface tension regime. The equa-
tions for the spreading of oil slick led by them,
however, often estimate its spreading area too
small compared with the real one on the turbulent
sea surface as mentioned in the next section.

* Received May 1, 1984
** Department of Ocean Engineering, Faculty of
Engineering, Ehime University, Matsuyama, 790
Japan
#** Shin-Nippon Meteorological and Oceanographical
Consultant Co., Ltd., Tamagawa 3-14-5, Seta-
gaya-ku, Tokyo, 158 Japan

On the other hand, KAKINUMA and YANAGI
(1976) tried to simulate the oil spreading on the
sea surface by solving the turbulent-diffusion
and advection equation. However their method
has the deficiency that it cannot objectively
decide the spreading front of oil slick because
the thickness of oil slick continuously changes
in that model.

In this paper we try to simulate numerically
the oil spreading on the turbulent sea surface
considering the oil slick as the summation of
elementary patches.

2. Oil spreading from Mizushima Harbor

At about 8:45 pm on December 18, 1974 heavy
oil of 35,000 m® volume began to outflow from
an oil tank at Mizushima by a fatal accident
(see Fig. 1).
around tanks and an amount of about 10,000 m?
flowed into Mizushima Harbor in the Seto Inland
Sea at about 9:00 pm. The oil effluent from
the tank stopped at about 10:00 on December
18 and also the flowing into Mizushima Harbor
The oil slicks
on the sea surface were transported mainly to
the east and reached to Naruto Straits at the
night on December 22 (Fig. 2). The damage
on the fishery by this oil effluence amounts to
sixteen billion yen.

FAY (1969) studied the basic mechanism affect-
ing the spreading of oil slick on calm water
considering the inertia, gravity, viscosity and
surface tension. At the initial stage the primary

Heavy oil flowed over the oil fence

stopped around the same time.
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Fig. 2. Transition of oil spreading area.
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They were observed from an aircraft by

the 5th and 6th Regional Maritime Safety Headquarters, Japan.

driving force is due to the gravity and the rate
of spreading is governed by a balance between
the gravitational pressure and the oil inertia.
As the spreading proceeds, the oil slick becomes
thinner and the viscous effect becomes more
evident. At the second stage the gravitational
spreading force is primarily balanced by the

water’s viscous retardation. The gravity oriented
body force gradually becomes less important as
compared to the air-water-oil interfacial effect
when the film becomes very thin, typically of
the order of milimeters. Finally surface tension
becomes dominant as the major driving mecha-
nism and the spreading rate at this stage is
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determined by a balance between the surface
tension spreading force and the viscous drag.
The equations of radially symmetric spreading
for the respective regimes derived by FAY (1969)
and HOULT (1972) are as follows;

Gravity-inertia regime

r(6)=1.14 (dg V)14, (1)
Gravity-viscous regime

(&) =1.45(dg V32~ 1R)V/6 - (12)
Surface tension regime

(&) =2.30 (e~ 1)1/4, (3

where r is the radius of spreading (meter), ¢ the
time (second), V the volume of the spill (m?),
¢ the gravitational acceralation (9.8 ms™2%), 4=
0—po, p the density of seawater (kg m™2), (o
the mean density of the oil (kgm™®), v the
kinematic viscosity of the water (m?s7!) and ¢
the net surface tension (kg s™2). The coefficients
in the equations are based on empirical measure-
ments of the spreading rates. Here we estimate
the radial spreading of oil spill from Mizushima
Harbor after Egs. (1) to (3), where V is 10'm?,
4 0.05, p 1.025, v 1.0x107%m?2s~! and ¢ 0.03 kg
s~2.  After the FAY and HOULT’s formula, the
estimate of the radial spreading of oil spill in
this case was too small as shown in Fig. 3.
Such discrepancy may suggest that the primary
factor affecting such a huge oil spreading as the
present case is not the physical properties of oil
spill but the oceanographical structure, namely

m
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Fig. 3. Estimated radial oil spreading by Egs.
(1) to (3) which is shown by the full line and
observed radial oil spreading from Mizushima
which is shown by the rectangular mark.

the advection and the turbulence of the sea-
water itself.

3. Numerical model experiment

(1) Basic equations

Basic needed to study
such complex phenomena as oil spreading on
the sea surface. It is assumed here that 1) oil
slicks are considered to be the summation of
many elementary oil patches, 2) the principle of
superposition for the drift of each oil patch due
to the residual flow, the tidal current, the wind-
induced transport and the turbulence is valid,
3) such physical properties of oil patch as viscosi-
ty and surface tension and the effects of waves
on surface drift are not considered because the
turbulence on the sea surface is predominant,
4) the properties of oil patch do not vary with
time, and 5) evaporation, dissolution of the solu-
ble components and biological degradation of oil
are absent.

We try to trace the horizontal two-dimensional
spreading of labeled oil patches on the sea sur-
face. Imagine that a labeled oil patch exists at
a point (z?, y™ at time n#. Position of the labeled
oil patch (2"*!, y**!) at time n+1, 4t time after
is traced by the following formula.

assumptions are

xnﬂ:xn 4+ {Uzn(xn’ yn) -+ Ur(xn, yn)
+Uw"(z", y™)}4t+ Ra, (43

y =yt { Vet y) + Vi, v

+ Vur(z®, y™} e+ Ry, (5)
em —— TavOTSU
so e KOMATSUZIMA
1004
1l
[ 1
-100-

-150-

DECEMBER 1974

Fig. 4. Observed tidal height at Tadotsu and
Komatsujima by the Japan Meteorological
Agency.
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‘Here z and y are Cartesian coordinates directed
eastward and northward, U.*(z", ¥®) and V;"(z",
2™ denote the tidal current velocity components
at time z in x and ¥ direction, U,(z", ¥™ and
Vi (z®, y™ the residual flow velocity and U,™(z?,
y™ and V" («”, y®) the wind-induced transport
velocity. Velocities of the tidal current, the re-
sidual flow and the wind-induced transport at the
point of oil patch (z%, y®) are interpolated from
Eulerian velocities at four grid points surrounding
the oil patch. R; and Ry are the movements due
to the turbulence in = and y direction, respective-
ly. An oil patch stops drifting when it crosses the
boundary between land and sea.

(2) Tidal current, residual flow, wind-induced

transport and turbulence

The velocity field is calculated as follows. As
to the tidal current, the horizontal two-dimen-
sional momentum equation of homogeneous fluid
and the continuity equation are

du

—at—+(u-7)u+fk><u
:—971—1;;"7@— P, (6)
F)
T {(H O =0, 7

Here u is the depth-averaged velocity vector, ¥
the horizontal differential operator, f{=8.0x 1073

1974
DECEMBER 19

11:00pm

s™1) the Coriolis parameter at 34°30’N, k the
locally vertical unit vector, ¢ (=980 cm s72) the
gravitational acceleration, { the surface elevation
above the mean sea level, 752 (=2.6x107%) the
bottom frictional coefficient, H the local depth
and v (=10%m?s~!) the coefficient of lateral eddy
viscosity. Equations (6) and (7) are approxi-
mated by finite-differences and are solved by
primitive method. The grid size is 2km X 2 km.
The tidal currents from December 18 to Decem-
ber 22 in 1974 are calculated every 30 seconds
with boundary conditions of tidal heights at A-
A’ and B-B’ lines in Fig. 1. The variations of
tidal height at Tadotsu and Komatsujima which
were observed every hour by Japan Meteorologi-
cal Agency (1974) are shown in Fig. 4 and they
are used as the boundary condition at A-A’
and B-B’ lines, respectively. Figure 5 shows
the calculated flood tidal current at 11:00 pm
on December 19 in 1974. The ebb tidal current
flows in nearly opposite direction with the same
speed.

The residual flow is defined as the steady part
in the harmonic analysis of observed tidal cur-
rent. It is thought to be caused by the local
surface wind stress, the mean sea-level slopes,
the horizontal density gradient, and the non-
linearity of the tidal current, etc. According to
field current measurements, the average residual
flow pattern in the eastern part of the Seto

.
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Fig. 6. Interpolated residual flow in the numerical model.

Inland Sea is dominated by the tidal residual
flow due to the nonlinearity of the tidal current
and the density-induced current due to river
discharge (YANAGI and HIGUCHI, 1980). How-
ever the density-induced current cannot be re-
produced in this numerical experiment because
the model is a barotropic one. The model
residual flow is interpolated from the results of
field observations (YANAGI and HIGUCHI, 1980)
by the spline technique (OONISHI, 1975) as
shown in Fig. 6.

The wind-induced transport is supposed to be
given by the following formula;

Uw@®, y9)=Cou* WU"", y"), (8)
V™, y»)=Cuw WV™x", y") . (9)

Here C., is a proportionality constant, WU™ and
WV" the wind speed at time z in z and ¥y
direction, respectively. We do not consider the
deflection of the wind-induced transport direction
due to the Coriolis effect because the duration
of wind is short and the model sea is not so
deep. The wind velocity on the sea surface is
estimated by the linear interporation using follow-
ing formula obtained from the wind observations
on land;
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WU (x, y)ia1x+b1y+61 , 10
WV (x, y)=asx+byy+c: . an

Here, (a1, b1, c1) and (as, bs, ¢) satisfy the follow-

ing equations;
WU (1, Y1) Z1Y1 N\ /a
WU (z,, Y2) xy2 1 )| b1 (12
xaysl ¢/,
WV (z1, Y1) z1y11\ jas
wv (xz, yz) = JCz’yzl (bz 13
WV (xs, ys) zsys1/ \co/,

WU (x3, ys)

where WU(z1, y1), WU(xs, y2)-+- WV(2, y2) and
WV(xs,ys) are observed wind speeds at three
wind observation stations. The model sea is
covered with three triangles formed five wind
observation stations as shown in Fig. 8. The
wind speed and direction were observed every
three hours from December 18 to December 22 in
1974 by Japan Meteorological Agency (1974). The
wind vector time series at five stations are shown
in Fig. 7. The seasonal dominant westerlies blow
on December 19 and December 21. An ex-
ample of interpolated wind velocity field at 21:00
on December 19 is shown in Fig. 8.

The turbulence is calculated by the following

1974.12.19
21:00

OKAYAMA
o

//////

formula;

Re=ysX /2xdtx K,
14

Ry=yyX /2X 4t x K,
_1dRS _1dRy
T2 dt 2 dt

(15

Here 7. and 7, denote the random numbers
whose mean values are zero and whose variances
are 1.0, and K the horizontal dispersion co-
efficient.

Both Cy and K are prescribed in such a way
that the calculated spreading of oil slick agrees
as closely as possible with the observed one.

4. Results

At first, numerical experiments with various
values of C, without the turbulence were carried
out. Results are shown in Fig. 9. An oil patch
is released from Mizushima Harbor at 21:00 on
December 18 and its position is calculated every
15 minutes in each numerical experiment. In
the case where C,=0.030 an oil patch does not
move so quickly to the east, but it moves too
quickly to the east in the case where C,=0.040.
C»=0.035 seems to be most suitable in com-
parison of Fig. 2 with Fig. 9, that is, the

HIME JI

4 U.,’ )
" TAKAMATSU -

TADOTSU

Fig. 8. Horizontal distributions of wind velocity at 21:00 on December 19.
Wind vectors outside three triangles are obtained by extrapolation method.
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oil patch at 16:00 on December 19 to 22, 1974.

wind-induced transport of 35cms™! is caused
when the wind of 10 ms~! blows.

From these results we can see that the most
effective advection to this oil spreading from
Mizushima Harbor was the wind-driven trans-
port. If there was not the west wind from
December 18 to December 22, 1974, the oil slicks
might have spread to east and west in the same
way from Mizushima Harbor.

Figures 10(a), (b) and (c) show the results of
oil spreading at 16:00 on December 22 in the
case where 500 oil patches were released from
Mizushima Harbor at 21:00 on December 18.
Oil patches do not scatter largely in the case
where K=10%m?s~! and they scatter too wide
in the case where K is 10°%cm2s~!. On the other
hand, the calculated scattering pattern of oil
patches well coincides with the observed one
shown in Fig. 2 in the case where K is 5x 104
cm®s7t. We decide 5Xx10%m?s~! as K from
these results.

Two hundreds and fifty oil patches were re-
leased four times at 21:00, 21:15, 21:30 and
21:45 on December 18 from Mizushima Harbor
with C»=0.035 and K=5%x10*cm?s~!. The
spreadings of oil slick at 16:00 on December
19(a), at 16:00 on December 20(b), at 16:00 on

December 21(c) and at 16:00 on December 22(d)
are shown in Fig. 11. The results of the nu-
merical experiment shown in Fig. 11 coincide
fairly well with those of the field observation
shown in Fig. 2 except the initial spreading
near Mizushima Harbor. The oil spreadings in
the western part from Mizushima do not co-
incide either. The reason for such discrepancy
might be incompleteness of wind vector ex-
trapolation as shown in Fig. 8.

5. Discussion

We develop a numerical model to simulate the
spreading of oil slick on the turbulent sea sur-
face. The wind-induced transport C, used in
this model, however, is a little larger than the
commonly used value, because the wind on the
sea surface is interpolated using the wind data
on land in this model. The wind speed on the
sea surface is generally 1.5 to 2.0 times as large
as that on land (YANAGI, 1980). The suitable
value of C, might be 0.015 or 0.020 if the
wind speed on the sea surface could be correctly
estimated. We will have to consider the de-
flection of the wind-induced transport direction
from the wind direction in the case where the
oil spreading in a deep sea such as the continental
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shelf is considered.

Moreover the method of the decision of number
of elementary patch in the numerical experiment
is not clear in this study. The oil spreading
pattern is not drastically affected by change of the
numbers of elementary patch from 500 to 2,000
in these numerical experiments. The number
of elementary oil patch in the numerical ex-
periment may depend upon the outflowing oil
volume. The relation of outflowing oil volume
to the number of elementary oil patch will have
to be examined by future numerical experiments
as well as field observations for different out-
flowing oil volumes.
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A barotropic, wind-driven flow of the Korea Strait
and transport of the Tsushima Current®

Takashi ICHIYE**

Abstract: An analytical solution for a wind-driven barotropic flow is obtained for a channel
which is bounded with two straight coasts and opens to both ends. The wind stress and the
depth are constant. Across the entrance (inlet) the sea surface distribution (or geostrophic
flow) is prescribed but at the outlet to the Japan Sea there is no sea surface slope along the
channel. The transport at the outlet is the sum of the geostrophic transport and the Ekman
transport due to the cross-shore component of the wind stress. The former is subjected to
modification by the coasts of the given transport at the entrance. The result is applied to
the Korean Strait. Monthly values of the Ekman transport are determined from observed
wind stresses. Those of the geostrophic transport are estimated by use of a parameter
obtained from a numerical model and of geostrophic transports determined outside the strait.
The annual change of the sum of these transports agrees well with that of the transport of
the Tsushima Current determined from various hydrographic data at the outlet (Tsushima

Strait). The flow pattern in the Korean Strait computed from the analytical solution shows
similarity to the transport streamlines determined from direct current measurements.

1. Introduction

The Tsushima Current is considered as an
offshoot of the Kuroshio south of Kyushu, Japan
(MORIYASU, 1972; NITANI, 1972). However,
its generation is quite different from a process
of branching of a river as discussed by ICHIYE
(1984), just as the Kuroshio is not like a river
in the ocean. Formation of the Tsushima Cur-
rent in the Korean Strait could be explained as
a combination of the Coriolis effect, pressure
gradients, the bottom stress and the inertia
effects as demonstrated by a numerical model of
ICHIYE and L1 (1984). On the other hand, the
annual variation of the transport of the Tsushima
Current at the Tsuchima Strait (northern outlet
of the Korean Strait) is strongly influenced by
the wind-driven circulation of the Korean Strait
and the northeastern part of the East China
Sea, particularly as the adverse transport by
the prevailing westerlies in colder seasons as
discussed by ICHIYE (1984).

Figure 1 shows the main features of the sea-
sonal change in transport of the Tsushima Strait.
This figure shows the Ekman transport in the

* Received May 4, 1984
#%* Department of Oceanography, Texas A&M
University, College Station, TX 77843, U.S.A.

interior and the geostrophic transport at the
entrance (ICHIYE and LI, 1984) in comparison
to the observed geostrophic transport at the
Tsushima Strait (TOBA et al., 1982). It indi-
cates that the contribution from the Ekman
transport is important for the seasonal change
of the transport of the Tsushima Current (see
Section 7 for explanation of Fig. 1).

In order to understand the wind-driven circu-
lation in the Korean Strait, the simplest ge-
ometry is adopted (Fig. 2), where it is considered
as a straight channel of a constant depth with
both ends opening to the deeper and wider seas.
The numerical model of ICHIYE and LI (1984)
indicates that the bottom topography has strong
effects on the circulation in the Strait only on
the southern and northern open boundaries,
where the depth increases from 100 m to more
than 300 m within 50 km. The assumption of
a uniform depth does not substantially change
the circulation in the inner part of the Strait
nor the transport through it.

The driving forces are the wind stress over
the Strait and the geostrophic flow on the
southern open boundary. The non-linear terms
are neglected, since the characteristic Rossby
number is about 5x 107 for Coriolis parameter
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Fig. 1. Seasonal change of the transport through
the Tsushima Strait. Black squares, Ekman
transport over the Korean Strait; white squares,
geostrophic transport T% determined from the
numerical model of ICHIYE and L1 (1984); black
circles, sum of T% and Ekman transport; white
circles and vertical lines, geostrophic transport
determined from historical hydrographic data
and its ranges (TOBA et al., 1982).

107*s7!, width of the Strait 200km, and a
characteristic speed of the wind-driven current
0.1 ms™!. The latter is obtained for the Ekman
drift for the wind stress of 1073m?s™2 across
the channel with the mean depth of 100 m.
Also the steady state is considered since the
annual change of the circulation in the Strait
has much longer time scale than the inertial
time scale.

2. Basic equations

Consider a channel or bay bounded by two
straight coasts parallel to the y-axis. The z-axis
is perpendicular to it (Fig. 2). Equations of
motion of the vertically integrated velocity (VIV)
(U, V) are

oU/0t—fV=—ghol/0x+Ts—Bz, (1)
0V /0t +fU=—ghol/dy+Ty—By, (2)

where f is the Coriolis parameter, { the sea
level elevation, ¢ gravity constant and (7%, 1Y)
and (Bz, By) are wind stress and bottom stress,
respectively (CSANADY, 1982). The continuity
equation is

OU oz 40V /dy= —aL oz . (3)

Substitution of U and V from equations (1) and

East China Sea

Fig. 2. A channel fitted to the Korean Strait
and the outline (thin line) of an area chosen
for the numerical model of ICHIYE and L1
(1984). Ts and Te are the geostrophic trans-
port across the southern and eastern open
boundaries, respectively. 7% is the transport
across the entrance ¥=—b and is determined
from Ts—Te by use of the ratio obtained from
the numerical model.

(2) into (3) leads to

0 [ o2 . 0 .
4 (s )i—og 7070

o oh 0L oh
+afl (a—x W oy a)

[N
N

+ait VoV Xe=0, (

18

Al

where V' is a horizontal gradient operator,
the vector (I'—B) and VX is the curl operator.

When the depth 4 and t are constant, (4) is
reduced to

52
(atz +f2>C—ghV2C:O (5)
under an initial condition that the elevation
vanishes.

3. Scaling

Equations (1), (2) and (5) can be scaled with
Rossby radius of deformation R, the time f1,
VIV 7of"! and the elevation ¢*(zoR)™, where
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c? =gh, R=¢f~! and 7, is the characteristic value
of 7. For a stationary case, the scaled versions
of (1) (2) and (5) are given by

—V=-0{/oz+X, (6)
U=—-06L/oy+ Y, (7)
{=re, (8)

respectively. The scaled equation of (3) remains
the same in form. The nonstationary case is
expressed simply by restoring the time deriva-
tive terms in these equations. In equations (6)
an{ (7), X and Y represent scaled components
of .

4. Solution for an open channel

A channel is considered to open to two wider
seas (Fig. 2).
flows into the channel and in the other end it
opens to the sea without change of the surface
elevation. The channel is bounded with two
straight coasts at x=+a, where U vanishes.
One end is at y= —5 where the surface elevation
representing the geostrophic inflow is prescribed.
At the other end y=»0 the surface elevation is
smoothly continuous to the other sea of a larger
dimension (Japan Sea). The boundary conditions
can be expressed by

In one end a geostrophic current

U=0 (x==*a), (9)
(=Fa) (y=-0b), 10)
0%/0y=0 (y=b). e8y)

A particular solution of equation (8) satisfying
boundary condition (9) is given by

1= Yy cosh x (cosh @)~ 12)

In order to satisfy boundary conditions (10) and
(11) another solution

L= :%1 {Anexp (say)
+ Brexp (—sny) } cos knx a3
has to be added to {;, where
kn=0@2n—1)x2a)7t, n=1,2...) (14)
si2=1+k2, 15

and A, and B, can be determined from con-
ditions (10) and (11). Since cos knx forms the
orthogonal function system, F(zx) and (12) can
be expanded with this system as

Flx)= ;_]o gncos knx+qosinhz, (16)
n=1

Y(cosh @)~tcoshx= 3 pncoskxx . (17)
n=1
In equation (16) go-term is generated by an odd
part of the function F{(x) and is given by

F@)sinhzdz. (18)

-a

qo=2(sinh 2a—2a)’1g

Substitution of (13), (16) and (17) into (10) and
(11) leads to
Co= E [$2{b cosh sp(y—08) —sa™!
n=1
X sinh sp(y+56)} + gn cosh s,(y—5)]
X {cosh (2bsx)} ! cos knz+qosinhx, (19)
where
Pn=2(—D"1 Ykpa's,72, n=1,2...). (20)
The stream function @ defined by

U=-00/0y, V=00/ox 1)

is expressed by
O=C—yY—2xY. (22)

The total transport through the channel is given
by

S Vdz=—2aX+2qsinh a
=Ts+7Te, (23

where the first and the second term of the
middle expression is the Ekman transport (7z)
and the geostrophic transport through the channel
(Tg), respectively. The latter is caused by
modification of the geostrophic flow at the
entrance by the coasts.

5. Particular case of the geostrophic flow
It is assumed that at the entrance y= —¥b there
is a geostrophic flow
V="Vycos (zx/2d) for (|x|<d),
=0 for (|z|>d). (24)
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Then the elevaﬁon is given by
z:Sx Vdz=F(z)
—a

=0 for (—a<x<~d)
={y{1+sin (zz/2d)} for (Jz|<d)
=2, for [d<x<a), (25)

where

Lo=2d7n" V. (26)
Then

qo=4%, (sinh 2a—2a)7*[{1
+(=/2a)?} ! cosh d+sinh a—sinh d] (27)
and

gn=2Clak,) ' sinkra
=4L(—= D" {2n— D=} . 28
The elevation { can be expressed in three parts
as

(=Y 45T +7s) . @29

The function ¥, consists of the sum of the co-
efficients of Y in {; of (12) and in & of (19)
and is given by

T =y cosh x (cosh a@)~!
+2a7! OZO (— 1) ks, 2{b cosh sp(y—b)
n=1
— st sinh sp(y+ )} (cosh 2b s,)7! cos kazx.
(30)

The function ¥y is the coefficient of o in the
sum of series with a factor g, which is given
by (28). It is expressed by

Ty=1 % (—1)"H{(@n— D}
n=1
X cosh sz{y—b)(cosh 2b s,) " cos knz . (31)

The function @3 is the coefficient of o in the
last term of the r.h.s. of (19) and is expressed by
T3=4(sinh 2a—2a)~! [cosh d{1+ (z/2a)%} !
-+sinh a—sinh d] sinh x=S(a, d) sinh x,
32)

where the coefficient of sinh z depends on @ and
d. The r.h.s. of equation™(29) indicates that

the elevation consists of the two  parts: one
part due to the alongshore component of the
windstress and the other part due to (o, half of
the maximum elevation at the entrance of the
channel y=—5. The latter represents the effect
of the geostrophic flow through the entrance.
Thus the ¥'; term represents the elevation due
to the wind and the ¥y and ¥ terms represent
the one due to the geostrophic flow at the
entrance.

The stream function @ can be determined
from (22) for different values of X, Y and ¢
when { is determined from (29). Equations (22)
and (29) indicate that the patterns of the surface
elevation and the stream function can be deter-
mined by the functions &1, s and ¥'5, whereas
their magnitudes are dependent on X, Y and &o.

6. Numerical calculation for the Korean Strait

The above analytical solution is applied to the
Korean Strait which in its simplest form si
characterized as a straight channel. Character-
istic parameters of the Korean Strait are as
follows: f=8.16x107%s7!, the mean depth=
104 m, Rossby radius of deformation=2391 km,
the width=196 km, the length=313 km. These
parameters yield scaled width and length ¢=0.25,
b=0.4.

The series of the r.h.s. of equations (30) and
(381) are computed numerically up to n=20.
The functions ¥y and ¥, for the value of a and
b listed above are plotted in Figs. 3 and 4 re-
spectively. Both functions are even functions
about z. Therefore they are shown only for
the left half of the channel (—0.25<x<0).
Equation (29) indicates that only the longshore
component of the wind stress causes the sea
surface slope. The pattern of the ¥ function
shows that the sea surface generally rises from
the inlet (entrance) of the channel to the outlet
but there is no uniform rise from the left shore
to the right as expected without consideration
of the coastal boundary conditions. These con-
ditions require that the alongshore slope 0{/dy
should counterbalance the lateral Ekman trans-
port Y. On the other hand, the function ¥
decreases rapidly from the inlet to the outlet
indicating a downward slope if {, is positive or
the geostrophic current at the inlet flows into
the channel. However, the sea surface pattern
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Fig. 3. The distribution of ¥, %10, shown for
—a<z<0. ¥, is an even function of z.

is affected more strongly by the function ¥y since
this is larger than @'y except near the inlet.
As indicated by the r.h.s. of equation (32)
T; contains d as a parameter. Since the exact
width of the geostrophic current 24 is unknown,
d is varied from 0 to 0.25 and S{a,d) of (32)
is plotted against 4 in Fig. 5. Comparison of
values of this function with those of ¥, indicates
that the @5 function is larger than the ¥'; func-
tion except near the central line of the channel,
particularly for small values of d. Also T is
almost linear about x for «=0.25. Therefore
the sea surface pattern is rather simple for small
values of d, with almost uniform rise from the
left to the right hand coast. Therefore the sum

T T T
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Fig. 4. The distribution of ¥3x10, shown for
—a<x<0. ¥, is an even function of z.

of ¥y and ¥ is computed for the case of a=d
which corresponds to the maximal contribution
from ¥, The distribution is plotted in Fig. 6
which indicates some modification near the en-
trance from a uniform rise to the right.
Though ¢ is proportional to the total trans-
port through the channel as indicated in equation
(23), it becomes maximum for d=0 from Fig.
5, if {p is kept constant. This is because the
maximum VIV, V, becomes infinite for d=0
with constant {y as seen from (26). It is more
realistic to determine g, by keeping V, constant.
Then ¢o is proportional to dS(a,d) which is
plotted against d also in Fig. 5. The total trans-
port becomes maximum when the width of the
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Fig. 5. Three functions expressing magnitudes
of the geostrophic transport through the channel
against d for a=0.15. A: S(a,d) from equa-
tion (32). B: dSla,d). C: 1/4/dSa,d).

geostrophic flow is about 54 % of the channel
width,

The geostrophic transport at the entrance is
2%y from (25), whereas Tg is the total transport
through the channel as defined by (23). The
ratio of T¢ to 2L, is S{a,d) sinh a. Therefore
from Fig. 5, T is always larger than the geo-
strophic transport at the entrance. This is be-
cause coastal boundaries modify the prescribed
sea level near the entrance as indicated in Fig.
6. The momentum transport or the total energy
at the entrance is proportional to d V% There-
fore, if the momentum transport or the total
energy at the entrance is kept constant, the
transport T is proportional to +/d S(a, d) which
is also plotted in Fig. 5. This function shows
maximum at about d=0.1. Therefore T be-
comes maximum when the width of the current
at the entrance is about one fourth of the channel
width or about 50 km. This might be explained
as a different expression of the horizontal concen-
tration of momentum in a geostrophic flow as
studied by ICHIYE (1960). The latter derived
the optimum width of the current for producing
the minimum momentum transport under the
condition of a constant volume transport, though
it dealt with the two-layer flow.

The transport can be expressed in Sverdrup
(10°m®s™), when the characteristic value of the

: : .
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Fig. 6. The distributions of ¥3+¥;, where ¥
is for a=d=0.25.

VIV o f~' is taken as 10 m?s™! corresponding
to 7p=1.23x10°m?s? and f=8.16x10"%s"!
(or 7o=10"*m?s7? and f=10"*s71).
mum VIV V, at the entrance is 10 m?s~! for
the depth of 100 m and the maximum velocity
of 0.1 ms™!, leading to Vo=1. With a width of
the strait 200 km, the 7 reaches maximum of
2.32 Sverdrup for d=0.14, whereas it is 0.77
Sverdrup or one-third of the maximum for d=a
or for the geostrophic flow extending from coast
to coast. The maximum elevation at the right
hand coast (2 {o) is 0.38 m and 0.68 m for d=0.14
and 0.25, respectively. The maximum of Tg
for the constant momentum transport becomes
2.99 Sverdrup and the elevation at the right
coast is 0.27m for d=0.1 and for the same
maximum VIV.

The maxi-

7. Comparison with the observed data
Equation (23) indicates that the transport

through the Tsushima Strait (at y=»5) consists

of the Ekman transport due to the cross-shore
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component of the wind stress and the geostrophic
transport through the channel. Therefore the
transports plotted in Fig. 1 represent essentially
the r.h.s. of this equation. The Ekman trans-
port in Fig. 1 was calculated by integrating
numerically the cross-channel component of the
wind stress over the Korean Strait (ICHIYE,
1984) instead of —2aX.

The geostrophic transport through the channel
was calculated as follows: Figure 2 indicates an
area where the barotropic circulation was de-
termined by a finite difference numerical model
(ICHIYE and L1, 1984). The total transport T%
through the channel can be determined from
this model for summer, winter and annual aver-
age of the inflow 7T and outflow 7% of the
Kuroshio prescribed at the boundaries of the
model area. The ratio T%/(Ts—T.) was nearly
constant equalling 0.31.
values of T} are computed by use of this ratio
from values of Ts and T., whereas these trans-

Therefore monthly

ports were determined by geostrophic calculation
of the monthly density profiles obtained from
the historic hydrographic data along the bound-
aries (ICHIYE, 1984).

Figure 1 indicates that the wind-driven trans-
port is large and negative (southwestwards) in
cold seasons, because the strong monsoon from
the northwest contributes to the large positive
value of X. In warmer seasons the Ekman
Although the

geostrophic transport at the entrance dominates

transport is weak and positive.

the seasonal change of the transport in the
Tsushima Strait (outlet), the Ekman transport
decreases the total transport substantially in col
seasons. Thus the wind stress contributes
significantly to make the seasonal trend of the
calculated total transport closer to that of the
transport determined from various historical
hydrographic data in the Tsushima Strait (TOBA
et al., 1982).

There are no reliable hydrographic data to
determine the geostrophic flow pattern within
the Korean Strait, mainly because of its shallow-
ness, though the geostrophy was proven by a
comparison of geostrophic calculation with the
current measured with moored current meters in
the deeper part of the outlet (SHIM ez al., 1984).
However, the transport streamlines constructed
from direct current measurements in summers

~

33°N 128°E

Fig. 7. Transport streamlines determined from
direct currcnt measurement data in summers
of 1942-43 (ICHIYE, 1984; MiiTa, 1970).
Numbers indicate transport in 10°m’s™. T,
Tsushima Island; G, Goto Island; C, Cheju
Island; S, Shimonoseki; P, Pusan.

of 1942-43 (MiiTA, 1970; ICHIYE, 1984) seem
to represent the geostrophic transport (Fig. 7),
since the Ekman transport is less than 109 of
the geostrophic transport in summer as seen
from Fig. 1.

First, the inflow from the Kuroshio into the
Korean Strait is rather limited in a narrow zone
along the southern boundary shown in Fig. 2.
Tts exact distance is difficult to determine from
historical hydrographic data but is probably of
an order of 50 km (ICHIYE and LI, 1984). This
corresponds to the optimum value which pro-
duces the maximum transport under a condition
of a constant momentum transport as discussed

Also the maximum transport is about
1

above.
3 Sverdrup for the maximum speed of 0.1m s~
at the entrance of the strait. Both of these
values are reasonable.

Figure 7 indicates that there is an inflow into
the strait from the southern end of the eastern
coastal boundary unlike the model which postu-
This dis-
crepency is only superficial, because the major
point of the model is to prove that the geo-

lates no current across the coasts.
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strophic longitudinal transport through the
strait is due to the geostrophic transport at the
entrance modified by the coastal boundaries and
is constant along the strait. A geostrophic flow
at the entrance modeled with equation (24) may
not be realistic nor can be proven by observed
data. However, the transport denoted as T% in
Fig. 2 is determined across the section inside
the strait by use of a numerical model of ICHIYE
and L1 (1984). This transport corresponds to
T in equation (23). The inflow near the end
of the right hand side boundary does not change
the essential result on the transport through the
strait obtained from the model as discussed above.

Since the bottom topography and the coastal
lines of the Korean Strait are not so simple as
the model, agreement between the model and
the observed patterns cannot be expected. Yet
there are common features between Figs. 6 and
7. One feature is the relatively even-spaced
streamlines within the strait excluding the en-
trance. This may reflect the model feature that
the ¥'; function is almost linear with x. The
other feature is that the eastward bending of
the streamlines north of the Cheju Island-Goto
Island line in Fig. 7 corresponding to the stream-
lines bending to the right near the entrance in
Fig. 6.

The westward bending of the observed stream-
lines south of the Cheju-Goto line reflects that
the bottom topography induces the inflow of the
Kuroshio. This feature might be simulated by
the asymmetric geostrophic flow input at y=—25.
However the bottom topography has a crucial
effect on this feature, thus its study needs to
include the bottom topography.

8. Conclusion

The analytical model treated here is too simple
to apply to the details of the current pattern in
the Korean Strait. However, it can explain the
observed seasonal trend of the total transport at
the Tsushima Strait (outlet) as the sum of the
Ekman transport over the strait and the geo-
strophic transport through the strait. Some
features of the transport streamlines determined
from direct current measurements agree with
those of the calculated ones.

A future modelling will include the bottom
friction and simplified bottom topography. The

hydrographic data indicate that the density
structure is mostly barotropic, because of strong
tidal mixing. Numerical modelling by ICHIYE
and L1 (1984) shows that finite difference scheme
models may produce flow patterns similar to
observed ones. However, it is rather difficult
to get insight of dynamics from these models
without computing many flow patterns for various
parameters. This may need a large amount of
computer time.
solutions by use of the normal mode method.

The work is supported by the Office of Naval
Research.

Therefore it is planned to seek
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Current path in a deep layer of the Kuroshio east of
Taiwan—A case study of an observation result
of February to March, 1940*

Bingxian GUAN**

1. Introduction

The current path of the Kuroshio east of
Taiwan, especially in a deep layer, has been
little studied as yet. Based on hydrographic
data from R/V Yang Ming and GEK data from
R/V Chiu Lien, CHOU (1974) analyzed the
Kuroshio path and its variability to show that
the current path of the Kuroshio east of Taiwan
had wavy characteristics with its axis location
fluctuating with time. He also showed that,
owing to the existence of islands [such as Blue
Is. (Lan YU)] the submarine topography is
rather irregular and hence eddies often appeared.
Based on historical hydrographic data, GUAN
(1978) studied the effects of Taiwan Island and
the surrounding submarine topography on the
current path of the Kuroshio east of Taiwan
and emphasized that since the depth of the sub-
marine ridge northeast of Taiwan Island is much
less than the thickness of the Kuroshio, the
water column of the Kuroshio will shrink as it
flows across the ridge, which inevitably deflects
the Kuroshio axis to the right. When discussing
the upwelling along the southeastern coast of
Taiwan, FAN (1979) showed that the Kuroshio
path is deflected cyclonically as it crosses the
shallow submarine ridge in the neighbourhood
of Huo Shao Is. (Lu TAO), which brings about
upwelling of cold water. He also showed that,
owing to the opposite directions of the slope of
the isotherms below and above 200m, there
might be a reversal of the current direction
under the northward flowing surface boundary
current in the immediate vicinity of the coast.

Therefore, the current path emphatically dis-
cussed by the above-cited authors is understood
to be the path in the surface layer or in the

* Received March 25, 1984
** Institute of Oceanology, Academia Sinica, Qingdao,
Shandong, People’s Republic of China

whole water column, or while they are concerned
with the deep layer counter-current, they dis-
cussed neither the path of the deep current, its
variation in detail, nor the effects of topography
(such as Blue Is., Huo Shao Is. and other neigh-
bouring islands and the submarine ridge north-
east of Taiwan) on the path of deep current. In
this paper, historical hydrographic data collected
about 40 years ago are analyzed as a case study
to elucidate the deep current path of the Kuro-
shio east of Taiwan and the topographic effect
on 1t.

2. Data
The station chart of hydrographic survey made
from R/V Komahashi on Feb. 26 to Mar. 2,
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Fig. 1. Station Chart (R/V Komahashi, Feb.
26 to Mar. 2, 1940). 1, Diao Yu Dao; 2,
Huang Wei Yu.
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1940 in the region east and south of Taiwan
JODC, 1970b) is displayed in Fig. 1. Except
at a shallow station located to the south of E
Luan Bi, the observation was done down to
1,200 m at all the stations and provides valuable
information on the deep current of the Kuroshio.

The horizontal temperature distributions at
200, 500, 700 and 1,000m depth, and three
nearly zonal temperature sectional distributions
in the region east and south of Taiwan are
shown respectively in Figs. 2 and 3. Generally
speaking, the temperature above 500 m depth
increased with the increasing distance from the
shore. But there appears a quite different situ-
ation in the lower layers between 600-700 m and
1,200 m depth; that is, a cold area occurred to
the east of Blue Is. Furthermore, the tempera-

ture pattern at 1,000 m depth southeast of Tai-
wan is just opposite to that of the subsurface
layer except that of the eastern boundary of the
cold area, and the temperature at 1,000 m depth
decreased with the increasing distance from the
shore, though the temperature gradient was
very small. Such pattern characteristics prove
that to the east of Blue Is. existed a cold area
extending northward with
therefore the deep current path of the Kuroshio
may be significantly influenced.

increasing depth;

3. Geostrophic flow patterns

Dynamic height topographies (dyn. m.) of 0,
200, 400, 500, 700, 800 and 1,000 db (relative to
1,200 db) are displayed in Fig. 4. It is evident
from the figures that a cyclonic eddy correspond-
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ing to the cold area on the temperature pattern
appeared at each level to the east of Blue Is.
The Kuroshio coming from south of Taiwan
made a detour along the west and east sides of
the cold eddy and flowed northward. At the
surface layer (Fig. 4a), the Kuroshio, for the
most part, flowed along the west side of the
eddy towards the East China Sea, whereas only
a small part flowed northward by passing the
east side of the eddy. Maximum velocity reach-
ing 103 cm/sec (~2kt.) occurred west of Blue
Is. At 200db (Fig. 4b), the Kuroshio path
starts to change; the northward flow along the
west side of the eddy became somewhat weak-
ened, while the northward flow along the east
side of the eddy, first anticyclonic and then
cyclonic, became more obvious. But the maxi-

mum velocity is still situated to the west of
Blue Is., reaching 49.5cm/sec (~1kt.); while
the second maximum velocity reaching 42.6 cm/
sec occurred to the east of the eddy. At 400-
500 db (Figs. 4c, d), the flow pattern is essentially
similar to that at 200 db, except for the north-
ward maximum velocity which is no longer
appeared to the west of Blue Is., but shifted to
the eastern rim of the cold eddy east of Blue Is.
The maximum velocity at 400db may reach
32 cm/sec (0.6 kt). At the same time, the dimen-
sion of the cold eddy increased accordingly;
especially its north-south extension along 122°E
increased. The northern rim of the cold eddy
reached 23.5°N. The southern one reached
21.5°N. The long axis was longer than 200 km.
At 700-800 db, the cold eddy extended farther
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eastward; its southeastern part may reach 123°E.
In the meantime, the water flowing northward
to the East China Sea along the western side
of the cold eddy decreased even more. The
main body of the Kuroshio coming from the
area southeast of Taiwan flowed for the most
part, first anticyclonically in the region south
of Blue Is., and then cyclonically passing by the
southern edge of the cold eddy (Figs. 4e, f). At
800db, almost all of the northward flowing
water was blocked by the submarine ridge east
of Su-ao, and flowed to east and southeast. On
the other hand, in the area farther off the shore
southeast of Su-ao, there still existed a weak
(ca. 6-8 cm/sec) northeastward flow, which may
be an evidence for a northward current flowing
close to the southeastern ccast of Taiwan as
before. At 800db, the maximum northward
velocity (10.2 cm/sec~0.2 kt.) occurred to the
east of the cold eddy. The flow pattern at
1,000 db (Fig. 4g) is almost the same as that at
800 db, although the velocity became even more
weakened; the maximum northward velocity of
the current east of the cold eddy already de-
creased to 4 cm/sec (<0.1 kt.).

It follows from the above consideration that,
from about 200 m depth downward, the path of
the Kuroshio flowing northward along the south-
eastern coast of Taiwan meandered more and
more with increasing depth around the cold

eddy. TIts main body no longer flowed north

straightforward, but turned from NE to SE-E-N.
At 800-1,000m depth, the overwhelming majority
of the current flowed to east around 23°N. A
cyclonic eddy with a dimension about 100 km X
200 km appeared to the north of the meandered
path, corresponding to cold water upwelling
phenomenon indicated by the vertical temperature
distribution in Fig. 3.

The above patterns of the geostrophic flow at
each layer show that a significant difference
exists between the flow patterns of the upper and
deeper layers. It is evident from the temperature
sections (Fig. 3) that a depth of 500-600 m may
be considered as an approximate boundary so
that the sense of the inclination of isotherms
above and below this layer is quite different
from each other. According to this phenomenon,
the average velocities in upper (0-600 m) and
deeper (600-1,200 m) layers are calculated and
shown in Figs. 5a and b. The arrow (vector) de-
notes the direction and magnitude of the compo-
nent (normal to the section) of the mean velocity
between two adjacent stations for each layer.
The streamline represents the flow pattern de-
duced from these current vectors. These figures
clearly show that, although the cyclonic eddy
appeared in both the layers, the flow patterns
in upper and deeper layers are quite different.
The former is characterized with the predomi-
nant current flowing northward to the East
China Sea, while the latter characterized with

122° 124° E

26°

Fig. 5. Geostrophic flow pattern in upper (a)

and deeper (b) layers.

Fig. 6. Volume transport (SV) between adjacent
station pair relative to 1,200 db.
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the predominant current meandering around the
eddy and flowing eastward to the Pacific Ocean.

The volume transports through two adjacent
stations relative to 1,200db are estimated and
shown in Fig. 6. The positive values denote
mostly the northward transport, while the nega-
tive ones mostly the southward transport. The
figure shows that, in the area south of Taiwan,
the total volume transport of the Kuroshio
flowing toward the east coast of Taiwan is
around 24 sv* (=10%m?3/sec), and the volume
transport of the Kuroshio flowing to the East
China Sea through the passage northeast of
Taiwan is around 17 sv**, Therefore, as a
rough estimation, there are around 7sv (.e.,
about 30% of the total volume transport of the
Kuroshio) flowing eastward to the Pacific Ocean.

4. Discussion

(1) The large scale meander of the Kuroshio
path (and the accompanied cold water mass) to
the south of Honshu, Japan, has been a subject of
the most intensive study of the dynamics of the
western boundary current. Especially, the recent
study suggests that there may exist a telecon-
nection between the Kuroshio meander and the
El-Nifio phenomenon occurring in the area of
eastern Equatorial Pacific and along the western
coast of South America (UbpA, 1980). There-
fore, the study of the mechanism of the Kuro-
shio meander and the accompanied cold water
mass deserves more attention of the world-wide
scientists in occeanography and meteorology.

In the main body of the Kuroshio between
the areas southeast of Taiwan and off Inubozaki,
Honshu, except for the area south of Honshu
where meander and accompanied cold water
mass had appeared several times, neither relative-
ly significant meander nor accompanied cold
water mass has been observed off the east coast
of Taiwan and in the East China Sea to this
day.

* This value may be slightly overestimated, due to
neglect of a small part of water entering the
Taiwan Strait and of the shallow water effect in
the area south of Taiwan.

This value may be a bit underestimated, due to
neglect of the water flowing northward through
the section between the northernmost station and
the shore.

Kok

At far as we know, the meandered path (and
accompanied cold eddy) of the Kuroshio east of
Taiwan from the surface to the deep layer as
shown in the present article has never been
reported. It is worth noting that the meander
discussed and associated cold eddy of the Kuro-
shio east of Taiwan occurred just at the time
of the appearance of the large meander and cold
water mass of the Kuroshio south of Honshu
in 1934-1944. Whether there is some intrinsic
relation between these two phenomena or not is
worth further studying. It is a pity that data
are not available to show that, whenever the
large scale meandering and the cold water mass
were developed south of Honshu (i.e., 1953-1955,
1959-1963, 1975-1980), a phenomenon similar to
that occurred in Feb.-Mar. 1940 occurred to the
east of Taiwan, too. Of course, differences in
the dimension and strength of the meander and
cold water mass exist between the two areas.
The space scale for the cold water mass south
of Honshu is about (3-4)°Nx2°E, while that
east of Taiwan is only about 2°Nx1°E. More-
over, the temperature gradient of the latter is
much weaker than that of the former. In ad-
dition, the former occurred in the area west of
Izu—QOgasawara Ridge where the deep open
ocean is free from any islands, while the latter
occurred in the deep sea area east of Blue Is.
and Huo Shao Is. Does any cause and effect
relationship exist between the occurrence of the
meander and the island topography? If it does,
then the meander and eddy may frequently
occur. But, in the study of the hydrographic
data collected in other periods, especially those
by R/V Yang Ming in CSK, similar phenomenon
has not yet been observed. A temperature
pattern at 1,000 m depth observed in September
1967 from R/V Yang Ming (JODC, 1970a) is
displayed in Fig. 7a. Comparison with that
observed in Feb.-Mar. 1940 at the same depth
(Fig. 2d) shows that the two results are quite
different from each other. There is no indication
of the occurrence of cold eddy in September
1967. Shown in Fig. 7b is the corresponding
geostrophic flow pattern at 800db relative to
1,000db. It is also quite different from that
shown in Fig. 4f. Therefore, we are not certain
whether or not the occurrence of the meander
is relevant to the island relief.
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Fig. 7. Patterns of temperature (a, °C, 1,000 m) and geostrophic flow (b, dynamic
meter, 800 db/1,000 db) observed in Sept. 1967 from R/V Yang Ming.

(2) The submarine ridge east of Su-ao runs
nearly perpendicular to the extension direction
of the east coast of Taiwan (ESE). Its depth
decreases abruptly from 1,000-2,000m at the
north and south sides to ca. 500 m; the shallowest
part at its western end is less than 200m.
Therefore, although the upper (500-600 m thick)
water column of the Kuroshio can flow over
the ridge towards the East China Sea, it is
certain that, owing to the blocking action of the
submarine ridge, a considerable part of the deep
water can not pass over the ridge and has to
recirculate southward. Eventually, it turns out
to block the deep water flowing northward from
the southeast of Taiwan. Hence, the water
flowing northward around the eastern side of
the cold eddy is compelled to turn to E—ESE
and flow toward the Pacific Ocean.

As regards the current patterns in the area
east of Taiwan and south of the Ryukyu Islands,
comprehensive and detailed study is not available
to date. There are only some fragmentary re-
ports. For example, discussing the Kuroshio
volume transport in the East China Sea and
southeast of Yakushima Is., NITANI (1972)
presented data of the interannual variation of
northeastward volume transport for the current
in the area southeast of the Ryukyu Islands.
While studying the splitting of the subtropical

gyre of the western North Pacific Ocean, HASU-
NUMA and YOSHIDA (1978) presented a geo-
strophic flow pattern (0/1,000db) for this area,
and showed a band structure of the currents
including the subtropical countercurrent. Investi-
gating the inverse phase relation of the volume
transport of the Kuroshio through PN and E
sections, KAWABE (1980) showed that, as the
Kuroshio south of Japan meandered, in the area
east of the Ryukyu Islands ridge might develop
a northward flowing deep current corresponding
to the deep western boundary current, so that
the “‘visual’”’ geostrophic volume transport
through the upper layer of E section is somewhat
weakened. When seeking for the cause why
the volume transport of the geostrophic flow
passing through PN section (northwest of Ryu-
kyu Islands) is much smaller than that passing
through I section (southeast of Kyushu Is-
land), NISHIZAWA et al. (1982) indicated that
there probably existed a northeastward current
in the area east of the Ryukyu Islands. There-
fore, these reports indicate that in the area
southeast of the Ryukyu Islands exists an east-
ward current, which could be considered as a
deep western boundary current.

A following hypothesis is proposed: blocked
by the submarine ridge east of Su-ao, that part
of the deep Kuroshio current turns eastward
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and then flows southward as a recirculation of
the Kuroshio; it may be more or less related to
the deep western boundary current southeast of
the Ryukyu Islands as suggested by KAWABE
(1982), or may even be an upstream of the
latter.
east of Taiwan and south of Ryukyu Islands is
very important and necessary to verify this idea.

However, further survey of the area
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Satellite observation of temperature and ocean color
distribution in the surface waters
of a Kuroshio warm core ring=
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Abstract: By using both NOAA-6 Advanced Very High Resolution Radiometer thermal
infrared image and LANDSAT-3 Multi Spectral Scanner visible image, we attempt to observe
temperature and ocean color distribution in the surface waters of a Kuroshio warm core ring.
Elliptical shape of the ring was identified in thermal infrared image and microscopic distri-
bution of slicks in the ring was observed only in contrast enhanced visible image.

1. Introduction

The polar frontal zone off Sanriku, northeast
of Japan, is characterized by very complicated
hydrographic conditions and important com-
mercial fishing grounds are formed around fronts
and eddies in this water. Particularly, warm
core rings detached from the Kuroshio Extension
play an important role not only in hydrographic
conditions but also in fishing ground formation
From such a point of view, a
number of studies on warm core rings were
accumulated in the past (e.g. KIMURA, 1970;
Kawarl, 1972; KitanNo, 1973; HAaTA, 1974;
TOMOSADA, 1975; MUTO et al., 1975). How-
ever, when only conventional observation meth-
ods are used, it is difficult to understand the
dynamics of warm core rings because of limited
time and space resolution and coverage.

On the other hand, the event that epoch-
making satellites TIROS-N, SEASAT-1, and
NIMBUS-7 applicable to oceanography have
been successfully orbited in 1978 has had a pro-
found impact on oceanographic communities all
over the world. In the Northwestern Pacific, re-

in this region.

* Received June 12, 1984

** Research Institute of North Pacific Fisheries,
Faculty of Fisheries, Hokkaido University, Minato-
cho 3-1-1, Hakodate, 041 Japan

Present address: Japan Weather Association,
Kaiji Center Bldg., Kohjimachi 4-5, Chiyoda-ku,
Tokyo, 102 Japan

Japan Marine Science and Technology Center
(JAMSTEC), Natsushima-cho 2-15, Yokosuka,
237 Japan

ok

mote sensing from such satellites with the ad-
vantage of the collecting synoptic data over large
areas is applied to a few cceanographic researches
(SAITOH, 1981; BERNSTEIN, 1582).

In these regards, we attempt to combine
NOAA-6 Advanced Very High Resolution
Radiometer (AVHRR) data and LANDSAT-3
Multi Spectral Scanner (MSS) data obtained
simultaneously for observing temperature and
ocean color distribution in the surface waters of
a Kuroshio warm core ring. The objective of
this study is to demonstrate applicability of
satellite remotely sensed data to observe the
distribution of Kuroshio warm core rings in this
region and to understand dynamics of them.

2. Materials and methods

NOAA-6 AVHRR data and LANDSAT-3
MSS data were gathered at 2230 GMT March
28 and 0030 GMT March 29, 1980, respectively.
MSS data includes two scenes along a path
(Fig. D).
between these two data sets. It must be con-
sidered that this small time lag is negligible for
oceanographic analysis.

NOAA-6 AVHRR has a 1.1 km spatial reso-

lution and is a four-channel device, from

There is a time lag of only two hours

visible to thermal infrared portion of the spec-
trum (SCHWALB, 1978). We chose a thermal
infrared channel of 10.5-11.5 ¢ for observing sea
LANDSAT-3 MSS has
an 80 m spatial resolution and is a four-channel
device from visible to near infrared portion of

the spectrum. We used MSS5 (0.6-0.7 ) for

surface temperature.
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Fig. 1. LANDSAT-3 MSS data (Path No. 112,

Low No. 31 and No. 32) obtained at 0030 GMT
March 29, 1980. Path width is about 185 km.

observing ocean color distribution because of
relatively low atmospheric effect by comparison
with MSS4 (0.5-0.6 p).

For AVHRR data, in-flight calibration (LAU-
RISTON et al., 1979) was firstly carried out and
this data was processed to remove geometric
distortions by use of an algorithm described by
ToOZAWA et al. (1981). We made no correction
for atmospheric attenuation because it was easy
to identify water columns when there was high
thermal gradient in the image. On the other
hand, for MSS data, because all information is
constrained to a low level and to a low range
of radiance, the data was processed to enhance
contrast of image by a method proposed by
MAUL et al. (1974).

3. Results and discussion

A Kuroshio warm core ring is clearly identified
with elliptical shape and the Oyashio Front is
also observed with high thermal contrast north-
west of the ring in AVHRR thermal infrared
image (Fig. 2).

Contrast stretched image of MSS and inter-
preted schematic of the image are shown in Figs.
3 and 4, respectively. There is no elliptical
clear-cut feature of warm core ring in MSS
image, although elliptical shape of a Gulf Stream
warm core ring was identified in both thermal

145 146 147 E

Fig. 2. NOAA-6 AVHRR thermal infrared image
obtained at 2230 GMT March 28, 1980. White
and black tones represent cold and warm waters,
respectively. OY2: second Oyashio Intrusion.
OF: Oyashio Front. W: center of Kuroshio
warm core ring.

and visible images of NIMBUS-7 Coastal Zone
Color Scanner (CZCS) (GORDON et al., 1982).
This should be the reason why there is a differ-
ence of portion and width of the spectral resonse
in each sensor. However, a microscopic distri-
bution of slicks in the ring is clearly observed
in MSS image with a spatial resolution of about
80 m, higher than about 800 m of CZCS.

Three slicks are distributed along the clock-
wise current in the ring. This distribution
pattern must correspond to that reported by
KURODA (1962) who observed slicks and “‘shio-
me’’ from aircrafts and ships to point out that
the direction of the slicks and ‘‘shiome’ gener-
ally coincided with that of currents.

These slicks are referred to as slick a, slick
b, and slick ¢ from north to south (Fig. 4). The
distance between each slick and the center of
the ring is about 24 km for slick a, about 32 km
for slick b, and about 44 km for slick c. The
length of slick is about 50 km for slicks a and c,
and about 100km for slick b. These results
agree fairly well with the characteristics of
spatial distribution of slicks in Gulf Stream
warm core rings detected by Synthetic Aperture
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"146

Fig. 3. Contrast stretched image of LANDSAT-3 MSS5 (0.6-0.7 ). White tone represents waters

with high radiance from sea surface.

Stretch for this image was 4<CDN<C10 which accounts

for gray shades (by a method by MAUL ez al., 1974).
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Rader (SAR) image of SEASAT-1 (LICHY et al.,
1981). In their case, the range in length was
from 25km to 150 km and the range of the
distance between slicks and the center was from
25km to 80 km. This suggests that contrast
enhanced MSS image should be so useful to
observe slicks in warm core rings as SAR image
and that utilization of both data should be also
useful to study sea surface roughness through
slick distribution.

The distribution of slick b corresponds to a
weak thermal gradient front formed with an
intrusion pattern of cold water from second
Opyashio Intrusion (Figs. 2 and 3). This indicates

Fig. 4. Schematic of distribution of fronts and
slicks interpreted from Fig. 3. Three slicks
a, b and ¢ are recognizable in a warm core ring
shown by a dotted line.
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usefulness of visible data and that the color
signature of the Gulf Stream warm core ring was
stronger and more stable than its thermal signa-
ture (GORDON et al., 1982).

As a results of NOAA-6 AVHRR thermal
infrared data and LANDSAT-3 MSS visible
data comparisons, we found that an elliptical
shape of warm core ring was clearly identified
in thermal infrared image and that a micro-
scopic distribution of slicks in the ring was
observed only in contrast enhanced visible image.
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A study of several models for the calculation
of an equatorial flow*

Yaochu YUAN**

Abstract :

Three models are investigated for calculating equatorial lows. Numerical compu-

tation by these three model shows: (1) All four numerical methods encounter very substantial
difficulties if applied to Hidaka’s equation. (2) For improved Hidaka’s equation, our computing

scheme fails to get convergent solutions.

(3) A computing scheme in our diagnostic model

gives convergent solutions for all computed cases, reflecting the important role of nonlinear

terms and lateral eddy viscosity.

1. Introduction

Various methods for computing equatorial flows
have been so far proposed by use of dynamic
equations in some approximate form (YOSHIDA,
1959; ROBERT, 1960; SARKISYAN, 1969, 1970;
SARKISYAN and SEREBRYAKOV, 1974; O’BRIEN
and HURLBURT, 1974; HipaAka, 1979, 1980).
The problem of a diagnostic calculation is stated
as follows: how to compute the equatorial flow
by dynamic equations when the density field in
the entire computing region and the necessary
boundary conditicn are given and the surface
wind stress is specified. A set of dynamic equa-
tions is given by

ou ou du  Ou .
:“+u7_+v?_+w—7 :2(0511’197'0
ot ox O'y oz
1 0 0%u
=P A A, (1)
0o Ox
ov ov ov v .
—— Aty tv—tw—=—=—2wsingu
ot ox Y 0z
1 o 0%y
LA A, (2)
o 0Y
ap
===pq, (3

Ly (4)

iz oy = oz

A left-hand cartesian coordinate system is used

* Received May 15, 1984

** Second Institute of Oceanography, National
Bureau of Oceanography, Hangzhou, People’s
Republic of China

with z axis directed downward. All variable
notations are standard.

For equatorial flow, the estimation of orders of
magnitudes of the terms in the equations (1)-(4)
has been made for a number of physical processes;
for instance, as to the magnitude of the terms in
Eq. (1) for the Equatorial Undercurrent, KNAUSS
(1966) pointed out that (i) the local accelera-
tion cannot be greater than 107!cm/sec? and
probably considerably less, (ii) all the other
terms may be important, and (iii) an important
driving for the current is the pressure gradient
force. Wherever the pressure gradient term is
approximately 2X107%dynes/g, the Cromwell
Current is present. These estimates enable us
to simplify Eqgs. (1)-(4) and to obtain various
model equations for equatorial flows.

The present paper deals with the following
three diagnostic models, and some comments on
their methods are made.

2. Hidaka’s equation and discussion
HipAKA (1980) assumes (i) the east-west varia
tion of velocity components is small compared with
the meridional variation, so that the terms Uz
dv .. . . z
and uz— are negligible; (i) the frictional forces
x
are negligible, or the frictional force R is written
in the form of rv; (iii) the terms w—=— and

Oz

u_a_v are negligible. Then, Eqgs. (1) and (2)

Oz
become:
ou oD

2 wsi — g = ——
wsing v vay o (5)
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a o)
—2a)sing0u-—v—v=£,\2, (6) and
oy Oy oD
. . . . — =do+diy+day?+ -,
where D is the geopotential distance of an iso- ox (13)
baric surface counted above a reference level. D 5 .
For solving the non-linear equations (5) and (6), oy 0+ Oy + 0 o

the following boundary conditions are set up:
Substituting (12) and (13) into (9) and (10), and
Y=Yo: u=uo, V=T 7 equaling y™s coefficients, we have
Note that this problem is an initial value problem ,
in the mathematical form, but it is a boundary Rovou' = —do,
value problem in the physical substance. The Ro(/v' + 4" vo) =vo—di,
non-linear differential equations (6) and (6) to-

i 1ot 1ot _{ 7
gether with the boundary conditions (7) con- Ro(2!uv tuv +2! wn

stitute a boundary value problem. Following =o' —d,
different methods are used for getting its solution. 1 o 1 1
1) Series solution of the boundary value Ro<3—!u'v'”+gu"v”+-2~,u”'v'
problem ' ) ‘
At first, dependent variables are non-dimen- +iu(4>vo):iv”~ie?vowd3, 14
sionalized as follows: 3! 2! 3!

*=x/L, y*=y/L, z*=z/H,

w¥*=u/U, v*=v/U, w*=wL/U-H, (8) R0<—17u’v<”)+~--+ 1 Ly
p*=p/os, D*=D/BL’U, e=L/R, & (n=1):
Ro=U/BL2, B=2/0R, +——u(”““v0>.—_ ( 1 ',v(n-l)
—-1!
where R is the average radius of the Earth, 1
and the other notations for characteristic magni- —ﬁ62v<”’3)+ o —dy,
tudes are standard. For convenience, we discard Hn=3)!
sign (*) and transform Eqgs. (5) and (6) into the and
nondimensional form:
. Ro‘vo‘v, = 60 5
<y_%52y3+...>v_}30v%ﬁ: aﬂD’ (9) Ro(vov"" +v'%) = —ue— 01,
y  ox

Ro(%v’v” -{-“21—‘1)07)'//) =—u/—3y,

d 0
y y RO(%T)//Q _i_%,vl.vll/_;'_gil.vo\v(/;))
The nondimensional boundary conditions are: ' '

1 124 1 2
= - — —0
y=yo: u=uo, v=u0. (1D TR (15)
We expand #, 0D/0x and 0D/dy in power e
series for 7 as follows; Ro(—1771 1y n;lv’v("/+ >
u:uo_*_uly_l__l'_ull,y2_:_“,
2] - l u(n«i
+_T.u(n)yn+_,,, 1
n. n—3> 2)
! (12) HECE R
v:v0+fv’y+2“v”y2+-"
: Because Egs. (14) and (15) and the boundary
condition (11) specify w90, the solution is

L (
™y :
n. written as:
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r— 1 d,
Rov 16)
'Z),:— l 50
Ro‘vo ’
171 1 dody 1
= (we—d) — ’:I: - =
%o [Ro (vo 1) v voRs (vo~—dy) 0° R’ an
VRN VR S
Vo Ro ° ! voRo ’ ' vo® R02 ’
2‘ ‘Z)’—dz Sdoao
e 2| oo\ | —
“ vo[ R (2"”’ o ﬂ { <Ro>
o 1 do(uo+4y) 1 ds }
— dy 4= STy 4 L 22
[ vt * 2 vo? Ry? R )’ (18)
2'r1 3 2113 06 1
me—_ 2l = s S S Pl B A U R
v Uo[Ro(u+2>+2vv] "0{2 “004(R03>
+|_§_ 0Oo(u0+01) do:I 1 02 }
LZ vo? R¢? Ry j’
(4>_3_! L(iv//__l_ezvo dg)-*_u"v”'——l‘u”v” u'
o L Ro \2! 3! ! 2! ! ’ (19)
. =3!'r1/1 1 2
4> I S 12 Ao
v - |: O(ZYu 37 uo+5a)+ Tv'72 va ]
nl 1 [ oD e?
n+1d— 22} _— — n—=3>_1 ... __ Iy JEN ¢ 3 NN (€52
“ = [Ro(m—l)! =3 © d”) ree =11 v]’ (20)
v(n+1>:_ﬁ[i< u" D _ ¢ u<n¥3>+..._{_5>+_n,i}_ R NI
vo L Ro\ (n—1)! 3! (n—3)! " n! ve ’

Solutions (16)-(20) show that (i) the solutions
w, v, W, v, e, ut, o strongly depend
on the boundary value (11); (i) if we take, for
the Equatorial Undercurrent, L=2.222X10°m
(2° distance), $=0.2289x10"m U~1
m/sec, Ro=U/BL?*=0.88~1, then the series
solution appears to be divergent and the method
of series expansion cannot be applied.

HipAKA (1980) seeks a solution, using only
Eqgs. (9) and (10), and not any boundary condition
such as (11). The main points of Hidaka’s method

1 1
1) two terms — w1 and __.meu) in
n! n!

“tsecTt,

are:

Eqgs. (14) and (15) become smaller and smaller
as #n increases and he neglects these two terms;
(i) he makes use of 1st, 2nd, -, (z+1)th equa-
tions in (14) and (15) and ignores the remainder
(i. e., higher than (n41)th); (i) since the
number of the unknowns just equals that of
the eqations from (i) and (ii), he obtains the
solutions uo, vo, @/, ¥, -+, ut™, v™,

We doubt the correctness of Hidaka’s method.
For making things clear, let us consider the case
n=2 (Note that this is a case in Hidaka’s paper).
According as Hidaka’s supposition, %—v”’vo and
1 . . .. -
—v'""vy in the third relation in (14) and (15) are

neglected. For convenience sake, it is assumed

that the order of magnitude of two terms
1 1 .
Eu”’z}o and —v'"’v, are 0(8) where € is a small

quantity (8{{1). On the other hand, in the
fourth relation in (14) (15), we have

0, and the order of

and
%u“)vowO( 2), évov“)

=l

magnitude of terms B iu v,
Assuming that d;=~0(), 0z~
0(8), and the order of magnitude of other terms

are greater than 0(F), we obtain:

are at most 0(&).

Rovo' = ~dy ,

Ro('v' +u''vo)y=vo—d1 ,
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Ro< Lot et ) o —ds, @D
2_1!u//.v//R0:2i!,Ull__3_l!€2.vo s

and
Ro”[}o'lj,: —50 5
Ro(vev" +v'%) = —uy— 01 ,

%v"v” « Ro=—u/—0;, (22)
1
2_‘7/12R0V _Zi'u/f+8i‘82

Note that Egs. (21) and (22) may be obtained
in another way. If only the first three terms
are retained in the series (12) and (13), we have

u:u0+ uly -+ Z%ully‘z:
vty gy, (23)
oD
'Z:;:d0+dly+d2'y2,
oD
@—:5o+61y+52y2. (24)

Substitution of (23) and (24) into (9) and (10)
we leads to (21) and (22) again.
(21) and (22) indicate that the
number of the unknowns (o, o, @', v/, #', v'’)
is less than the number of the equations, because
the system (9) and (10) is non-linear. Therefore,
Eqgs. (21) and (22) have no solution and this method
cannot be applied. HIDAKA (1980) ignores the
last relations in (21) and (22) to get wrong results.
It follows from the above discussion that (i)
Hidaka’s method may be incorrect, (ii) the
boundary condition is necessary for determining
the solution of the equation system (9) and (10),
(ii) in general the series solution appears to be
not convergent and the method of series ex-
pansion cannot be applied.

2) Numerical solution of boundary value

problem

We now proceed to solve the boundary value
problem (5)-(7) using a numerical method. The
region of interest ranges from 0° to 5°N in the
north-south direction and from 160°E to 165°E

Equations

YuaN

in the west-east direction. On the basis of
observational data of the Western Central
Pacific (R/V ‘“Xiangyanghong 09’°, January 5-
March 5, 1979), numerical calculations are per-
formed by using four different numerical methods.
They are implicit Euler method, Runge-Kutta
method, Treanor method and Gear method. All
the numerical calculations by these four methods
encounter very substantial difficulties. These
difficulties arise from the fact that (i) the equation
system (5) and (6) is a stiff system; in other
words, a singular boundary value problem is
concerned. (i) we do not know where the
singular points (v=0, or v<1) are located, be-
cause of the system’s non-lineariry. Due to these
difficulties the numerical solutions by all four
methods are divergent.

It seems clear from physical considerations

that, as the singular points are appeared some-
where in the field, terms such as uau ov

oz’ “ox
and so on cannot be neglected at these points;
ov
oz
the pressure gradient force. Just as KNAUSS (1966)

. Ou
otherwise #=—, u and so on can not balance
ox

has pointed out u%% ~1 to 2‘)310‘5 cm/sec?,
—aPy=~2.6x107% dynes/g, and s is not less

ox
to keep balance of forces in the equations. Thus
it is seen that HIDAKA (1980) oversimplified

the problem.

3. Improved Hidaka’s equation

The above discussions indicate that Hidaka’s
equation should be generalized. The momentum
equations are given by

0
Ro<u—u +v
ox

~

ou oD
— ) —yv+ru+ =——=0,
ay ) Yyvrru 3 (25)

g o oD
Ro< a—+vﬁy>4 yu+rv+7y—~o. 26)

‘We use the method of directional difference
to solve Egs. (25) and (26) by setting

ou ) -
5.75@( =au'™

ax 1,5,k

F (1 =2a)ul? A+ (aa— D", @7

t.j.k

and
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ou \ ™ >
5yj<—a—2-/->i,j,k:ayuiaj“k +{1—2a) u wk
+(ay—D)a,

J-LE?

28

('n 13 . .
{ 0 Uy >0, or i=N, or j=M
a;=

1 ™ P<0 and %N and jxM

Z]k

1,7,k
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0 v 0>0, or j=M or i=N
Ay =

1 o7’<0 and j*M and i*N
(i:()’ e N; ]':0’ M’ k——‘O, e, L)‘

Substitution of (27) and (28) into (25) and (26)
gives

e D

RO{ Lm0 [w, 7 (1 =20)u )+ (@@= u, 5

Adz;

)
1,5,k

1,5,k

layu, i, T (1—2a)u o +(ay—Du, (]")1 . }+m ) _(_ oD n sn-l))
ox ik

Ay,

(n—-1)

i~1,7,k
+'szlc

Ro{ uiﬂj ;) [a; 'Uz_((_le LT A= Zam)'vl ) k+(a'a:—l)7) (D)

dz

1,7,k

30

lay v, 77+ (L—20)v, 7 +(@y—1)v, 7, n D -1
! Tro, 0= Ty sk

dy;

The calculations are made by using Gauss-
Seidel procedure and successive over-relaxation
procedure. It is found that the computing scheme
for all the cases fails to get a convergent solution.
Thus, this numerical method for the improved
equation does not hold good. We must consider
another model equations.

4. Model equation and numerical solution
A diagnostic model is proposed. The govern-
ing equations are

ou Ju oD
Ro(u'a— G v y ) oz
0%y 0%y 0%u
—Az( +a—y2‘>+Az-b:z'2—, (31)
ov oD
R( oz +‘va )-!—yu—l— e
02 0 0%y
—-Az< v+az> AZaz, (32)
ou Jdv OJw
P +7?; +3—z =0, 33
where A;=A;/(BL?) and A,=A,/(BLH2 (34)

The following boundary conditions are set up.
At the ocean surface

0
Aza-u‘: —T1,

o (35)
Az;—:: —72,

:;(T.r, 7y) being the wind stress vector.

At the ocean bottom, #=v=w=0, and at the
open lateral boundary « and v are specified.

The diagnostic calculation is performed in the
same region of the Western Central Pacific
Ocean as in the preceding sections. Method of
directional difference with first order and second
order of accuracy is used for solving Egs. (31)-
(33) with observational data of the Western
Central Pacific (R/V ‘“Xiangyanghong 09°’).
For second order of accuracy, we have

(3u _ Uist gk~ Wigk 0%u
ax 1,7,k 5.2: ax 1,],1‘;’

and

(Eﬁ) ZM_E%@_)
0y /e oy 2\ i
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For the second order derivatives with respect where
to £ and 2z, the central difference quotients of
the formulas for nonequidistant grid point are R 001 %2)
. . . o, . -
used, and for the second order derivatives with B b 1.0k i
respect to y, the central difference for equidistant Lok (1—ag)dzi-1+azdz;
0%u
1 . : % s o (-1
grid is used; for instance 72 given by Rovi,nj’k (1—2a,) 24,
+ P
9% 2 L ) 4y Azidzi-y
P S I
al‘2 Axi_1+Ax‘i A.Zz Uirtgk Ik 2Al
1 L 4y
——A (ui,j,k_ui——l,j,k) .
Zi-1
(n-1)
Then, the finite difference analogs of Egs. (31) (nt Roazu, ;
and (32) are written; Giir = (A —ap)dzs: Fazdz;
(=13  (n) (n—-1) (n) (-1 (m _ 24:
G #inn et Bise Yot 0 %oon g Uz + 4z D dz:
-1y (m (-1 _ [ ;-1
+I’§.j,k ui,j+1,k+Ji,j,lc ui,;’—l,k_[iji,J',k Ro(as—1) (n=1)
oD H:nq) 0\F Uik
—(—a—) ]+rc§"j‘;>+ DY, (B9 bk (I —ap)dzi s+ gz
4,4,k 2AL
(r-1) _ (m (n—1) () (-1 _(n-1> T Uzt Az DAz’
Gi,j,k vi+l,f,k+Bi,j,k vi,j,k+Hi,j,k vi—l,j,/c ( ‘ ¢ 1) -t
(n=1>  (n) (n—1)
n—1) _ (m Rov, . a
Tk vi,j+1,k+J§,j,lc Vi, i1k 7 h_ Pupe TV A
(n-1y oD (1> B 4y (dy)?
==Yty ; —{—(——a > _ :i—H/Kz‘,j,k
Y Jaak (n-1)
(n—1) (n—1> Ro(ay"l)vi-i’k A
L (40 Jigw = Ay - dyy?
(n-1>
D z oo 1 LD 1 u D dxi+dziy  n-ty
0,0,k B3 Az, AtL0ET Az, LAk Azidz, ik
(n-1)
Rovirj k 1 (n-1) 1 -1y 2 (n-1y
- 2 Ay ui,j+1,k+ dy TBITLE Ay Ui |
24. u(n_1>—u(n_l)>+——2 71 (k=0)
(dzz)? \ B9t L0 ) Az ’
D(nHD* o 2Az u(n_i) 2Az u(n—l)
GOE T Azt dre-r)dzy B (ri+ dzion) Az B
2Az (n—1)
—_— k+#0, k=1, 2, --- L),
Azgedzy_y b1 ( )
R0
KR — %451 1 2D L 1 -1y Axi+4xi-1_ (n—-1>
z‘,j,kA_ 2 Az, HLLET A, LI Azidxi 4,4,k
(n-1)
Rovi'm 1 (n—1)+ 1 -1y 2 (-1
+ 2 Ay vi.j‘f‘l,k Ay vi,j—l,k Ay .0,k ]

41

(42)

(43)

49

(45)

(46)

4n

(48)
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ZAz (n~1) (n—l)) o
(Az0)? <vi,j,1 V4.0 + dz, v (k=0),
L(n—l) — 2Az - (n-1) 2Az . (n—-1)
t.0.k (Azp+dzp_)dzr B9 (Dt dog_g) A2y H5E
2A; e
vre (%0, k=1,2, -, 1), (49

Azk'AZk—l bk

Axi»lzxi’"xi—l, Azk—lzzk"“zk—l s

and y=0 for the first order of accuracy, r=1
for the second order of accuracy, and

w:—jj<g—z—l—g—z>dz. (50)
Here 4y=0.5° (equidistant grid) and z; are x-
coordinates of the grid points (j=0, 1, ---, 6)
located at 160°E, 160°50.5’E, 161°41’E, 162°3l'E,
163°21’E, 164°10.5’E, 165°E, respectively, and
2,=0, 10, 20, 30, 50, 75, 100, 125, 150, 200,
250, 300, 400, 500, 600, 700, 800 meters.

The method of successive over-relaxation is
used to solve the system of algebraic equations.
The parameters are chosen to be A.=1, 10,
10%cm?/sec and A;=5x107, 108, 5x108, 109,
--.cm?/sec. For the wind speed a steady uniform
wind speed, V,»=6.3 m/sec, is prescribed. Its
direction is northeasterly or easterly.

It is found that our iteration scheme is con-
vergent for all the computing cases for the first
order of accuracy, and that the computing scheme
of first order accuracy is better than that of
second order accuracy for the convergence. The
calculated results for the equatorial flow in the
Western Central Pacific Ocean seem realistic for
each water depth in the following points:

(i) The upwelling is caused by the intense diver-
gence of westward surface flow near the equator
which in turn is caused by the western wind.
(it) The Equatorial Undercurrent in the sub-
surface has an eastward and an equatorward
component, the former being stronger than the
latter. The maximum velocity of the under-
current is 88-90 cm/sec at 200 meters.

(iii) The value of the order of 10cm?/sec may
be better for A,;. The suitable value of A, is
5% 107 cm?/sec.

The detail for all the cases is shown in another
paper ‘“The diagnostic calculation of Equatorial
flows in the Western Central Pacific Ocean’ by

YUAN Yaochu and WANG Yagin (in prepara-
tion).

5. Summary

The preceding calculations and discussion of
three methods for the equatorial flow in the
Western Central Pacific Ocean show:
(i) When Hidaka’s equation is dealt with by a
series expansion method or other numerical
methods, all calculations encounter very sub-
stantial difficulties. These difficulties arise from
the fact that the boundary value problem is a
singular, non-linear problem and we do not
know where the singular points are located.

From the physical point of view, terms such as

0 v . .
u—u, u— neglected by him must be considered
ox

ox

to keep balance of the forces in the equations,
especially, where v is very small.

(ii) An important driving force for Cromwell
Current is the pressure gradient force. Just as
HOLLAND and HIRSCHMAN (1972) have pointed
out, the effect of nonlinear terms and lateral
eddy viscosity are essential only in the equatorial
zone of 3°-4° width. The nonlinear terms are
of essential importance in the dynamics of equa-
torial currents, as emphasized in our computation.
(iii) Lateral eddy viscosity plays an important
role in the stability of our computing scheme.
If lateral eddy wviscosity is neglected (A;=0),
the computing scheme fails to converge.
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Observation of deep ocean bottom currents*®

Moriyoshi OKAZAKI**

Abstract: Measurements of bottom currents were carried out by a deflection-type current
meter designed for studying weak currents above the deep ocean floor.

Part 1 deals with two stations in the North Pacific Ocean. At one station in its western
basin, the result over 9-day observation showed a remarkable semi-diurnal variation of the
velocity of which the magnitude ranged from 1 to 10cm/s. The average over the observation
period was about 4.5 cm/s toward 65°. This was compatible with the cyclonic rotation of the
average velocity vector with increasing depth which was observed at upper layers. If a clockwise
mesoscale eddy of 200 km wave length passes over the station, its phase speed is calculated
to be 3.97cm/s to the west which is comparable with the one obtained from a later long-
term current measurement by moored meters. The other station was set up in the south-
eastern basin. The bottom current was weak; its average was 1.7cm/s toward 25°. The
semi-diurnal variation is significant here, too.

Part 2 describes results from five stations for one- to three-day measurements at Sagami
Bay. The average of the velocity with dominant semi-diurnal variation was 2 to 9cm/s,
which suggested a cyclonic circulation at deep layers in the bay, hypothetically attributed to
the tidal residual flow. The bottom currents were intensified sometimes when a cold water
area was developed at the Izu Islands region. Results from stations at the mouth of the bay
indicated that the bottom current could be changed to a great extent when the Kuroshio
came close to the mouth. No clear relationship was found out between the deep currents
and the surface sea conditions.

Part 3 is concerned with a station on the top of the Yamato-Tai Rize in the Japan Sea.
The purpose was to have insight into formation processes of fishing ground associated with
physical oceanographic conditions. Although the measurement was done for three days, no
records were obtained for the first half because of the instrument’s malfunction. Only 35-
hour records were usable. The current was unexpectedly strong; its speed sometimes got
beyond the instrument’s range. The maximum speed estimated from the camera tilt was
over 50 cm/s at a depth of 320 m. Hydrographic data support the presence of such strong
currents. No weak currents below 1cm/s were recorded. The current direction agreed with
the one at a depth of 220 m determined by other current meters and the one at the surface
determined by a drifting buoy. The temperature section across the Yamato-Tai Rize sug-
gested strong upwelling. A possible mechanism is proposed for the upwelling brought about
by the bottom topography in a rotating, stratified fluid system. The inertia period was
identified by the velocity records and other continuous records of temperature.
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Fig. 1-2. A photographic record obtained near
Ogasawara (Botany) Islands. Inclination of sea
floor estimated from the cross-point of the Y-
shape shadow inside 2°-circle is 1°07’ down to
283°. The current speed is 6.85+0.6 cm/s. Its
direction is 44+3° (at 00:00, June 24, 1971).
Ball weight is 0.8gr. White image in the bottom
left is a composite of 60 ball images. In the
compass, a stick points the north and a white
circle points the south. Number 34 is the
record number written for reading out after
the recovery.
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Fig. 1-5. A photographic record at Stn. 8 at
00:40, June 24, 1971. Current speed is 4.9%
0.3 cm/s and current direction is 44=6°. The
photograph is very clear in a slow current.
Manganese nodules less than several centimeters
in diameter were observed on the floor.
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Fig. 1-6. Time series of the observed velocities at Stn. 8 (28°29.8/N, 144°58.1’E, 5,845 m
depth), from 13:00, June 23 to 09:20, July 2. Recording was done every 20 minutes.
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A photographic record at. Stn. 9 at
11:40, May 11, 1970. Current speed is 4.6%

0.3 cm/s.
is 0.8 gr.
down to 74°, determined from the Y-shape
shadow. Several small manganese nodules are
seen.

Its direction is 31°£0. Ball weight
Inclination of the sea floor is 7°57’
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Fig. 1-10. Time series of the observed velocities at Stn. 9 (17°07.5’N, 146°10.5'W, 5,100 m
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Fig.1-A-2. Photographs from laboratory experi-
ments showing the relationship between the
current velocity and the deflection of ball.
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Fig. 2-7. Features of Sagami Bay. (a) Water mass distribution in May
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section (Nojimasaki—Ohshima—Tsumekisaki) (from IwATA, 1973).
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Fig. 2-8. Day to day variation of water temper-

atures at several coastal stations. Bar at top
shows the current measurement period at Stn. 4.



200 3

stn.5

=
i~ N sY x
> M %X
- h ’).I \\"-/-.:"'\o
026 . Miiyake S?//,,:I. SEENLY
o 2 d
E Ak °\.)\ ',d/ \0 -0:14- o I,
Z24 A Y o7
L ° S nfo»
% £ : / e ! ,I
o e e . \
=g L 7 G\\ _"/ \\ [I "\\l’
7 0h S§ e °
o
o
I s

5 10 15 20 25
July 1972
Ca)
Fig. 2-9.

S
T 1972 §=°5
]50 13 ;T;le 1 ‘

-
23
9.5
8

TR
L1
0,7

9.

;ﬂ;%/%
k?\,e 10:55Q
July 18
\ =
11:05

July 18 os
g

1{20\\
8:45

(a) Day to day variation of water temperatures at several coastal stations.

(b) The surface velocities by G.E.K. along the line Sunosaki—Ohshima—Nichiren-
saki. S is short for Sunosaki and N for Nichirensaki (from ISHINO and OHTSUKA,

1973).

BHREF DO BN Fiah - CGHE - K
%, 1973), B ¥ 1z ZEENDERBEECHD
BETDH2—AThHY, SETEERLVI ID
THKEANFEE» BHAT BTN T, 8 2-
9-a X oEEAKEOE T LT, AFEFR R
ML 22 LREAEANISE D 0h o f BT
bH5, ok, B2--bKiokEHED GEK.
L BHRMDEE Y RT,

3-3. BROEBHR

WA Stn 1, Stn 2, Stn3d OFEECIE, T
R HABENELE L T, BHOERERIT
iR OEED I, BOOEBRICHL
REMRECTH S CERELDRI, Th
5 3RO EFRITE « AR L T b,
(1) YW EERR L0 BEEILIVERTE R
U Stn 3 OB O BT 5 & B BT
BV X BEEAZT, WEOMRGCBEEAYIRL
TwAH, Stnl Tk HEOEEIFITRE W
HIPNTFERTH Y, FHENRKRELST, @0
EE NS, Stn 2 Tk o obfich 55T,
T2 P RS E@y & o B 5 b b,
COEFR D WEAAGOHEERE O AR XS
ThbHH, By ELOBEENDI<F 25 Stnl
b5, BAHADCERRDS Ty ERyY o

W ThA A kb, MEOEE X HFhOFF
PO, HYRERNEROSD Z 25
N b,

@2 BUALbT, BREBRKE L CIHEOE
L FEERLKRE L, EBRCB L THEDREL
WAZHEPHHBEN L HIH D 12 Th b, L
»L, HEZOBEOERBHEIALD L IMiETE
TN ERD D, FR, &0 3 HELEO BRI
Bdo XSmO HKEs HH, RETIEWN
MEDPENBEI SN THERBLThb, BKE

TRERBCRSWTLHERYEZTCE 20T, BNA
OEBREEYEEREOBMTINS, oK X

S THLBD LN TN D TRl n & B L5 D
b Thb, ZORTeROBOMERRE ORI &2,
WA DI EOENEER & o B o

ESROBIC 1L E - TV BN,

CoEiokEe, RO EREEROELY S
ELLTEEDTH L,

1969 F 4 A, Bl /\XLEOFE» LEROEA
EHELTNT, ZEEOHEFTHKBENO A2 -
Tie, 2B 2-10 i /8 3 X 5 W EE KR KR
A THBC L b b T KE/EAERL T
%D0,Stn 1 COEANISEEROWE, Stn 2 ToE
Bl B SIS U Cuovie, % 7o, BEIBIARTIC(E



B
TENBEB LR, TOBOREIEEL T,
19704 3 H, BEGEIRS LREAmEL, AL
EOFE» bEROEALHR L Tuvicn T, HEIT
BUWKBOERETE LT\, SEERITIAR
BARWAKIRE - T tey ZOWARBROW, T
R TR TERNVER RO T F 50 em/s
THE~EILENOFEEND 270, E2-11 K K
b X, 2HTE»bERRDIE, Stnd
TOERANT I ERER ORI ITIa M T,

3-4. MEZEBROEER 4 —v

BIETE Tl ook 5, RESNOKEERE
ISR EH D OEREY RLTWH ERbNIS
Z O EE ORI S W IOBRERER
DR - LR LT D, Fi, BIREEEOR
DRI EODOERBR T, HKETDOHEA, FEK
BoOFRB ORI Hihbh 587 EOZBNENE
BROZEHCENUL TWAESERD, o ['E
18—y OO ENKR EE L. —H,
3-2HIT ORI 235 —v | Ko BHREBR
ZOWCOBANIELE L B &2, KD il
TEARASD ELChEHEThA I DL, [5H
1% —v | ZEEHEEZ 200,

2t
703y

Xx—X Hachizyo $¢

Water temperature at coastal stations (°C)

b=

i

Water temperature at coastal stations (°C)

D

22

12

10

201

Stn.1
=

| —-— Miyake S¢

o—o Hiratsuka
—— Kohzu $¢ —-— Miscki
—— Qhshima $¢
1 SR O A A T N I O A B O B
) 30
April May
1969

Fig. 2-10. Day to day variation of water

temperatures at several coastal stations.

= Chshima $¢

~:= Miycke s¢ o—oHiratsuka
8 ~— Kohzy 59 ~-— Miscki
SO0 OO YU VA T TN T U T W AN U ST S T S O O B B
25 1 10 20
Feb, March
197¢C
Fig. 2-11. Day to day variation of water temperatures at several coastal stations.



202 M

~ 20"

Hayama

N\
Hatsushing
a

Fig. 2-12.

Average bottom currents on the
bathymetric chart of Sagami Bay. Numbers
by the arrows indicate station numbers.
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Fig. 3-3. Time series at Stn. 13-A (39°22.7’N, 135°14.4’E, 320 m depth) on the top of
Yamato-Tai Rise, from 9:10, Aug. 23 to 13:30, Aug. 26. Recording was done evey
10 minutes. Heavy curves from standard processing, while fine curves from the tilt

of the camera.
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Fig. 3-4. Observation site and progressive vector
diagram obtained from the data in Fig. 3-3.
Heavy segments from standard processing, and
fine segments from the tilt of the camera.

X :Length 13cn
o :length 25

* :ilength &lcm /

g

El

Inclined angle of comera

. L
0 10 20 30 4 51 60 il

Yeloclty (cm/ sec)

Fig. 3-5. Relationship between the current velo-
cities and tilt of the camera for various counter-""
balancer with a straight line linearly extra-
polated from the data by a counter-balancer
26 cm long.
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Fig. 3-6. A photographic record obtained for an
intense flow at 01:30, August 25. The cross-
point of the Y-shadow is located out of 2°-
circle, because the camera is inclined by the
flow. The deflection of the cross-point (about
1°31") from its original point in 2°-circle (about
1°) corresponds to about 53 cm/s as estimated
from Fig. 3-5. All the images are not sharp
because of the camera vibration.
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Fig. 3-7. Temperature at a depth of 100m in
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NAKAO et al., 1973).

O: Stn. 13, site of the bottom current measure-

ment.

X . Position of the direct current measurement
by R/S Ryofu-maru, 1969 (Table 3-1, MORI-
YASU, 1972).

Table 3-1. Mean and maximum velocities near the Tsushima warm current axis at Stn. U (39°11'N,
135°42’E, 1,500 m depth) in an area south of the Yamato-Tai Rise (from MORIYASU, 1972).
layer (m) 10 30 50 100 200
mean velocity (cm/s) 78 71 57 3B 4
max. velocity (cm/s) 100 90 80 52 20
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Fig. 3-8. Progressive vector diagrams by a rotor-
type current meter at about 220 m depth (100 m
above the bottom) at Stn. 13-A, B and C (dotted
line), together with the trajectory of a surface
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Fig. 3-9. Temperatures along a vertical section

across the Yamato-Tai Rise (from NAKAO
et al., 1973).
Heavy line: August 22, 1971,

Broken line: August 27-28, 1971.
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07:24, Aug. 23, 1971 (from KH-71-4 Cruise
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(a) Temperature distribution (°C) at the vertical section in Section III.

(b) Comparison of the NE-component calculated from the geostrophic balance with that
measured by G.E.K. Uj: Surface geostrophic current referred to 300db surface.

Ug: Surface current from G.E.K.
sections; for example,

Different marks refer to different observational
< from Section III (from MORIYASU, 1972).
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(b) Thermosteric anomaly (cl/t) along a vertical
section A.

(c) Position of A and depth contours of 10°C
isotherm (m) determined from BT measure-
ment (from ICHIYE, 1983).
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Fig. 3-14. Meridional distribution of density
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marine volcano in the Atlantic Ocean (from
DEFANT, 1961).
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Water movement near the Kuroshio Front off Cape Inubo-zaki*

Makoto ISHINO** and Kazuyuki OTSUKRA**

Abstract: A direct measurement of horizontal water movement was carried out by use of
four drifting radar buoys equiped with a rectangular drogue at a depth of 10 m and a Digital
Thermo Recorder at a depth of 20 m near the Kuroshio Front east of Cape Inubo-zaki in
July 1981. The buoys were deployed half mile apart in square across the current-rip. The

trajectory of each buoy was determined with emphasis on the divergence (or convergence)
of the surface water which was calculated in terms of the subsequent deformation of the

tetragon shaped by the four buoys. The results are summarized as follows. (1) Both current
speed and axis of the Kuroshio were variable with time. The current speed ranged from
1.4 to 3.0 knots during the first observation period on July 18 and from 1.2 to 2.0 knots
during the second one on July 19. (2) The area of the tetragon was highly correlated with
the width of the buoy cluster (distance between the most distant two buoys). The correlation

coefficient was 0.691 and 0.878 for the first and second observation periods, respectively.

(3) The horizontal divergence calculated from (DS/Dt)/So (So, initial area; .S, subsequent area;
t, time) was mostly of the order of 107%s™' to 107°7!, whereas the strong divergence of
the order of 107%s™ occurred twice at the first observation period. (4) The horizontal thermal
gradient at a depth of 20 m, irregularly variable with time, seemed not to be associated with
the horizontal divergence of surface layer water.
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Fig. 1. Surface temperature and current in July
1981 (after Tohoku Regional Fisheries Research
Laboratory). Circle shows the area where the
present observations were carried out on 18
and 19 July 1981. Closed triangle shows the
position of Cape Inubo-zaki.
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Fig. 2. Radar buoy system, which is composed
by radar buoy, window shade drogue (centered
at the depth of 10m), DTR (at a depth of
20 m), several small buoys and weight, and the
radar buoy is linked up with small buoys by
warp.
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Table 1. Drifting speed, area of quadrilateral, divergence (Q), width of track swept by
a cluster of buoys, maximum and minimum temperatures, and temperature gradient
within the quadrilateral. 18 July 1981 by R.V. Seiyo Maru.
Time Area Div. Drifting speed of buoy Width Temperature  T. grad.
A B C E mean High Low
JST km? 107%™ kt kt kt kt kt mile °C °C °C/M
2.0 1.8 1.7 2.0 1.9
1130 1.54 1.10 20.6 18.5 2.1
1.3 2.8 2.8 2.4 3.0 2.8
1200 1.89 1.05 20.9 18.6 2.2
—0.3 1.6 1.6 1.4 1.4 1.5
1230 1.80 0.95 21.7 18.0 3.9
—-0.5 1.6 1.8 1.8 1.8 1.8
1300 1.63 1.00 21.4 19.9 1.5
—0.3 2.4 2.2 2.2 2.2 2.2
1330 1.54 0.85 22.1 18.3 4.5
—-0.9 1.8 2.8 1.8 1.8 2.1
1400 1.29 0.65 21.5 19.0 3.8
—2.2 2.6 2.0 2.8 2.8 2.6
1430 0.77 0.65 20.8 17.5 5.1
9.3 2.2 2.2 2.6 2.0 2.3
1500 2.06 1.05 20.0 17.9 2.0
-1.9 1.8 2.2 2.2 1.4 1.9
1530 1.37 0.90 20.6 14.4 6.9
0.0 1.4 1.4 1.4 1.4 1.4
1600 1.37 0.90 21.0 14.3 7.4
—-3.1 1.6 2.2 2.0 3.0 2.2
1630 0.60 0.70 20.5 15.0 7.9
—0.8 2.4 1.6 1.4 1.4 1.7
1700 0.51 0.80 19.4 14.6 6.0
1.9 1.4 1.6 1.4 1.4 1.5
1730 0.69 1.05 19.6 14.1 5.2
8.7 2.0 1.7 1.5 2.5 1.9
1815 2.32 1.50 19.1 13.4 3.8
—0.2 2.1 2.1 2.1 2.1 2.1
1840 2.23 2.00 19.1 13.9 2.6
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Table 2. Drifting speed, area of quadrilateral, divergence (Q), width of track swept by
a cluster of buoys, maximum and minimum temperatures, and temperature gradient
within the quadrirateral. 19 July 1981 by R.V. Seiyo Maru.

Time Area Div. Drifting speed of buoy Width Temperature T. grad.
A B C E mean High Low

JST km?® 107%™t kt kt kt kt kt mile °C °C °C/M
1.4 1.7 1.6 1.7 1.6

1000 1.11 0.95 19.9 15.4 4.0
0.5 1.6 1.7 1.5 1.3 1.5

1030 1.20 1.00 20.0 15.1 4.9
0.0 1.8 1.8 1.8 1.7 1.8

1110 1.20 1.00 18.4 14.2 4.3
0.0 1.8 1.9 2.1 2.0 2.0

1200 1.20 0.85 20.4 17.7 3.2
—0.8 1.6 1.7 1.3 1.2 1.5

1230 1.03 0.70 20.2 18.7 2.3
—0.9 1.6 1.8 1.7 1.6 1.7

1300 0.86 0.55 21.4 19.5 3.5
-1.7 2.0 2.0 1.9 1.8 1.9

1330 0.60 0.50 21.7 19.9 3.6
2.4 1.3 1.6 1.7 1.5 1.5

1400 0.86 0.55 21.1 19.8 2.4
0.4 1.6 1.6 1.7 1.5 1.6

1430 0.94 0.65 20.8 19.2 2.5
0.0 1.7 1.6 1.7 1.6 1.7

1500 0.94 0.70 20.0 18.4 2.3
1.0 1.7 1.7 1.8 1.6 1.7

1530 1.11 0.70 19.0 17.2 2.6
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Fig. 3. Drifting of each buoy and enclosed area
by four buoys at a layer of 10m, and the
temperature distribution at 20 m layer (18 July
1981).
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Fig. 4. Temperature records obtained every five
minutes by DTR suspended at a depth of
20 m, 18 July 1981.
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Fig. 5. Drifting of each buoy and enclosed area
by four buoys and temperature distribution

at 20m layer (19 July 1981).
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Influence of fluorescence of chlorophyll ¢ on
underwater upward irradiance spectrum*

Motoaki KISHINO**, Shigehiko SUGIHARA** and Noboru OKAMI**

Abstract: In our recent results of spectral irradiance measurement in Tokyo Bay, a strong
peak was recognized at about 685 nm in upward irradiance at depths between 0 and 30 m for
all the stations. The upward irradiance spectrum in the vicinity of 685 nm is compared with
the emission spectrum from cultured phytoplankton. Both spectra exhibited a similar shape.
In addition, observed chlorophyll @ concentration was proportional to the ratio of fluorescence
line height at 685nm in upward irradiance to total incident quanta. Further, the shape of
computed irradiance reflectance at around 685 nm agreed well with the observed one. Ac-
cordingly, we conclude that the strong peak in the upward irradiance at about 685nm can
be attributed to fluorescence of chlorophyll @ excited by downward irradiance in the blue-

green region.

1. Introduction

Recently, MOREL and PRIEUR (1977), NEVILLE
and GOWER (1977), and GOWER (1980) regarded
a peak at about 685nm in observed reflectance
spectrum of natural waters as a result of in situ
fluorescence of chlorophyll @ because the fluo-
rescence line height of the spectrum of light
backscattered from the sea is proportional to the
chlorophyll concentration. (GORDON (1979) devel-
oped a radiative transfer equation to include the
effect of fluorescent substances and solved in the
quasi-single scattering approximation to de-
termine if the observed quantum efficiencies of
chlorophyll @ in phytoplankton are large enough
to explain the enhancement of the reflectance
spectrum near 685nm. He concluded that the
enhancement is explained completely in terms of
the in vivo fluorescence of chlorophyll a.

If the peak at about 685 nm in the reflectance
spectrum near the surface is attributed to the
fluorescence of chlorophyll @ in phytoplankton,
the same kind of peak will appear also in deeper
layers, so long as enough phytoplankton popu-
lation is present.

TYLER and SMITH (1967, 1970) and also
‘OKAMI et al. (1981) observed downward and
upward spectral irradiances. In their upward
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irradiance data, the peak at about 685 nm was
observed also at deeper layers of chlorophyll-rich
waters. FHowever, this experimental evidence
does not necessarily mean that the peak at
685nm should be attributed to fluorescence of
chlorophyll @, because the presence of the peak
may be explained also by anomalous dispersion
of absorption and scattering which is associated
with the chlorophyll @ absorption band near
670 nm (MUELLER, 1973; GORDON, 1974).

By means of a new spectral irradiance meter
which can measure downward and upward ir-
radiances simultaneously, we measured irradiance
spectra in Tokyo Bay. A strong peak at about
685 nm in the upward irradiance was found at
every depth between 0 and 30 m. In this paper,
the influence of fluorescence by chlorophyll @ on
upward irradiance is described and discussed on
the basis of the data obtained in Tokyo Bay,
and it is suggested that the peak at about 685
nm can be attributed to the fluorescence of
chlorophyll a.

2. Measurement

Spectral irradiance measurement in Tokyo
Bay was carried out in November, 1982 and in
March, 1983 (Fig. 1).

The spectral irradiance meter used has been
described in detail by KISHINO and OKAMI
(1984). Accordingly, only the outline of the
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instrument will be described below. The instru-
ment has two independent collectors collecting
downward and upward irradiances, respectively.
By rotating the mirror placed behind the collectors,
downward or upward irradiance is alternatively
measured. The grating grid (600 lines/mm)
sweeps over the range between 350 nm and 750
nm within 1sec; total time required for a set
of spectral downward and upward irradiance is
about 4sec. The light reflected by the mirror
is divided into two beams by a beam splitter.
One of the beams travels to the grating grid
and the other is directed towards a monitor.
The monitor detects the light at one of the three
wavelengths: 482, 531 and 569 nm. The wave-
length setting is required before the measure-
ment. The signal from the monitor controls
the high voltage supply to the photomultiplier
tube placed behind the grating grid. In this
way, the spectral irradiance relative to irradi-
ance at the wavelength set at the monitor is
detected. The signals from the photomultiplier
tube at 2nm intervals as well as that of high
voltage are amplified and sent back to the deck
unit through the cable, and both are recorded
on cassette tape in digital form. The instru-
ment was calibrated with a 1000 w quartz-halogen
irradiance standard lamp (type FEL) supplied by
the National Bureau of Standards, USA, before

each cruise.

March 25, 1983

13:12-13:27

-

In each depth, five to ten sets of downward
and upward irradiances were repeatedly measured
and the time averaged values were calculated
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at 531 nm in both cruises.

The surface water was sampled at each station
where the irradiance was measured. The sampled
waters were filtered through GF/C filter at the
laboratory for determining chlorophyll @ concen-
tration using the spectrophotometric method
presented by PARSONS and STRICKLAND (1963).

3. Peak in the upward irradiance near 685nm
The spectral irradiance observed at Stn. M8
in March 25, 1983 is shown in Fig. 2. Strong
absorption by seawater in the blue and red
regions of the spectrum results in development
of maximum at about 500 nm in both downward
and upward irradiances as the depth increases.
A secondary peak appeared in the vicinity of
685 nm for upward irradiance. This peak was
recognized, more or less, at all stations.

In order to minimize the contribution of vari-
ation in spectrum of downward irradiance Eg¢
to upward irradiance E,, irradiance reflectance
R, is introduced, and interpretation of the
secondary peak is dealt with first in terms of
Rs. Rg, which is a function of both the depth
2z and the wavelength 2, is defined by

Eu(za '2)

Rd(z, 2) = m .

(1

As the depth increased, irradiance in the red

Stn. M8 March 25, 1983 .

Tokyo Bay

(2)
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Fig. 3. Irradiance reflectance Rq at various
depths at Stn. MS8.

region became much lower compared with that
at the monitor wavelength; particularly, down-
ward irradiance in that region approached the
Accordingly, Rq in
only shallow layer was computed. Computed Ry
at Stn. M8 are representatively plotted in Fig.
3. As the wavelength increases, Rs decreases
slowly and attains a minimum around 650 nm.
Then it turns to increase towards the peak
around 685nm. Variation of Ry with both
wavelength and depth is small below 600 nm
and large above 600 nm. The variation of Rg
with depth becomes largest in the vicinity of
685 nm where the peak in Rq appears; the more
the depth increases, the larger R; becomes.
For example, Rq (0, 685) at the surface is 0.7%,
while Rq at the depth of 9.8 m exceeds 159;.
If these maximum and minimum are related to
anomalous dispersion associated with the chloro-
phyll @ absorption band as suggested by GORDON
(1974) and if the seawater is homogeneous, Rg
should take the same value at all depths. In
fact, almost no change in the values of R; with
depth below 600 nm supports the homogeneous
distribution of materials in depth. Moreover,
there are no materials which are known to
reflect selectively the light of wavelength around
685nm. Therefore, the explanation assuming
the anomalous dispersion cannot be accepted,
but chlorophyll @ fluorescence explanation is

noise level, in some cases.

more reasonable.

In the ocean, the downward irradiance in the
range between 400 and 550 nm is very intense;
twenty to thirty times stronger than the upward
irradiance as is clearly seen from Fig. 2. In
addition to this, if the strong absorption of
water itself in the red region of spectrum is
taken into consideration, it is no wonder that
the upward irradiance due to fluorescence of
chlorophyll @ excited by the intense downward
irradiance becomes larger than the upward ir-
radiance which is due to elastic scattering alone
in the vicinity of 685 nm. Since attenuation of
red light is larger than that of blue and green
light which can excite chlorophyll 2, the relative
contribution of fluorescent light to upward ir-
radiance increases with increasing depth. This
can explain the increase of height in the peak
at 685 nm with increasing depth.

The 'following comparison of the E, shape
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Fig. 4. Emission spectrum of cultured phyto-

plankton and upward irradiance at a depth of
7.8m at Stn. M8.

with the fluorescence curve of phytoplankton
will also support the fluorescence explanation.
The emission spectrum of cultured phytoplankton
(Chaetoceros socialis) when they are excited by
monochromatic light of 440 nm is measured with
a Hitachi fluorescence spectrophotometer (Type
650-10). In Fig. 4. the resultant spectrum is
compared with the upward irradiance spectrum
observed at a depth of 7.8 m at Stn. M8. Since
both spectra exhibit a similar shape, we can
conclude that the strong peak in the upward
irradiance at about 685 nm is attributed mainly
to fluorescence of chlorophyll @ excited by down-
ward irradiance in the wavelength range between
400 and 550 nm. Particularly, the upward ir-
radiance around 685 nm in deeper layers is sup-
posed to be generated only by fluorescence of
chlorophyll a.

4. Chlorophyll @ concentration and fluores-

cence

If the peak around 685nm in upward irradiance
is due to the fluorescence of chlorophyll e, fluo-
rescence intensity must be proportional to both
chlorophyll @ concentration and the total number
of incident quanta which can excite chlorophyll
a. To examine this, fluorescence intensity and
the total quanta were evaluated as follows:
total fluorescence intensity in upward irradiance
is taken to be proportional to the peak height
measured from the base line at 685nm. This
base line is equal to the upward irradiance in
the absence of fluorescence. Since the fluores-

Relative quanta

600 650 700
Wavelength ( nm )
Fig. 5. Maximum and minimum in the upward

irradiance near 685nm.

cence intensities at 660 nm and 710 nm are small
as shown in Fig. 4, the base line is determined
from the upward irradiance at both wavelengths
as shown in Fig. 5. Thus, fluorescence intensity
F; (685) can be expressed by

685 1

E,Q, 685)—— —

F,(685)= 7

[Eu(O 660) @JrEu(o 710)@] (2)

where & and ¢ are the Plank’s constant and the
light velocity, respectively. On the other hand,
total incident quanta are evaluated from the
observed spectral irradiance as follows: in com-
parison with downward irradiance, upward ir-
radiance is very low and its contribution to
total quanta can be neglected. Further, fluo-
rescent light excited by downward irradiance
near 685nm can be neglected since quantum
efficiency drops significantly in the wavelength
near 685nm, as pointed out by FORSTER and
LivINGSTON (1952). Therefore, the total
number of quanta Qg is computed by

600 pl
QaZS Ed(O,,l)—h dA . (3
360 c



228 M. KiSHINO, S. SUGIHARA and N. OKAMI

3x107° -

o 2 —
fex:]
~
9
w
=,
.

1 -

| | ] |
1 10

Chl.a (ugeg™!)

Fig. 6. Correlation between Fi(z, 685)/Qu(z)
and chlorophyll @ concentration.

®: November 1982, X: March 1983.

As shown in Fig. 6, Fi(685)/Qq agrees well
with the logarithm of observed chlorophyll a
concentration; the correlation coefficient is 0.92.
If a linear correlation is assumed, the coefficient
is 0.86. According to the results of numerical
calculation of reflectance at the surface by
OKAMI et al. (1982a), reflectance at wavelength
longer than 520 nm increases exponentialy with
increasing chlorophyll @ concentration. There-
fore, fluorescence intensity will also increase
exponentially with increasing chlorophyll concen-
tration. This will result in a better correlation
for the logarithmic than for the linear one.
Thus, the presence of the correlation between
chlorophyll @ concentration and fluorescence
supports the fluorescence explanation of the peak
at 685 nm.

5. Discussion

GORDON (1979) modified the radiative transfer
equation to include the effect of fluorescence and
solved it in the quasi-single scattering approxi-
The results were applied to the calcu-
In the present work,
a single fluorescence model, which is similar to

mation.
lation of quantum yield.

the single scattering model (JERLOV and FUKU-
DA, 1960), was combined with a two-flow model
in order to develop an equation including the
effect of fluorescence. The single fluorescence
model is convenient because of its simplicity.
Further, it may be considered that the multiple-
scattering is negligibly small because of strong
absorption of pure water at around 685 nm; for
example, the light intensity at the depth of 5m
decreases down to 109 of the surface value
even in very clear water.

Downward irradiance FEgq(z,4) and upward
irradiance E,(z, ) can be written in the form of
summation of elastic scattering and fluorescence
as follows:

Eu(z, )=Eq(0, He *P*+ Era(z, ), (4)
Eu(z, )=Ea0, e ¥ PR+ Enlz, 1), (5)

where Kj is the attenuation coeflicient for down-
ward irradiance and is expressed as

K(&)=Da{a(A)[a(d)+2bs(A)]} 172
(OKAMI et al., 1983), (6)

and R, reflectance at the infinite depth, is given
by

_ ) 2 0s®)
R(1)=0.33 )

(MOREL and PRIEUR, 1977), (7)

where Dy, a, and b, are the distribution function,
the absorption coefficient and the backscattering
coefficient, respectively, and E;; and Ejy, are
downward and upward irradiance, respectively,
which are produced by the fluorescence. Ejq
and Ej, are derived in the following way:

The Gaussian distribution of emission line of
chlorophyll with a peak at 685 nm and isotropic
If the quantum yield is
independent of exciting wavelength as reported
by FORSTER and LIVINGSTON (1952), then the
volume fluorescence function 8(4;) at 4y can be

defined by

sp= s e[ H(222) ] (o

where ¢ is the quantum yield of fluorescence,
¢? is the variance of the Gaussian distribution,
and 2, is the wavelength at which fluorescence

emission are assumed.
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Fig. 7. Geometry for evaluating radiance
of fluorescent light.

peak occurs, being 685 nm in this case.

As shown in Fig. 7, a small volume element
dv at depth 2z’ is supposed to be irradiated by
Eq4 (', ;). The chlorophylla in dv absorbs
quanta of wavelength A, and then it emits the
fluorescence of the wavelength A in the direction
0 from the vertical axis. The radiance due to
fluorescence at =z, dL(z, Ae, A5, 0), is expressed as

dL(Z, 26: Xf: 0) :Ed(z,: Ze)

/ —a(ld
X _ZEE apn(20)CBQp)dv exp[ rj‘( f)f_:],
e

: (9)

where a is the beam attenuation coefficient,
r=—(2'—z)sect, C is the chlorophyll @ concen-
tration and ap. is the absorption coefficient of
phytoplankton per unit chlorophyll @ concen-
tration.

The total radiance due to fluorescence L(z, 4,
47,0) is derived by integrating dL with respect
to 2’ from 0 to =z for downward fluorescence
and from = to infinite depth for upward fluo-
Further, integration of Lz, A, 4f, 0)
with respect to solid angle in the upper and
lower hemisphere results in total downward and
upward irradiances, respectively, due to fluo-
rescence. Hereafter, the downward and upward
irradiances due to fluorescence are denoted by
Fi'(2, A, 25) and Fu'(z, Ae, 45), respectively, and
they are written as

rescence.

2
Fd/ (2, 4e, A7) =27p(2y) l—eEd(z, 2e)apn(2e)C
f
y S"/Z 1—exp [{a(Ay)— K(A,) cos 0}2]
0 a(Ay)—K(Ae) cos 8
X cos 0 sin 040 , ao

2
FJ (2, 4e, A7) =278(4)) ‘;—Ed (2, 2e)apn(2e)C
S

1 a(i,)
X K(zaz[me”““f) o8 ) +alty) ]
an

The total irradiance produced by fluorescence at
A5 is given by

600
Erilz, Ap)= S Fy' (2, Ae, 27)d e, 12
360

600
Enz, 1) =S U/ de A (1)
360

OKAMI et al. (1983) express, in their paper,
the optical properties of seawater as follows:

a(ﬂ) = aw(l) + aph(X)C—l—O.Zbd 620

+Ayexp [—0.0167 (2—380)], (14

bb(g):é_bw(zwro.oz [bwC+bal, (15)

a(d)=awA) +buw@)+epn(DHC
+[o.2§§2+ 1.0:|bd
+Ayexp [—0.0167 (1—380)1, (16)

where aw and b, are the absorption and the
scattering coefficient of optically pure water,
respectively, bg is the scattering coefficient of
detritus, Ay is the absorption coefficient of dis-
solved organic matter at 380 nm, and &, and
cpn are the scattering and the attenuation co-
efficients of phytoplankton per unit chlorophyll
a concentration.

Using Egn. (1) and Eqns. (4) through (16),
Ry at each depth in Stn. M8 are computed at
intervals of 2nm. In the computation, values
of apn, bon, and cpn of Chaetoceros socialis given
in Fig. 8 are used. The values of ay and b4
are taken from a paper by SMITH and BAKER
(1981), and Dg is assumed to take a value of
1.2 given by KISHINO et al. (1972). As shown
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Fig. 9. Calculated values of irradiance reflectance
Rg. Dotted line shows Rg in the absence
of fluorescence.

in Fig. 4, the emission spectrum has a width
at half-maximum of about 25 nm. Accordingly,
¢ is assumed to be 10.6 nm, which is equal to
the value used by GORDON (1979). Measured
values of 1.22 pg+/7*, 0.15m™! and 0.02m™! are
used for C, bg and Ay, respectively.
Measurements by LATIMER et al. (1956) indi-
cate that the quantum yield of in wivo fluo-
rescence of chlorophyll @ in diatom (Navicula
minima) is 2.8 9%. Therefore, in this compu-

tation ¢ is assumed to be 2.8 %.

Figure 9 shows the computed R4 as a function
of wavelength. The dotted line appearing in
longer wavelength indicates Rq in the absence
of fluorescence. The contribution of fluorescence
to Rq is negligibly small below 650 nm and large
above 650 nm. With increasing depth, the peak
develops strikingly. Because of a low chlorophyll
a concentration, the minimum caused by chloro-
phyll @ absorption does not appear at 680 nm.
The shape of R; around 685nm, in which the
fluorescence peak occurs, agrees well with that
of observed R; shown in Fig. 3. The conformity
between observed and computed R; supports
the fluorescence explanation of the peak appear-
ing around 685 nm.

It is noted here that observed R4, which is
given in Fig. 3, increases gradually in the wave-
length region between 600 and 650 nm with in-
creasing depth. This increase is not due to the
fluorescence of chlorophyll @ but is a result of
the Raman scattering as pointed out by SUGI-
HARA et al. (1984).

Some consideration will be given below on
the application of the line height of fluorescence
to the remote sensing of chlorophyll concentration.

NEVILLE and GOWER (1977) and also GOWER
(1980) found the presence of good correlation
between fluorescence line height and chlorophyll
concentration in the Saanich Inlet. The present
results obtained in Tokyo Bay also show a good
correlation between the in situ fluorescence and
chlorophyll concentration. The largest correlation
coefficient was found in the case of logarithmic
correlation. The chlorophyll concentration en-
countered in Tokyo Bay was in the range be-
tween 0.5 and 15pgel™*. In this study, the
fluorescence intensity derived from the upward
irradiance at 660, 685 and 710 nm was divided
by total incident quanta at the sea surface and
the resultant value was compared with the
observed chlorophyll @ concentration. Since vari-
ation of relative spectral distribution of incident
downward irradiance is generally small among
the stations, the ratio of fluorescence intensity
to downward irradiance at 685 nm instead of
total quanta is expected to be also in good cor-
relation with observed chlorophyll @ concen-
tration; computed correlation coefficient was 0.82

for the linear correlation and 0.90 for the loga-
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-rithmic correlation, respectively. This is a
simple way for estimating the chlorophyll concen-
tration from remotely sensed radiance.

Since the peak height of fluorescence is de-
pendent on the species and activity of phyto-
plankton and turbidity of the water, the slope
of the correlation line may vary with season
and geometrical position. Therefore, the corre-
lation obtained in the present work should not
be applied to other cases.
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Estimation of quantum yield of chlorophyll a fluorescence
from the upward irradiance spectrum in the sea*

Motoaki KisHINO**, Shigehiko SUGIHARA** and Noboru OKAMI**

Abstract: Downward and upward spectral irradiance was measured in Tokyo Bay, off Shi-
moda and an oceanic area to the south of Honshu Island. A peak at about 685nm in upward
irradiance, attributed to chlorophyll fluorescence, was recognized at almost all the stations.
In each layer of each area, the observed chlorophyll @ concentration was closely related
with the ratio of fluorescence peak height to the total incident quanta, but there was an
obvious difference in the relation between the upper and lower layers, and also between
coastal and open sea areas. This suggests that the quantum yield of chlorophyll fluorescence
varies dependent on both horizontal and vertical locality.

The quantum yield of fluorescence was estimated on the basis of spectral irradiance by
means of a simple equation. The results show a wide variation, both horizontally and ver-
tically, in the quantum yield. The mean quantum yields were 1.8-2.4% in the upper layer
and 3.7% in the lower layer in the coastal area, and 4.0% in the upper layer and 6.0% in

the lower layer in the open ocean. The reasons for such wide variation were discussed.

1. Introduction

Although the relationship between in wvivo
fluorescence and the concentration of chlorophyll
a has been studied by many researchers (LO-
RENZEN, 1966; STRICKLAND, 1968a, b; FLEMER,
1969; CAPERON et al., 1971; FLEMER and BIGGS,
1971; BERMAN, 1972; PLATT, 1972; SLOVACEK
and HANNAN, 1977; RICHERSON et al., 1978,
HEANEY, 1978; BREEMEN, 1982), the quantum
vield of chlorophyll fluorescence was only re-
ported by a few researchers. LATIMER ez al.
(1956) and KIM et al. (1978) observed the quan-
tum yield of fluorescence for cultured algae and
for natural phytoplankton assemblages collected
from the sea, respectively.

GORDON (1979) attributed a peak near 685 nm
in the irradiance reflectance spectrum to the n
vivo fluorescence of chlorophyll @ in phyto-
plankton. By means of a radiative transfer
equation including the fluorescence process, he
computed the quantum yield from the reflectance
data. The quantum yield obtained was lower
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than these obtained by LATIMER e al. (1956)
and also KiM et al. (1978).

KISHINO et al. (1984a) discussed a peak at
about 685nm in the upward irradiance measured
in Tokyo Bay and concluded that the peak was
attributed to fluorescence of chlorophyll @ excited
by downward blue-green light. As we expected,
this peak was also recognized in the upward
irradiance measured off Shimoda and in an area
to the south of Honshu Island.

In this paper, the quantum yield of chlorophyl!
a fluorescence at each depth was estimated on
the basis of downward and upward spectral
irradiance by means of a single fluorescence
model. Spectral irradiance data used in the
present study were measured by an underwater
spectral irradiance meter, which can measure
downward and upward irradiance simultaneously
(K1sHINO and OXAMI, 1984). Measurement
was carried out in November 1982, in March
and October 1983 in Tokyo Bay, and in May
1982 on the cruise of R. V. Tansei-Maru (KT-
82-5), and in August 1983 on the cruise of
R.V. Tsukuba off Shimoda, in June 1982 on
the cruise of R.V. Hakuho-Maru (KH-82-3)
in an area to the south of Honshu. Chlorophyll
a concetnration in the surface water taken from
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Tokyo Bay was determined by the spectrophoto-
metric method (PARSONS and STRICKLAND,
1963). Chlorophyll @ concentrations at each depth
off Shimoda and in the area to the south of Hon-
shu were determined by TAKAHASHI (personal
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(STRICKLAND and PARSONS, 1968). The loca--
tions of stations are shown in Fig. 1.

2. Relation between chlorophyll @ concentra--
tion and fluorescence intensity in the up-

communication) and by Fujita (1984), re- ward irradiance
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Fig. 2. Relation between chlorophyll a concentration and the ratio of fluorescence intensity

to the total incident quanta at the surface.
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depth of Om to the total incident quanta ob-
tained from the downward and upward spectral
irradiance measured in various areas is shown
in Fig. 2. Data points are grouped roughly
into two, although a few points are somewhat
scattered: one group was obtained in Tokyo
Bay and off Shimoda (the coastal area) and the
other was obtained in the area to the south of
Honshu except for Stn. A-2 (open sea area).
The latter showed about five times stronger
fluorescence intensity than the former for the
The water
at Stn. A-2 is considered to belong to oceanic
water because it was located about 70km to
the south of Cape Omaezaki. Judging from the
relation between fluorescence and chlorophyll,
however, the water at Stn. A-2 is included in
coastal waters. In both areas,
fluorescence intensity continuously
with the increase of chlorophyll a concentration
With further increase of
chlorophyll a, the increasing rate of the ratio

same chlorophyll @ concentration.

the ratio of
increased

up to a certain level.

decreases and, in the case of coastal waters,
the decrease of the ratio itself follows. The
presence of two groups in the relation between
chlorophyll @ concentration and fluorescence
intensity implies the differences of quantum yield
in the two areas.

3. Single fluorescence model

Based upon a single fluorescence model,
KISHINO et al. (1984a) estimated the fluores-
cence intensity in the upward irradiance Fi (2,
685) as follows;

8
Fi(z, 685)= 2/1cC S Eq(z, A)2apr(4) K%X)Q[K(/i)
+alogK ]dl @Y)

where Egq (2, 4) is the downward irradiance at
the depth of = for wavelength 4, apn (4) is the
absorption coefficient of phytoplankton per unit
chlorophyll @ concentration, C is the chlorophyll
a concentration, K is the attenuation coefficient
for downward irradiance, « is the beam attenu-
ation coefficient at 685nm, A is the Plank’s
constant, ¢ is the light velocity, and S is the
volume fluorescence function at wavelength 685
nm. Applying the Gaussian distribution to the
emission line of chlorophyll fluorescence at a

peak of 685nm, the quantum yield of fluores-
cence, ¢, can be defined by

6=p + dom", @

where o2 is the variance of the Gaussian dis-
tribution. Then, ¢ is expressed from Eqns. 1
and 2 as

¢ =
2072 heFy(z, 685)

600

N
cﬁasopd(z,mamu) KW[K( )—l—alogK( 5T ]au
@

4. Calculated quantum yield of fluorescence

Using Eqn. 3, ¢ at each depth is calculated.
In the calculation, E; and C were set at each
respective measured value, and K and F; were
calculated from the downward and upward
spectral irradiance. The values of am. in Tokyo
Bay were taken from the measured values of
cultured phytoplankton (Chaetoceros socialis)
and those for the other areas were estimated
from the absorption coefficient of suspended
particles determined by the opal glass method
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and dashed line, south of Honshu.
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(KISHINO et al., 1984b). The spectral distribu-
tions of ap, are shown in Fig. 3. Since the beam
attenuation coefficient at 685 nm was not deter-
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Fig. 4. The histogram of calculated quantum
vield at the surface in Tokyo Bay. Shaded
bars, November 1982; black bars, March
1983; and open bars, October 1983.
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Fig. 5. The histogram of calculated quantum
yield off Shimoda. Open bars indicate the
numbers above the depth where relative
quanta decrease down to 10% of surface
values. Black bars indicate the numbers
below that depth.

mined, a in Eqn. 3 is replaced by K (685). The
value of ¢ is also assumed to be 10.6nm, which
is the same as the value reported in a previous
paper (KISHINO et al., 1984a).

The histograms in Figs. 4 to 6 show a frequency
of calculated quantum yield of fluorescence in
the step of 0.5%. In Tokyo Bay, only surface
chlorophyll @ was measured and the data of ¢
were grouped in each month. In other areas,
¢ at different depths were determined and the
data were grouped above and below the depth
where the relative quanta decreased down to
109 of the surface value. The mean value and
standard deviation of ¢ computed in each area
are summarized in Table 1.
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Fig. 6. The histogram of calculated gquantum
vield in the southern area of FHonshu. Open

and black bars as in Fig. 5.

Table 1. Summary of mean value and standard
deviation of quantum yield. Numbers in
parentheses indicate the numbers of available

data.
Area &
Tokyo Bay Nov. ’82 2.4+0.5 (10)
Mar. ’83 2.4:+0.8 ( 8
Oct. ’83 1.8%21.0 ( 8
mean 2.2+0.8 (26)
Off Shimoda upper layer 2.0%1.2 (23)
lower layer 3.7+3.1 (17)
mean 2.7+2.4 (40)
Open ocean upper layer 4.0%=2.2 (59)
lower layer 6.0%+3.6 (21)
mean 4.5+2.8 (80)
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In Tokyo Bay (Fig. 4), ¢ varied between 0.6
and 3.8% with a mean value of 2.2%. In
November and March, ¢ was nearly the same,
while in October, ¢ was slightly smaller. The
¢ smaller than 1% in October corresponds to
low fluorescence intensity at two stations indi-
cated by Stns. O-4 and O-5 in Fig. 2.

The ¢ off Shimoda showed a peak at 1-1.5%
and a small peak at 5-5.5% (Fig. 5). The
mean values in the upper and lower layers were
2.0% and 3.7%, respectively; ¢ in the lower
layer was nearly twice as large as that in the
upper layer, and the ¢ in the upper layer was
the same as that in Tokyo Bay.

The values of ¢ in the area to the south of
Honshu except for Stn A-2 ranged from 0.8 to
16% (Fig. 6). The means in the upper and
lower layers were 4.0 and 6.0%), respectively,
which were considerably larger than those ob-
tained both in Tokyo Bay and off Shimoda.
It is noticeable that ¢ in the lower layer was
larger than that in the upper layer, as in the
case found off Shimoda. At Stn. A-2 during
the cruise of KH-82-3, ¢ ranged between 0.5
and 1.8% in the upper layer and between 1.6
and 4.2% in the lower layer. Thess values
were consistent with those obtained off Shimoda.
5. Discussion

In the calculation, ap, shown in Fig. 3 was
used. The mean value of g, between 350 and
700 nm was 0.0172 in Tokyo Bay. 0.0148 off
Shimoda, and 0.200 m~ (#g Chl. @-I71)~! in the
southern area of Honshu. The values of apm
for the coastal area were nearly the same as
those obtained by LORENZEN (1972), MOREL
and PRIEUR (1977) and PRIEUR and SATHYEN-
DRANATH (1981). The values of ap for the
open ocean were considerably larger than those
for the coastal area, especially in the blue light
region. As is clearly seen in Eqn. 3, computed
¢ was largely affected by the variation of ap.
In addition to large au, downward irradiance
in the open ocean had a maximum at about
480-500 nm, while the maximum in the coastal
water appeared at 500-570nm. Accordingly,
the phytoplankton in the open ocean could ab-
sorb much more energy than that in the coastal
area. If am in the open ocean is nearly the
same as that in the coastal area, the energy

absorbed by phytoplankton should decrease and
¢ should become 1.5 or 2 times as much as the
present result. Such a ¢ is too large to be
obviously realistic. Therefore, am, observed in
the open ocean in the present study is reason-
able, although the @, in the blue region in the
open ocean is considerably larger than that in
other areas.

Quantum yields of chlorophyll fluorescence
have been reported by several workers in ex-
perimental setups. LATIMER et al. (1956) in-
dicated that the quantum yield of in vivo fluo-
rescence of chlorophyll @ in three cultured algae
(Chlorella pyrenoidosa, Navicula minima and
Synechocystis sp.) was in a range of 1.5 to
2.89%.
mean values obtained from the surface waters
off Shimoda (2.0%) and in Tokyo Bay (1.8-
2.49,). On the other hand, ¢ obtzined in the
open ocean and also from the lower layer off
Shimoda was large, ranging from 3. 7% to 6.0%.
These values, however, were within the limit
of 1 to 6% obtained by KIM e af. (1978) for
natural phytoplankton assemblages in Chesapeake
Bay. The quantum yield calculated by GORDON
(1979) based upon the data on spectral irradiance
measured by MOREL ane PRIEUR (1975) is very
small, 0.66-0.79%.
with the lower values in Tokyo Bay and in the

These values were consistent with the

These values are consistent
area to the south of Honshu. Thus, it is sug-
gested that ¢ varies with depth and geographical
location.

One of the factors causing variation with
geographical location was the difference in phyto-
plankton species (STRICKLAND, 196G8a, b; BREE-
MEN, 1982). In fact, the dominant species of
phytoplankton were diatoms in the coastal area,
while picophytoplankton smaller than 3z (blue-
green or green algae) were predominant in the
open ocean (TAKAHASHI, personal communica-
tion). However, LATIMER et al. (1956), SLO-
VACEK and HANNAN (1977) and HEANEY (1978)
showed that the quantum yield of fluorescence
or the ratio of fluorescence to chlorophyll a
concentration for diatoms was considerably larger
than that for blue-green and green algae. There-
fore, the variation of ¢ at different locations
observed in the present study might be difficult
to explain by the variation in the dominant

phytoplankton species. Investigations of con-
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tinuous cultures of Cyclotella nana by KIEFER
(1973b) showed that the iz vivo chlorophyll a
fluorescence was much stronger in nitrogen-
starved cells than those in enriched conditions.
Therefore, the variation of ¢ with the location
might be explained by the amounts of nutrient:
nutrients were abundant in the coastal area,
but scarce in the open ocean.

As shown in Table 1, the difference of ¢
between the upper and lower layers is also
evident. The values of ¢ in the lower layers
in both areas were about 1.5-2 times larger
than those in the upper layers. There are several
reasons for the differences in ¢ between the
upper and the lower layers. First, the difference
of phytoplankton species is one of possible factors
influencing the quantum yield as stated in the
case of variation with geographical location,
although no detailed floristic data on phyto-
plankton were available for the present study.

Secondly, photoinhibition in the upper layer
should be considered. HEANEY (1978) observed
photoinhibition of the #n wvivo fluorescence of
chlorophyll @ during a study of the vertical
distribution of Ceratium hirundinella in Esth-
waite Water; the ratio of fluorescence to chloro-
phyll @ concentration was more or less constant
with depth at night, while the ratio in the sur-
face layer decreased appreciably in bright sun-
PREZELIN and LEY (1980) observed
daily changes in the in vivo fluorescence in
nearshore water off Santa Barbara; the ratio
was not constant with time and had a minimum
at midday. The effect of photoinhibition was
also observed by KIEFER (1973a, b). In the
present study, the low values of ¢ at the upper
layer were possibly affected by this photoinhibi-
tion as well as the possible changes in phyto-
plankton species with depth.

It should also be noted that the spectral ir-
radiance data used in the present study were

shine.

collected at various times of the day and this
could also result in some variation of ¢ even in
the same area and at the same depth. The
present results, however, suggest considerably
large physiological variation in ¢ largely in re-
sponse to nutrient and light intensity. The
method for estimating the quantum yield from
the spectrzl irradiance is advantageous because
spectral irradiance

measurement is  rather

routine in most cases for the study of bio-optics.
In this case, however, the absorption coefficient
of phytoplankton must be known.

If the small variation of quantum yield of
fluorescence with depth is assumed, chlorophyll
a concentration could be calculated reversely
from the underwater spectral irradiance (KISHINO
et al., 1984a). Further, in the case of small
variation in the quantum yield with the geo-
graphical location, the surface chlorophyll a is
probably detectable from remotely sensed fluores-
cence intensity. NEVILLE and GOWER (1977)
and GOWER (1980) succeeded in obtaining
chlorophyll a concentration from the surface
radiance observed at high altitude or on board
ship. However, it is noted here that upwelled
fluorescent light is not necessarily related in a
simple way to the chlorophyll @ concentration
because of large physiological variation in the
The validity of
this method must be studied by further investi-
gations of the quantum yield of fluorescence in
the various physiological states of phytoplankton.

quantum yield of fluorescence.

6. Summary

1. Downward and upward spectral irradiance
was measured in Tokyo Bay, off Shimoda and
in an area to the south of Honshu. A peak at
about 685nm in the upward irradiance was ob-
served at almost all stations. This peak can be
attributed to the fluorescence of chlorophyll a.
2. The relation between chlorophyll a con-
centration and the ratio of fluorescence intensity
to the total incident quanta was classified into
two groups: the coastal area and the open ocean.
3. From the spectral irradiance data, the quan-
tum yield of fluorescence was estimated by means
of a simple theoretical equation based on a single
fluorescence model.

4, The quantum yields computed varied in a
rather wide range. The mean value in the coastal
area was 2.0-2.4% at the upper layer and 3.7%
at the deeper layer, while, in the open ocean,
it was 4.0% at the upper layer and 6.0% at
the deeper layer.

5. The difference in the quantum yield of
fluorescence between the lower and upper layer
was apparently accounted for by the photo-
inhibition in the upper layer.

6. Variation in the quantum yield of fluo-
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rescence depending on the geographical location
may be explained by the difference in nutrient
availability.
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The oxidation rate constant and the residence time of
manganese in seawater pumped from underground*

Yoshio SATO**, Hitoshi MATSUMOTO**, Shiro OKABE**
and Noburu TAKEMATSU***

Abstract: The oxidation rate constant and the residence time of manganese were measured
in a water supply system at the Marine Science Museum, Tokai University, where both
todorokite and birnessite are precipitated from aerated well-seawater. The oxidation rate
constant of manganese was 1X10% mol™1%*d™, which is three orders of magnitude smaller
than that obtained in Saanich Inlet and two orders of magnitude larger than that measured
in the laboratory. The residence time of manganese in this system was about two hours,
which is the shortest among the ones reported. The short residence time is due to the high
concentration of manganese oxides in the system as well as the relatively high oxidation rate

constant.

1. Introduction

The kinetics of the oxidation of manganese
have been studied fairly well in the laboratory
and in the field (MORGAN, 1964, 1967; BREWER,
1975; COUGHLIN and MATSUI, 1976; EMERSON
et al., 1979; HEM, 1981; SUNG and MORGAN,
1981; EMERSON et al., 1982). However, the
oxidation rate constant of manganese reported
ranges from 5x 10 mol~%1*4d~! measured in the
laboratory to 8x%10?*mol=1**d~! obtained in
Saanich Inlet, although the high value in Saa-
nich Inlet has been attributed to biological
catalysis (BREWER, 1975; EMERSON et al., 1979).

The water supply system at the Marine Science
Museum, Tokai University, offers a convenient
site for the study of the kinetics of Mn(II) oxi-
dation. Seawater used in the aquaria is pumped
from underground. The well-seawater contains
a little dissolved oxygen and about 1 ppm of
manganese. After aeration, manganese oxides
are precipitated from the seawater. In this
system, the oxidation rate constant and the
residence time of manganese were measured.

* Received May 20, 1984
** Faculty of Marine Science and Technology, Tokai
University, Orito 3-20-1, Shimizu-shi, Shizuoka
Pref., 424 Japan
% The Institute of Physical and Chemical Research,
Hirosawa 2-1, Wako-shi, Saitama Pref., 351-01
Japan

2. Materials and methods

2.1. Study site

The water supply system is shown in Fig. 1.
The well is located about 50 m from the coast.
The well-seawater is aerated and runs into a
precipitation tank through a waterway covered
with translucent plastic plates. In the water-
way, bog moss and some diatoms grow, and
supply organic matter to the precipitation tank.
The precipitation tank is separated into four
compartments and each compartment contains
three sheets of polyurethane filters. The filters
act as the site of manganese oxidation as well
as for removal of manganese oxides formed in
seawater. The tank is cleaned thoroughly and
polyurethane filters are renewed once a year,

Rooftop tank (40m>)
Aeration tank _ AT O

L
Waterway covered with trenslucent plastic plates }
. Polyurethane filter r

PTiI PT2 \PT3 PT“4 Pump To Aqguaria

S S
I # T
i ‘lﬁﬂ i ;?:F‘
Precipitation tank(25m
1

Pump!

3)

N

Wel

Underground tark (600 m3)
Fig. 1. Schematic diagram of the water supply

system at the Marine Science Museum, Tokai
University, and the sampling points.
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in July. The amount of seawater used in the
aquaria is about 500 m® per day.

2.2. Sampling and methods

Seawater was sampled from each compart-
ment using a prewashed polyethylene basket
and analysed for dissolved oxygen, pH, Eh and
manganese. Dissolved oxygen was determined
by the Winkler method. The samples were
treated with manganous sulfate and alkaline
iodide reagents immediately after sampling.
The pH and Eh were measured on the spot.
Dissolved manganese was determined directly
by atomic absorption spectrometry. Seawater
samples were filtered through a Toyo GC 50
glass fiber filter and a solution containing hydro-
chloric acid and hydroxylamine hydrochloride
was added to prevent the precipitation of manga-
nese oxides. Hydroxylamine hydrochloride was
purified by solvent extraction. The determi-
nation of dissolved manganese in samples was
made relative to 0.7 M NaCl standard solutions
containing known amounts of manganese and
reagents used.

Three kinds of manganese oxide samples were
taken from each compartment: manganese oxides
deposited on the bottom of the tank, those
precipitated on the polyurethane filters and those
precipitated on the polyethylene mesh baskets
which were set up to collect samples for metal
and organic carbon measurements. The manga-
nese oxide deposits were desalted with water
purified by Milli-R/Q (Millipore Corp.) and air-
dried. The deposits were analyzed for manga-
nese mineral composition, molar ratio of oxygen
carbon content.
Minerals were examined by X-ray diffraction,
the molar ratio of O/Mn was measured by the
method of GATTOW (1961) and the organic
carbon content was measured with an MT-500

to manganese and organic
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CN Corder (Yanaco Ltd.). Detailed procedures
of the analyses have been published elsewhere
(TAKEMATSU et al., 1984).

3. Results and discussions

8.1. The properties of seawater

The properties of seawater are given in Table
1. The properties of the well-seawater (AT 0)
are constant throughout the year. The salinity
of the well-seawater (33 %0) is comparable to
that of the nearest coastal seawater (31-34 %o),
although the pH of the former (7.6) is a little
lower than that of the latter (8.2-8.4). The
well-seawater has a temperature of about 18°C,
and contains a little dissolved oxygen and about
lppm of manganese. After aeration, the pH
and Eh increase and the concentration of manga-
nese decreases. The variation of pH, dissolved
oxygen and manganese with time is shown in

D.0. (mi/1)

NOV. DEC.

SEPT. OCT.

JULY  AUG.

Fig. 2. The variation of pH, dissolved oxygen
and manganese with time.

Table 1. The properties of well-seawater.
Salinity Temp. pH Eh D.O. Mn
(%%0) (®) (mv) (mi/1) (#g/1)
AT. 0 32.901-£0.098 18.3£0.4 7.50£0.12 284+ 6 0.94+0.49 963+ 85
1982 PT. 1 32.999+0. 156 18.5+0.5 7.78+0.07 350426 5.24+0.20 714+ 68
PT. 4 32.997+0.170 18.5+0.5 7.73£0.10 374%23 4.86=+0.58 476163
AT. 0 33.120+0. 227 18.5+0.3 7.58%0.05 299423 0.76+0.13 928+ 86
1983 PT. 1 33.077+0.137 18.8%0.2 7.85£0.04 359+17 5.06+0.20 688+144
PT. 4 33.072+0.136 18.9+0.2 7.78+0.04 39116 4.74£0.46 407 +156
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Fig. 2. The concentration of manganese at PT
1 is relatively constant and lower than that at
AT 0 by about 300 pg/l. The decrease is due
to removal of manganese in the aeration tank
and the waterway which have not been cleaned
over the years. The discernible decrease in the
concentration of manganese at PT 4 is not ob-
served until about a month has passed after the
cleaning of the tank and the renewal of poly-
urethane filters. This is attributed to the lack
of manganese oxides which catalyze the oxi-
dation of manganese (MORGAN, 1964). The
concentration of manganese at PT 4 increases
with time after the most effective removal of
manganese in August. The pH mostly follows
the manganese concentration. The marked in-
crease in the concentration of manganese in

December is due to the clogging of the filters
by manganese oxides and the overflow of sea-
water. The causes of the lower values of pH
and dissolved oxygen than the average ones in
July are not clear, but may be attributed to the
decomposition of organic matter supplied from
the waterway and/or to the progress of the
oxidation of manganese.

8.2. Mineralogy, O/Mn ratio and organic

carbon content of the manganese oxides

The ratios of todorokite to birnessite decrease
from PT 1 to PT 4, although the absolute ratios
vary greatly with the time of sampling and
there are a few exceptions (Fig. 3; Table 2).
The O/Mn ratios vary between 1.82 and 1.97,
and the O/Mn ratios in the deposits on the
bottom, except PT 1, are higher than those on

Table 2. Mineralogy, O/Mn ratio and organic carbon content of manganese oxides.

Sample Duration T/B ratio O/Mn ratio Org. carbon
. (mg/g)
PT1D 12 July, 1981-Dec., 1981 >30 1.823 187
PT2D 12 " 1.1 1. 966 76.8
PTID 3 Jan., 1982-Mar., 1982 >30 1.898 109
PT2D 3 . 0.50 1.963 35.4
PT3D 3 July, 1981-Mar., 1982 0.36 1.970 32.5
PT4D 3 . 0.45 1.962 20.3
PTID 6 Apr., 1982-June, 1982 1.6 1.936 93.5
PT2D 6 vy 0.21 1.955 28.0
PT3D 6 Vs 0.19 1.964 19.6
PT4D 6 ’e 0.23 1.965 19.1
PTIF 12 July, 1981-Dec., 1981 0.50 1.899 12.3
PT2F 12 ' 0.74 1.875 10.8
PTIF 3 Jan., 1982-Mar., 1982 1.8 1.872 22.2
PT2F 3 " 1.5 1. 862 14.6
PT3F 3 July, 1981-Mar., 1982 0.83 1.893 9.65
PT4F 3 v 0.90 1.895 9.48
PTIF 6 Apr., 1982-June, 1982 5.7 1.818 22.4
PT2F 6 ' 4.2 1.840 15.6
PT3F 6 v 2.5 1.844 14.3
PT4F 6 " 2.8 1.847 18.3
UGTF 6 July, 1981-June, 1982 0.95 1.865 15.0
PTIU 81 July, 1980-June, 1981 0.41 1.919 —_—
PT2U 81 . 0.32 1.926 —
PT3U 81 ., 0.25 1.908 —_—
PT4U 81 " 0.16 1.924 —
PT1U 82 July, 1981-June, 1982 0.33 1.939 _—
PT2U 82 us 0.84 1.933 —_—
PT3U 82 " 0.75 1.915 —
PT4U 82 ' 0.43 1.936 —

T: todorokite.

B: birnessite. D, F and U denote the depositions on the bottom of the precipitation

tank, on the polyethylene mesh basket and on the polyurethane filter, respectively.
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the polyurethane filters, and those on the poly-
ethylene mesh baskets are the lowest (Table 2).
The O/Mn ratios are in inverse proportion to
the ratios of todorokite to birnessite (Fig. 4).
The manganese oxides which have high organic
carbon contents are todorokite-rich. These
results support the hypothesis that todorokite
is formed in less oxidizing environments than
birnessite (GLASBY, 1972).

8.8. The kinetics of manganese oxidation

For the kinetics of Mn (II) oxidation at con-
stant pH and partial pressure of oxygen, MOR-
GAN (1964) proposed the differential equation as
follows:

—d[Mn(1)]/dt=k:[Mn(I)]
+ ko [Mn{ID)][MnOx], (1

n ;
A1, ““Wﬁ‘ ™ /""Nk.\ AN

!
et | ki <,
AP | B
N R ; Yoo, lY
* it UL N
_ - ~ Lo L
5 20 40 50°
{0 28

Fig. 3. Typical X-ray diffraction patterns of air-
dried samples. T and B denote todorokite and
birnessite, respectively.

P

- ® on the bottom
195k
x on the polyethylene mesh basket
RGNS © o onthe polyurethane filter
o l o®
= °
2 o
°
6!90;— X x
E |
£ ; x M
S !85"» X X .
°
X
180 i—— N R SR
1.0 20 30 40 50
Todorokite / Birnessite ratio
Fig. 4. The relationship between the O/Mn

ratios and the ratios of todorokite to birnessite
in the manganese oxide deposits.

where [MnOyx] denotes the concentration of
manganese oxides. The reaction involving
manganese oxides is autocatalytic and consists
of two steps:

Mn?*+MnOs=Mn?*+MnOs(s)
Mn?*«MnOQOs(s) +1/20:+20H-
:—‘2 Mn02(5) + HzO

For the above reactions, the rate law was given
as follows:

—d[Mn(ID)]/dt
=kua[Mn(II)J[MnO:][O:]J[OH-J2. (2)
As ks is much larger than k; (COUGHLIN and
MATsui, 1976), the oxidation rate constant is
obtained according to eq. (2) in this study. The
concentrations of manganese, dissolved oxygen
and hydroxyl ion at PT 2 are adopted in the
calculation, although the concentration of manga-
nese decreases exponentially from PT 1 to PT 4
(Fig. 5). Fig. ba is a case immediately after the
cleaning of the tank and the renewal of poly-
urethane filters, and Fig. 5¢ shows a case in
which seawater is overflowing the polyurethane
filters at PT 1 because the filters are clogged
by manganese oxides. This, however, will not
influence so much the results. The concen-
tration of manganese oxides accumulated in the
tank after the cleaning of the tank and the

1.0f &— —e
os8r
- 06f
|~ 04r
NN
=) 4
=2
oz2r (a)
3 July 1982
1O
08
EO,G-
Tz 04
NC NE
22
0-1 ()
31 July 1982
1. Of &
o8t T
£0.6 —
04
[= NE'.
E=
0.2 (c)
i B3 FTa

[ P2
21 Sept. 1982

Fig. 5. The exponential decrease of the concen-
tration of manganése in seawater during the
passage through the tank.
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Fig. 6. The concentration of manganese oxides

accumulated in the tank after cleaning.

renewal of the filters ([MnQO:]:; Fig. 6) is calcu-
lated using the f{ollowing equation:

[MnO, ] = \J »
y (TMn{dD)]

Jpmi— LMn{ID)Jers) X 500 m®/day
25 m?

dt,
(3)

where [MnDJer: and [Mn({II)]prs are the
concentrations ¢f dissclved manganese at PT 1
and PT 4, res The volume of the
tank is 25 m? the amount of seawater used
in the aquaria iz about 500 m® per day. The
calculated values of the oxidation rate constant
are shown in Fig. 7. The values decrease with
time. This is attributed to the conditions that
all the manganese oxides accumulated in the
tank are not necessarily active in the oxidation
of manganese and that non-active part of accumu-
lated manganese oxides increases with time.
However, the values obtained from the early
stage after cleaning include an error in the esti-
mation of the concentration of accumulated
manganese oxides. Therefore, the value on the
narrow plateau in Fig. 7 is selected to be ade-
quate. The weak point of this system for the
measurement of the oxidation rate constant is
the conditions that the reaction sites are limited
to the polyurethane filters and the wall of the
tank including the bottom because manganese

pectively.
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Fig. 7. The change of the oxidation rate
constant of manganese with time.

oxides formed in seawater are removed by the
polyurethane filters. Therefore, the oxidation
rate constant obtained may be the minimum
one.

The oxidation rate constant and the resi-
dence time are summarized in Table 3. The
oxidation rate constant in the present study is
higher than that obtained in the laboratory
(BREWER, 1975) and lower than that in Saanich
Inlet (EMERSON et al., 1979). The value ob-
tained in Saanich Inlet was the one for oxides
of manganese of which oxidation state was from
2.3 to 2.7 (EMERSON et al., 1982), while the
oxidation state of manganese in the present
study was from 3.6 to 3.9. Although the oxi-
dation state of manganese was not reported by
BREWER (1975), the oxides formed in aqueous
solution up to pH 9 is MnOOH or Mn;O,
(hausmannite) or their mixture in the laboratory
experiments (KESSICK and MORGAN, 1975;
HewMm, 1981). When the value of k, measured by
COUGHLIN and MATSUI (1976) is converted to
the units used here, the value becomes to be
1.2x10? mol~*1**d~!, which is equal to the
value in the present study.

The residence time of manganese reported
ranges from several decades in the open ocean
to a few days in the near-shore environments,
while that in the present study is a few hours.
However, the comparison of the residence time
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Table 3. The oxidation rate constant and the residence time of Mn?* in seawater.

Reference Location

Oxidation rate constant
(mol™*"*day™)

Residence time

BREWER (1975) In the laboratory
MURRAY and BREWER (1977) Black Sea

WEISss (1977) Garapagos Rift
Whole Ocean
EMERSON et al. (1979) Saanich Inlet

This study

Mar. Sci. Mus., Tokai Univ.

5 X 1015 R
—_— 6 yrs
—_— 50 yrs
—_— 35 yrs

8x10% 2 days

1x10%° 2 hrs

between different locations is meaningless be-
cause the residence time {[Mn]/(d[Mn]/dt)}
depends on the concentration of manganese
oxides ([MnO;]) as well as the oxidation rate
constant, as is evident from eq. (2).

Bacterial catalysis of manganese oxidation has
been suggested by several investigators (EHR-
LICH, 1972, 1975; EMERSON et al., 1979) and
demonstrated in Saanich Inlet (EMERSON et al.,
1982) and in Oneida Lake (CHAPNICK et al.,
1982). Also in the water supply system at the
Marine Science Museum, Tokai University, the
possibility of the bacterial enhancement of
manganese oxidation is being sought after.
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Petrochemistry of the Nishinoshima Islands*

Hitoshi AOKI** and

Tokai University Research Group for Marine Volcano***

Abstract:
their associated marine area in order to clarify their geological significance in the western
Pacific. From the petrochemical points of view, it is safe to get the conclusion that three
groups of rocks from Nishinoshima-kyuto Island (abbr. NO), Nishinoshima-shinto Island (abbr.
NN) and the associated marine area (abbr. NM) are likely to belong to the similar rock
series, in other words, to high-alkali tholeiite and low-alkali tholeiite near high-alkali tholeiite
on the basis of the rock classification. For the sake of comparison, petrochemical data have
been cited from marine area associated with the Izushoto Islands, Ooshima Island, Miyake-
jima Island, Mikurajima Island, Hachijojima Island, Aogashima Island, Myojinsho Reef,
Bayonnaise Rocks, Torishima TIsland, Sofuiwa Rock, Yuojima Islands, Uracas Island, Moug
Island, Agrihan Island, Pagan Island, Alamagan Island, Sarigan Island and Anatahan Island.
The rock series from Yuojima Island, marine area associated with Izushoto Islands—Bayon-
naise Rock—Nishinoshima Islands—Minami-Yuojima—northern Mariana Islands, and Islands
from Ooshima to Kita-Yuojima have been mainly characterized by alkali basalt, high-alkali

Volcanological classification has been discussed on the Nishinoshima Islands and

tholeiite and low-alkali tholeiite, respectively.

1. Introduction

he origin and development of the islands
arc and trench in the western Pacific has been
one of the most controversial problems in geo-
On this account, a lot
of excellent papers have been published to clarify

science of this century.

the problem under controversy (for example,
PEIvE, 1980). Under these
petrochemical and geological problems are sum-
marized by the present writer and others (AOKI,
1969; AOKI et al., 1976; AOKI and TSUCHI,
in press).

circumstances,

The Nishinoshima Islands are composed of

the old island called ‘‘Nishinoshima-kyuto’ and
the newly formed island called ‘‘Nishinoshima-
shinto” (AOKI and OSSAKA, ed., 1974). Twenty
rock samples, namely ten from the marine area
related to the Nishinoshima Islands, two from
Nishinoshima-kyuto Island and eight from
Nishinoshima-shinto  Island, are chemically
analized to throw light upon the mechanizm

* Received June 4, 1984
** Faculty of Marine Science and Technology, Tokai
University, Shimizu-shi, Shizuoka-ken, 424 Japan
#6 Y, UTsUNOMIYVA, H. OKITSU, M. KAWAKAMI,
I. NakajiMA and M. ICHIKAWA

under which the islands arc, including the Nishino-

shima Islands, might have been formed.

2. Sampling station and locality

As shown in Fig. 1, rock samplings were
carried out at seven stations around the Nishino-
shima Islands by the wuse of dredge. Their
sample number, location and water depth of
respective stations are summarized as follows:

Stn. 1-1-1  27°17.30'N 140°53.80'E 1025m
Stn. 1-2-2  27°15.00/N  140°50.75'E  676m
Stn. 1-2-5 Ditto

279K

Fig. 1. Location map for the Nishinoshima
Islands and the position of dredge.
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Stn. 1-2-6  Ditto
Stn. 1-4-3  27°14.50’'N 140°54.75'E ~ 595m
Stn. 1-6-3  27°13.13’N 140°53.40'E  195m
Stn. 1-6-4 Ditto
Stn. 1-9-0 27°15.65’'N  140°52.78'E 65m

Stn. 1-12-4 27°14.3¥N 140°52.39E 65m

Stn. 2-18-5 27°16.20’'N  140°55.40'E  1040m

As shown in Fig. 2, rock samplings were also
carried out at eight localities on the Nishino-
shima Islands for chemical investigation. Their
sample number and location of respective locali-
ties are summarized as follows:

NO-02: Uppermost lava of Nishinoshima-
kyuto Island

NO-05: Intrusive of Nishinoshima-kyuto
Island

NN-02: Lava of the 1st crater of Nishino-
shima-shinto Island

NN-05: Lava of the 2nd crater of Nishino-
shima-shinto Island

NN-11: Lava of the 2nd crater of Nishino-

shima-shinto Island

[y

SOm
Fig. 2. Topography of the Nishinoshima Islands
with contours in meters. The positions are also
indicated for the locality of rock sampling for
the petrochemical investigation.

NN-26: Lava of the 5th crater of nishino-
shima-shinto Island
NA: NB: NC: Lava of the vent in the Ist

crater of Nishinoshima-shinto Island

3. Results

Petrochemical examinations have been done
on rocks from the marine area around the
Nishinoshima Islands, Nishinoshima-kyuto Island
and Nishinoshima-shinto Island, with special
attention to alkalinity.

As clear from Table 1 and Fig. 3, chemical
compositions of the marine area around the
Nishinoshima Islands seem to change in wide
area in SiQ, contents and those from Nishino-
shima-kyuto Island are characterized by the
more limited variation in SiOp contents. Rocks
from Nishinoshima-shinto, on the contrary, are
likely to have the limited chemical composition
ranging 58.35 to 59.56 wt. %, of SiOs.

As far as the alkali-SiO; relation is concerned,
three groups of rocks from the Nishinoshima
Islands appear to have the chemical composition
characteristic in rock series of high-alkali tholeiite
or low-alkali tholeiite near high-alkali tholeiite
(AOKI and Ito, 1969).

The following data can be cited for the sake
of comparison of rocks from the Nishinoshima
Islands and their associated marine area with
those of the Izu-Bonin-northern Mariana Islands
arc and the marine area intimately related with
ihe Izushoto Islands.

KeO+NuzO

lu
T

vomoa
[IEI

1=

oL , |

50 55 50 35
Si0z

Fig. 3. Na)0+XK;0-Si0O; diagram for volcanic
rocks in the Nishinoshima Islands and their

associated marine area.

1. Rocks from the marine area around the
Nishinoshima Islands.

2. Rocks from the Nishinoshima-kyuto Island.

3. Rocks from the Nishinoshima-shinto Island.
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Table 1. Chemical composition of rocks from the marine area around the Nishinoshima
Islands, the Nishinoshima-kyuto Island and the Nishinoshima-shinto Island. Stn. 1-1-1:
Olivine-Cpx andesite, Stn. 1-2-2: Cpx andesite, Stn. 1-2-5: Porphyrite, Stn. 1-2-6:
Olivine basalt, Stn. 1-4-3: Olivine-Cpx andesite, Stn. 1-6-3: Two-pyroxene andesite,
Stn. 1-6-4: Ditto, Stn. 1-9-0: Ditto, Stn. 1-12-4: Ditto, Stn. 2-18-5: Cpx andesite.
NO-02: Cpx andesite, NO-05: Olivine-Cpx andesite, NN-02: Two-pyroxene andesite,
NN-05: Ditto, NN-10: Ditto, NN-11: Ditto, NN-26: Ditto, NA: Ditto, NB: Ditto,
NC: Ditto. Analyst: Y. UTSUNOMIYA

Region Marine area of Nishinoshima
Sample No.  Stn. 1-1-1  Stn. 1-2-2  Stn. 1-2-5 Stn. 1-2-6 Stn. 1-4-3 Stn. 1-6-3 Stn. 1-6-4
Si02 55. 46 61.13 61.32 51.61 54.94 64. 05 60.63
TiO; 0.87 0.96 0.76 0.79 0.89 0.75 0.99
Al:Os 18.25 15.47 14.60 18.41 18.51 15.41 14.98
Fe 03 1.43 1.43 3.88 2.16 1.88 1.32 1.93
FeO 7.18 7.49 3.45 7.34 7.11 4.95 7.44
MnO 0.19 0.23 0.07 0.20 0.17 0.20 0.22
MgO 2.99 2.39 3.08 5.28 2.71 1.69 2.41
CaO 8.80 5.31 5.99 10.39 9.05 4.05 5.87
Na:O 3.62 4.01 5.60 2.33 3.29 4.68 3.77
K:O 0.76 1.12 0.22 0.26 0.78 1.27 1.10
P05 0.14 0.20 0.22 0.09 0.23 0.21 0.18
H.O* 0.39 0.38 0.12 0.70 0.48 0.87 0.52
H.0~ 0.14 0.21 0.11 0.32 0.17 0.19 0.20
Total 100. 22 100. 33 99.42 100. 08 100.21 99.64 100. 24
Q 6.07 14.84 13.26 4.22 7.47 18.42 15.45
Or 4.49 6.62 1.30 2.72 4.61 7.51 6.50
Ab 30.63 33.93 47.39 19.72 27.84 39.60 31.90
An 31.30 20.90 14.05 38.42 33.43 17.28 20.70
Ne — - — — — —
Di(Wo) 4,78 1.73 5.94 5.24 4.16 0.60 3.02
Di(En) 1.95 0.61 4.28 2.79 1.66 0.23 1.10
Di(Fs) 2.86 1.16 1.12 2.28 2.54 0.38 1.99
Hy(En) 5.50 5.35 4.28 10.36 5.09 3.98 4.90
Hy(Fs) 8.06 10. 25 0.89 2.28 7.80 6.75 8.85
Ol(Fo) — — - — — — —
Ol(Fa) — - - - — — -
il 1.65 1.82 1.44 1.50 1.69 1.42 1.88
Mt 2.07 2.07 5.63 3.13 2.73 1.91 2.80
C J— —_— —_— —_— J— — —_—
Total 99.69 99.74 99.19 99.06 99.56 98. 58 99.52
Region Marine area of Nishinoshima Nishinoshima-kyuto Nishinoshima-shinto
Sample No.  Stn. 1-9-0 Stn. 1-12-4 Stn. 2-18-5 NO-02 NO-05 NN-02 NNO05
Si0¢ 61.61 61.23 53.34 60.15 57.01 58.35 59. 56
TiOg 0.96 0.95 0.81 0.95 0.90 1.04 1.02
AlOs 15.88 15.57 18.52 16.03 17.54 15.49 15.36
Fe:03 2.69 1.40 0.38 2.30 3.92 1.43 1.86
FeO 6.07 6.76 8.53 6.18 5.14 8.23 7.73
MnO 0.22 0.21 0.18 0.22 0.18 0.22 0.22
MgO 2.24 1.89 4.07 2.33 3.01 2.66 2.65
CaO 5.28 4.65 10. 43 5.67 7.56 6.17 5.54
Na:O 3.88 4.25 2.56 4.68 3.79 4.50 3.91
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Table 1. ({continued)
Region Marine area of Nishinoshima Nishinoshima-kyuto Nishinoshima-shinto
Sample No.  Stn. 1-9-0 Stn. 1-12-4 Stn. 2-18-5 NO-02 NO-05 NN-02 NN-05
K0 1.13 1.22 0.53 1.12 0.75 1.09 1.13
P.0O; 0.23 0.23 0.09 0.19 0.15 0.26 0.26
H.,O* 0.09 0.89 0.68 0.33 0.24 0.27 0.43
H.O~ 0.04 0.16 0. 46 0.13 0.20 0.11 0.11
Total 100. 32 99.41 100. 58 100. 28 100. 39 99.92 99.78
Q 17.64 15.50 4.68 11.39 11.24 7.97 13.25
Or 6.68 7.21 3.13 6.62 4.43 6.44 6.68
Ab 32.83 35.96 21.66 39.60 32.07 38.08 33.09
An 22.58 19. 80 37.48 19. 42 28.63 18.85 21.02
Ne — — — — — — —
Di(Wo) 0.88 0.74 5.71 3.12 3.30 4.20 1.99
Di(En) 0.37 0.24 2.38 1.29 1.88 1.48 0.74
Di(Fs) 0.52 0.52 3.36 1.84 1.27 2.82 1.28
Hy(En) 5.21 4.47 7.76 4.51 5.61 5.14 5.86
Hy(Fs) 7.23 9.56 10.98 6.44 3.78 9.80 10.10
Ol(Fo) — — — — — —
Ol(Fa) - — - — - - -
11 1.82 1.80 1.54 1.80 1.71 1.97 1.94
Mt 3.90 2.03 0.55 3.33 5.68 2.07 2.70
C —_— —_ J— — J— _ —_
Total 100.19 98. 36 99. 46 99.82 99.95 99.44 99.24
Region Nishinoshima-shinto
Sample No. NN-10 NN-11 NN-26 NA NB NC
Si0: 58.67 58. 56 58.80 58.76 59.02 58.61
TiOs 1.03 1.04 1.05 1.01 1.03 1.00
Al:Os 15.65 15.63 15.83 15.32 15.53 16.17
FesOs 1.90 2.38 1.46 2.48 3.27 2.27
FeO 8.07 8.07 7.76 7.84 6.92 6. 46
MnO 0.22 0.22 0.22 0.22 0.22 0.21
MgO 2.52 2.70 2.52 2.68 2.62 2.56
CaO 5.84 5.94 5.93 6.20 6.09 5.75
Na:O 4.01 3.44 3.93 4.40 4.36 4.30
KO 1.12 1.13 1.13 1.07 1.06 1.07
P:Os 0.25 0.19 0.24 0.15 0.14 0.15
H.0* 0.33 0.38 0.48 0.16 0.13 0.15
H.O~ 0.21 0.13 0.11 0.15 0.04 0.06
Total 99.82 99.50 99. 54 99.52 99.97 99. 50
Q 11.33 13.69 11.71 9.51 11.15 11.09
Or 6.62 6.68 6.68 6.32 6.26 6.32
Ab 33.93 28.11 33.25 37.23 36.89 36. 39
An 21.39 23.87 22.22 18.89 19.67 21.66
Ne — — — — - -
Di(Wo) 2.48 1.82 2.35 4.55 4.02 2.46
Di(En) 0.88 0.68 0.84 1.74 1.72 1.04
Di(Fs) 1.67 1.17 1.57 2.88 2.30 1.42
Hy(En) 5.40 6.04 5.44 4.94 4.80 5.34
Hy(Fs) 10.29 10.37 10.15 8.21 6.41 7.30
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Table 1. (continued)
Region Nishinoshima-shinto
Sample No. NN-10 NN-11 NN-26 NA NB NC
Ol(Fo) — — — _ _
Ol(Fa) — — — — —
11 1.96 1.97 1.99 1.92 1.96 1.90
Mt 2.75 3.45 2.12 3.60 4.74 3.29
c _ _ — _ -
Total 99. 28 99. 30 98.87 100.13 100. 26 98.55
SiO2 t
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Fig. 4. Na;O-+K:0-Si0; diagram for volcanic OO~ 0 ;u:m
ks f he Izu-Bonin-Mariana Islands
rocks Trom t?e FumbommTAlanana - s ands Fig. 5. Nax0O-+K30-Si0:-Al0; diagram for vol-
and their associated marine area in the western X L ; =
Pacific canic rocks from the Izu-Bonin-Mariana Islands
1 Ro'cks from the islands from Ooshima to and their associated marine area in the western
.Kita-Yiloiima : Pacific. Symbols are the same as those in
2. Rocks f-rom the marine area associated with Fig. 4.
the islands from Ooshima to Aogashima and
islands fro i o Aogashima an 1980)

Bayonnaise Rock.
3. Rocks from the Nishinoshima Islands.
4. Rocks from the northern Mariana Islands.
5. Rocks from the Yuojima Islands.

Marine area associated with the Izushoto
Islands (KiCHINA and OSTAPENKO, 1977)

Ooshima Island (TsuBoI, 1917; IWASAKI,
1935; KANI, 1939; NAGATA, 1941; TSUYA and
MORIMOTO, 1951; TSUYA et al., 1952; SAWA-
MURA, 1952; NAGASHIMA, 1953; GEOLOGICAL
SURVEY OF JAPAN, 1957; KATSURA and NAKA-
MURA, 1960; KUNO, 1962; ISSHIKI et al., 1963)

Miyakejima Island (T'suyva, 1937, 1940, 1941;
HaGIwARA, 1941; KAWANO and AOKI, 1959;
IssHIKI, 1960, 1964; MATSUDA and MORIMOTO,
1962)

Mikurajima Island (Tsuva, 1937; ISSHIKI,

Hachijojima Island (Tsuva, 1937; KATSURA,
1956; KUNO, 1962; Issiiki, 1958, 1959, 1963)

Aogashima Island (Tsuva, 1937; ISSHIKI,
1955)

Myojinsho Reef and Bayonnaise Rocks (NIINO
et al., 1953; TSUYA et al., 1953; HAMAGUCHI
and MATSUMOTO, 1953; Suwa, 1953; MORI-
MOTO et al., 1955; HONDA and KITANO, 1974)

Torishima Island (Tsuvya, 1937; TANAKA-
DATE, 1940b; KuNoO, 1962)

Sofuiwa Rock (AOKI and OSSAKA ed., 1974)

Yuoto Islands (Tsuya, 1936; IWASAKI, 1937)

Minami-Yuojima Island (YUASA and TAMAKI,
1982)

Uracas Island (KAISER, 1903; TANAKADATE,
1940a; Kuno, 1962)

Moug Island (ISHIKAWA and EGawa, 1977)
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Agrihan Island (SCHMIDT, 1957; ISHIKAWA
and EGAwA, 1977)

Pagan Island TANAKADATE, 1940a: SCHMIDT,
1957; LARSON et al., 1974; ISHIKAWA and
Ecawa, 1977)

Alamagan Island (SCHMIDT, 1957)

Sarigan Island (LARSON et al., 1974; IsHI-
KAWA and Ecawa, 1977)

Anatahan Island (LARSON et al., 1974; ISHI-
KAWA and EcAawa, 1977)

From Figs. 4 and 5, it is evident that the
rocks from Yuojima Island are of alkali rock
series, whereas those of Qoshima, Miyakejima,
Mikurajima, Hachijojima, Aogashima, Myojin-
sho Reef, Torishima, Sofuiwa Rock, Kita-Yuo-
jima Island are of low-alkali tholeiite.

Of special interest is the character of rocks
dredged from the marine areas associated with
the Izushoto Islands, Bayonnaise Rock and
Minami-Yuojima to belong to high-alkali tholeiite
and low-alkali tholeiite. Rock series of the
northern Mariana Islands such as Uracas, Moug,
Agrihan, Pagan, Alamagan, Sarigan and Ana-
tahan have also been characterized by high-
alkali tholeiite and low-alkali-tholeiite nare high-
alkali tholeiite.

As already mentioned, the rocks of the
Nishinoshima Island and their associated marine
area are composed of high-alkali tholeiite and
low-alkali tholeiite near high-alkali tholeiite.

4. Discussion and conclusion

There have been existed so scarce mineralo-
gical, petrological and petrochemical data avail-
able on the seamounts and ridges in the north-
western Pacific that it was impossible to discuss
their problems fully. But on the basis of the
petrological and petrochemical data obtained on
the islands arc and oceanic ridges, one of the
writers had proposed the distinct differences be-
tween rocks of Quaternary and Tertiary ages and
the subdivision of the former (AOKI, 1969, 1970).

Quaternary volcanics: RKK-Type, OMM-
Type and Mixture Type
BSG-Type

Laterly some corrections have been made on
the rocks of OMM-Type (LARSON et al., 1974,
IsHikAWA and EcAwWA, 1977; AOKI et al.,
1981; YuasA and TAMAKI, 1982).

Rocks of the northern Mariana Islands from

Tertiary volcanics:

Uracas to Anatahan are found to belong to rock
series of high-alkali tholeiite distinctly different
from those of low-alkali tholeiite of the Izushoto
Islands (LARSON et al., 1974; ISHIKAWA and
Ecawa, 1977).

Based on the new data obtained from the
Nishinoshima Islands and their associated marine
area, the present writers had proposed the ex-
tension of high-alkali tholeiite to the Nishino-
shima Islands (AOKI et al., 1981). The similar
conclusion is also obtained by YUASA and
TAMAKI (1982).

The increase in alkalis in basaltic rocks across
the Japanese arc, observed by Kuxo (1959),
has been related to the increasing depth to the
dipping Benioff seismic zone. Hence it was
expected that the difference observable in alkalis
between the Izushoto Islands and the northern
Mariana Islands was directly related to differ-
ences in depth to the Benioff zone beneath the
two islands arcs (ISHIKAWA and EGAWA, 1977).
On the contrary, LARSON et al., {1974) are led
to the conclusion that it presently cannot be
determined whether this discrepancy in alkalis
values reflects the difference in depth from the
volcanic arc to the dipping seismic zone or
related to other phenomena.

As far as the present knowledge iz concerned,
it is obvious that the rocks of marine areas
associated with the Izushoto Island
alkalic than those of the Izush:

that the latter was emplaced on the former,
in other expression, the Izushoro Islands of
low-alkali tholeiite might have been formed on
the basement of high-alkali tholeiite. Another
explanation was expected to throw more light
on the evolution of the islands arc volcanism.

Based on the above-menticned data, the pres-

ent writers have proposed the classification of
volcanics in the western Pacific as foliows:

a) Seamount on the trench (ED-Type, Erimo
Seamount and Daiichi-Kashima Seamount,
characterized by the presence of alkali rocks
and so-called ‘“‘continental’” rocks)

b) Tertiary (BGS-Type, Bonm
Islands, Saipan Island and Guam Island,
characterized by the presence of calk-alkaline
rock series)

¢) Quaternary volcanics
Y-Type (Yucjima Island, characterized by

volcanics
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the presence of alkaline rocks)
OMM-MB-Type (Marine areas associated
with the Izushoto Islands and Bayonnaise
Rocks, characterized by the presence of
high-alkali tholeiite and low-alkali tholeiite)
OMM-NMN-Type (Nishinoshima Islands,
Minami-Yuojima Island and northern Mari-
ana Islands, characterized by the presence
of high-alkali tholeiite and low-alkali tholeiite
near high-alkali tholeiite)

OMM-OK-Type (Islands from Ooshima
Island to Kita-Yuojima, characterized by the
presence of low-alkali tholeiite)
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Tar balls classified by crude oil around Japan and
enrichment of minor elements in them*

Hirozo YOSHIMURA**, Yasuyuki HARAKAWA**,
Takio SHIBA** and Misao ISHIT***

Abstract:
around Japan originated in.
tography

other is an analysis of minor elements in tar balls.
are classified into six types while crude oil into seven types.
in the tar balls are different from those in original crude oil,

hydrocarbons by weathering after leakage.

A method is proposed for identifying what sort of crude oil the tar ball collected
Two chemical techniques are used; one is gel permeation chroma-
{GPC) for measuring the molecular size distribution of tar ball components, and the

Tar ball profiles obtained by GPC runs
The contents of minor elements
which is attributed to loss of

Concentration of sulfur and vanadium is particularly
pronounced in tar balls from Sumatra Light crude oil,

by taking elemental sulfur from

coastal mud and vanadium in organic phase from sea mud. Sumatra Light type crude oil
forms tar balls so readily that half of the tar balls around Japan are those originated from

Sumatra Light type crude oil, which are mostly distributed in southern and southwestern
areas of the Honshu and all around Okinawa Islands.
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Fig. 1. Correction factors of serial petroleum
hydrocarbons against the molecular weight
of polystyrene standards.

P: n-paraffins, C: cycloparaffins, A: alkyl-
benzenes, R: polyphenyls, FR: condensed

ring aromatics, M.W.: molecular weight.
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Table 1.

Crude oil classified by profiles of

GPC run (amount imported to Japan in
1977: 2.78%x10%k)).

Type of GPC run
(Ratio to the imported
total amount)

Crude oil (in decreasing
order of imported
amounts)

a) Arabian heavy type
(24.0%)

Tranian Heavy or Gachsaran
(Iran)

Kwait (Kwait)

Arabian Heavy (Saudi Arabia)

Khafji (N.Z. of Arabia)

Hout (N. Z. of Arabia)

Hout Special (N. Z. of Arabia)

Wafra (Kwait)

North Rumaila (Iraq)

b) Arabian light type
(34.0%)

Arabian Light (Saudi Arabia}
Iranian Light (Iran)
Oman (Oman)
Basrah (Iraq)
Arabian Medium

(Saudi Arabiaj
Ummchaif (Abu Dhabi}
Special Safania (Saudi Arabia)
Dubai (Dubai)
Sassan (Iraq)
Es Sider (Libya)

¢) Murban type
(14.8%)

Murban (Abu Dhabi)

Berri (Saudi Arabia)
Zakum (Abu Dhabi)

Oatar (Qater)

Marine Qatar (Qatar)
Berri Special (Saudi Arabia)

d) Seria type
(4.5%)

Seria (Burnei)

Attaka (Kalimantan)
Miri (North Kalimantan;
Bunju (Kalimantan)
North Sumatra (Sumatra®

e) 7\[11’1:1\ type
(2.0%)

Sumatra Light (Sumatra)
Cinta (The sea off Sumatra)
Duri (Sumatra)

Jatibaran (Java)

Minas (Sumatra)

{) Tahchin type

Tahchin (North China)

(2.9%) Shori (North China)

g) Hamdeil type Hamdeil (Kalimantan)
(2.6%) Arjuna (The sea off Java)

h) The others The other crude oil:
(8.2%) from South Eastern Asia, the

Middle Eastern Regions,
Mexico, etc.
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Table 2. Number of tar ball samples classified
into each type by profiles of GPC run since

1975. Number of drifting balls in pqremhcsos
Type ‘fgf}; 1978 1979 1980  Total
a) 0 1y 2 (1) 4(2)
b) 1 6 6(2) 3D 16(3)
c) 0 0 3 1 4
d) 0 0 0 0 0
e) 6(1) a(1) 8(2)  15(8) 38(12)
i) 1 0 0 G 1
) 0 0 290 21
r) 0 1 1(1) 1 3(1

’\) 0 2 5 0 7

8\0 19(2)  27(6) 21016 79(1“‘

r): Tar balls from refined oil and asphaltene.

Fig. 4. Distribution of each tar ball type collected around Japan.
Drifting tar balls in parentheses.
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Fig. 5. Sulfur and vanadium contents in tar

balls from Sumatra Light crude oil.

@ : Collected samples from the southwestern
coast of Japan Islands.

A : Other collected samples.

Q: Experimental weathered samples (d:
days).

T: Drifting tar balls on the sea at Tango
(135°E, 29°N).
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Euphausiids of the continental shelf and
slope of the Pacific coast of Canada*
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Abstract:
April 1980 were examined for euphausiids.
abundant specics,
and their regional distribution determined.

stations.

Twelve

Robin LEBRASSEUR**

Ichthyoplankton tows made along the west coast of Canada during January through

Q

species were identified. The 3 most

Euphausia pacifica, Thysanoessa longipes and T. spinifera, were measured
Among these 3 species, E.
common along Vancouver Island, whereas T'. longipes was the most common at the northe
However, each of the 3 species were found 7

pacifica was the most

TOSt

periodically aloug the whole coast

An estimate of the average daily production of euphausiids (130 mg/m?) was obtained from
estimates of growth for E. pacifica and the total euphausiid biomass data for night tows

The difference between estimated production and obs

over the sampling period.

ved biomass ranged from 6% to 33%6
{=

Catches of euphausiids greater than 3g/m? (the amount estimated

to be required to support commercial harvesting) occurred at approximately 209 of the
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ampling locations. These

a stations ten
1 rlotte Islands and ne

1. Introduction
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and storage of frozen catch. Most of the catch
is used as a supplementary diet in fish farms
the fish feeding
behavior and to add pigment to

before being marketed.

and aquariums to rejuvenate
their {flesh
Some catch is freeze
dried and sold as a specialty item in pet stores
in competition with Brine Shrimp or Daphnia.
Recently, as a result of the decline in wild
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2, Methods
The ichthyoplaz

1kton survey was conducted by
staff of the Groundfish Program at the Pacfic
Biological Station, Nanaimo.

The entire length of the British Cclumbia cuter
coast was surveyed including Dixon Entrance
Hecate Strait, and Queen Charlotte Sound. A
total of 77 stations on 18 transect lines were
occupied sequentially without regard to time of
day (Fig. 1). The stations are listed by number,

time, and depth in Table 1. The survey involv-
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Table 1. Euphausiid wet weight data from four cruises January to April 1980.

Cruise W1 Cruise W2 Cruise WC3 Cruise W4
Depth  Euphausiids Depth  Euphausiids Oepth  Euphausiids Depth  Euphausiits

Station hate  {m) (JI6m) Tie Date  im) (¢10m)  Time Date  (m) (Y10 m8)  Time Cate ‘m (o/10 72)
oL § 79 1.49 v i3 83 4. N1Z/B 10.15 N 33.69
0 y 183 3.81 Y 1302 180 22, N 12/03 199 0.96 N 15.17
ok K 1% 3%.73 B /1% 5 N 12/ 139 61.39 N a0.28
o4 ] 165 5.07 e 0 D 12/03 L 7.8 N 235.57
% B 6 o D /B B 0.0 i} 0.17
06 N 10 B 155 0 D 12/03 63.30 b 0.75
07 3 518 3 537 4 o 12/ 1097 2.40 o} 2.4
o8 b B 524 N 12/03 54 9.97 B! 8.8
{ 2 N N 12/3 155 31.61 D 0.3

) B R 7% No12/03 9 57.3 3 1.53
3 N 7 No13/@B 5% i 7.04
N 2z b N 1303 5 2.00
3 64 i} N 18.48
it 152 : b N 45.36
y 418 B) N 15.10
J 335 D 4.09
3 B fal
B b 0.00
5 D 3 0.00
bl N 5 ;
) y
N N O
N N 2
> 5 N
" B i 3
§ N N e
3 y ol
4 3 3 83
5 z B 4z
] i 5
B N 2
3 § i N
% 5 N N
3€ 5 N N
37 4 ki
3 N N I
40 J o 3 B
41 5 3 3
a2 N /03 3
43 N 3 ¢ 5
a3 i B 3
iR B! 3 5
e b )] 3 o
45 N N N
46 ¥ 5 N
7 bl N
! 5 03 b
N /) N
No16/03 I
N o
2 N 2
b 2
i} 2% y D i
i % 4 B N
) 2 5 n N
0 % 4 o N
5 G 3 N 11 N
% h) N 37 D 0.00
4 b b] N 24 D 0.00
H ‘ N 3 5.3
4 Noo21/00 16 i 5 ¥ 0.00
LS 0 21/01 169 N B 20 24,53 4.
56 5ol 1% | i} 256 3.0 4,07
&7 D oa/m 18l h 200 3.76 N 417.05
68 y /ol 219 K b kil 1.00 N 7.3
59 N2/ R b} N % 0.10 N : 0.00
0. N21/00 19 J NOO8/03 1T 0.1 B En 0.00
7 N2/ 1% B No18/03 245 362.77 : 22 19.72
72 N 2201 202 B NOO19/03 0 & 332.96 ) % 19.85
73 ) 2/or 78 N N19/3 117 114.20 D 110 0.00
7 D 2/00 155 g N 19/03 201 2.7 b 1% 12.70
75 D oz N D 1y/@ 17 0.07 D 113 0.05
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Fig. 1. Cruise track and stations sampled. The 200 m isobath is sketched in.
ed four cruises of 8-9 days duration each, The tow procedure generally followed that

made on the G.B. REED (January 15-22, Feb-
ruary 13-20, March 12-20, and April 15-23).

On station, following oblique tows for ichthyo-
plankton, an STD cast (Bisset Berman) was
supplemented irregularly by XBT casts,
and by Nansen casts, with salinometry done
ashore. The physical-chemical data base is pre-
sented in processed form in three parts (MASON
et al., 1981a, b, c). No light meter readings were
taken, consequently ‘day’’ “night’’ were
determined by referring to a nautical almanac.
None of the night tows was made under a full
moon.

The oblique tows were made using 0.25m?
Bongos equipped with 351 #m Nitex nets of modi-
fied SCOR design, and General Oceanics center-
mounted flow-meters. All sampling gear was
colored black to minimize potential avoidance
and resulting catch bias (LEBRASSEUR et al.,
1967).

made,

and

established by CALCOFI (e.g., SMITH 1971):
vessel speed 2 kts, gear descent at a cable pay-
out rate of 50 m/min, and gear ascent at a cable
recovery rate of 20 m/min. Tows were made
within 20 m of the sea floor on shelf stations,
or from a maximum depth of 1,280 m on slope
stations to the surface.

The recovered nets were thoroughly washed
with a high-pressure deck hose. The catches
were preserved in 5% buffered seawater-formal-
dehyde. In the laboratory, fish, fish eggs and
larvae, euphausiids, decapods, medusae, and
ctenophores were extracted from left-net catches.
Detailed examination of the selected faunal
groups was undertaken. FEuphausiids from all
stations were drained and spread on blotting
paper to remove interstitial water and weighed
(wet weight biomass); from stations deeper than
180 m all euphausiids were identified to species;
from selected stations body length (base of eye
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to junction of abdomen and telson) measurements
were made. Medusae and ctenophores were
counted for all stations and identified to species
except where specimens were badly damaged.
Decapod crustaceans were removed and stored
for future study. Fish, fish eggs and larvae
were the subject of other reports (MASON et al.,
1981d, e, f, g). Dominant species among the re-
mainder of the zooplankton were identified and
drained wet weight measurements were made to
the nearest 0.01 g (FULTON et al., 1982). Right-
net catches were retained as a raw reference
collection for future use.
Sampling

In this report, no correction has been applied
to samples because much of the sampling was
not directed for euphausiids. To minimize sam-
pling variation we made seasonal biomass esti-
mates only from night samples.

3. Results and discussion
Species
Twelve species of euphausiids were identified

Table 2. Species of euphausiid identified from
the west coast of Canada.

A) Dominant species usually accounting for 90% of
euphausiid biomass.
Thysanoessa spinifera
Thysanoessa longipes
Euphausia pacifica
B) Common species occurring in more than 10% of
sample containing euphausiids.
Thysanoessa inspinata
Thysanoessa longipes (spineless form)
Thysanoessa inermis
Thysanoessa raschii
Tessarabrachion oculatum
Nematoscelis difficilis

C) Rare species usually in samples from more than
200 m depth.
Thysanopoda acutifrons
Nematobrachion flexipes
Stylocheiron longicorne
Stylocheiron maximum

D) Species reported in samples from deeper than
500 m in the area sampled but not found.
Bentheuphausia amblyops
Thysanopoda cornuta
Thysanopoda egregia
Thysanopoda cristata

from the samples (Table 2), most were previous-
ly reported from the Strait of Georgia (FULTON,
1968) and from the west coast of British Colum-
bia (BANNER, 1949; BRINTON, 1962; MAUCH-
LINE, 1980). Four bathypelagic species known
from northeastern Pacific (BRINTON, 1962) were
not found. Thysanoessa inspinata was identified
for the first time from British Columbia coastal
waters but because it is easily confused with 7.
longipes (spineless form) and T. gregaria it has
been most likely overlooked in the past. BAN-
NER (1949) considered all records of 7. gregaria
north of 45°N as belonging to T longipes and
NEMOTO (1963) notes that the illustration re-
ported as 7. longipes (BODEN et al., 1955) is T.
inspinata.

The percentage biomass of the 3 most abundant
euphausiid species sampled off the west coast is
shown for 3 stations chosen to represent southern,
middle and northern areas of the survey (Table
3). The biomass estimates showed a trend
both seasonally and from south to north. E.
pacifica ocurred at all stations throughout the 4
cruises. Whereas 7. longipes was abundant

Table 3. Euphausiid species composition by
percent biomass at three stations.

o E. 9% T 9% T. 9 Estimated
ﬁaf /:pzz; {fmg. Otﬁaer Wge/t;g(:l%ht

Station 3

Cruise

1N 68 31 0 tr 35.7

2 93 0 0 8a 5.62

3N 56 44 0 0 61.4

4N 93 7 0 0 800. 3
Station 36

Cruise

1N 19 67 0 14b 19.6

2N 38 62 0 tr 103.4

3N 49 51 tr tr 214.6

4N 18 77 1 tr 228.5
Station 55

Cruise

1 19 0 81 tr 31.2

2N 28 52 17 3 108.5

3 16 0 83 tr 9.1

4 el tr 22 0 29.4

N=samples taken during darkness.
a Nematoscelis difficilis.
b Tessarabrachion oculatum.
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only at Station 55. The estimates for 7. spinifera,
the largest of the 3 abundant species, are mcre
difficult to interpret bec
only in tows

ause they were present
Like E.
pacifica, however, they were present at each of
the 3 stations. Tessarabrachion oculatum made
up 14 % of the eupheusiid bicmass at Station 36
in January and Nematoscelis difficilis made up
89 cof the biomass at Staticn 3 in Fehrua
Horizontal distribution and abundance
During the d
abundant in water deeper than 200 m; ¢
(Table 4).

Juan de Fuca

made during darkness.

v euphausiid stocks were most

they were found in shallower water

The four

nyons,

canyon, Mitchell’s Gully, Moresby Gully, and
Dixon Entrance, cutting through the continental

shelf, all contained concentrations of euphausiids

(Fig. 1). MAUCHLINE (1980) lists the average
Table 4. Euphausiid biomass distribution with
depth during day and night.
Percentage
Depth  No. tows  <30g/10m? >30g/10m?
(m) Day Night Day Night
<100 103 1.4 G 3.9
100-200 160 3 27
200-400 18 .5 8.3 29.2
>400 48 L7 6.2 3.2

“7/'”“ ]
Jee “\\x

o
:
L) S ; . ; — ; =
138 26° 125° R 25°
Fig. 2. Distribution of euphausiid biomass January-April 1980.
g P ymAp
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day depth of the dominant euphausiids:

Euphausia pacifica 400-150 m
Thysanoessa spinifera 100- Om
longipes 250- 50 m

and notes that light is probably the dominant
factor influencing vertical migration. ROGER
(1974) found ﬂ at the depth of distribution of
euphausiids in the upper 200 m at night was
directly prorvortionz! to the
moor

intensity of the

ight.
Growth estimates

Len gth measurements were transformed to
using the conversicn factor
paczﬁc

ar
Georgiz by HEaTH (1977)

suring t

slog W17, (2

J

the wet welght (mg) at the time
W is the weight (mg) at
nd observation, and 7 iz the
between observations.

/

Mean gros increments (mm/

dey)

(Tabie 5 estimates were calculated from the

length

following equation:
dL=(Ls~ L)/t (35

where L, :s length {mm) at first ohservation,
I

ast observa

/
AL
L is length ‘mm) at ion, and ¢ is

Table 5. Mean daily growth rate (January-April)
of deminant euphausiid species from three

selected stations.

E. zﬁac faz T. longipes T. spinifera
Length Weight Length Weight Length Weight
Station (mm) 2 {mm) % (mm) %
3 0.075 1.46 — — — —
36  0.082 1.67 — —  0.065 1.21
55 0.047  0.79 0.015 0.28 — —

Mean 0. 068

"
w
—_

0.015 0.28 0.065 1.21

the interval (days) between observations, using
modal analysis.

Mesan daily growth estimates based on changes
in length for E. pacifica (0.047-0.082 mm) were
close to the range (0.063-0.083 mm) established
by SMILES and PEARCY (1971) during a five
year study of populations off the cozst of Oregon.

The low growth rate calculated for E. pacifica
and T. longipes at Station 55 in Table 6 may
be due to size selection ing day sampling.
BRINTON and TOWNSEND (1981) found similar
problems with day/night comparisons of euphzau-
siidd catches cff the California coast.

Length-frequency plots (Fig. 3) show little or
ne change in length during the January to

Q.

February interval and in all cases best growth

spinifera

in the March and April interval.

growth meinly limited to the last 34 day
pericd. 7. longipes exhibited negative growth
during Jenuary but since only the February

ample was taken at night, the results are in-
E. pacifica st all three stations
eppeared to grow in the first month but grew
best in the last month. Other euphausiid popu-
lations as reviewed by SMILES and PEARCY
(1971) show greatly reduced growth during
winter.

cenclu:&we,

Biomass estimation
The mean biomass for each monthly cruise

frem stations deeper

ot
i)

was calculated using da
than 200 m sampled at night.  The range of 3.9
to 13.2g/m? (Table 6) is comparable to the

estimate of 12 g/m? reported by CHUCKUKALO

Table 6. Biomass, growth, and production esti-

mates of euphausiids January to April 1980.

Mean daily Estimated net

Mean Mean production  production
monthly*  daily* for 30 day
biomass growth Wet wt. intervals

Time (g/m? (% wt) (mg/m? (g/m?)
Jan. 3.9 1.31 51.1 6.3

Feb. 5.6 — 73.4 13.0

March 12.2 — 159. 8 20.1

April 13.2 — 172.9

4 month 8.7 - 130.1
mean

*Biomass from mean of all night stations in water
deeper than 200 m for all species of euphausiid.
*Growth estimate is 4 month mean for E. pacifica.
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E. pacifica
E. pacifica STATION 36
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Fig. 3. Length/frequency distribution plots for 3 species of euphausiids at selected
stations. Samples taken in daylight (D) and during night (N) are indicated.

{1973) for sampling with a larger net during
the spring of 1970. The estimated mean daily
growth rate for E. pacifica for the entire January-
April sampling period (Table 6) was used to
calculate total euphausiid production for the west
coast: i.e. mean growth rate X mean biomass.
Assuming a conversion factor of 0.05 for wet
wt to carbon wt the estimated daily production
increased from 4.7 mg C/m? in January to 15.7
mg C/m? in April. This than the
annual range calculated for E. pacifica in Georgia
Strait (6-27 cm C/m?) by HEATH (1977). How-
ever, this comparison could be misleading because
the sampling programs differed significantly.
Net producticn between sampling intervals was
calculated using the mean daily growth rate for

is lower

E. pacifica. The difference between the net
production curve and the biomass curve in Fig.
4 provides an estimate of mortality. During

the January-March interval, mortality amounted
to 6% of net production and increased to about
35% in March-April period. This six-fold in-
crease in total mortality is possibly due to in-
creased predation, to loss of mature animals
following spawning, or to emigration.
Commercial euphausiid fishery

A commercial euphausiid surface trawl (3.4 m
deep and 7.3 m wide, 24.8m? towed at 1m/
sec (2 knots) filters about 1,500 m®/min. Accord-
ing to fishermen (pers. comm.) catches must ex-
ceed 450 g/min (11b/min) for profitable fishing.
From this information critical concentrations of
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Fig. 4. Euphausiid biomass, estimated net production and mortality
during January to April 1980 for shelf waters deeper than 200 m.
euphausiids can be calculated: Table 7. Number of west coast stations where

_ . euphausiids reach commercial concentrations.
450 g/min

1,500 m®/min

_ /! 3 . . -
=0.30 g/m?. Number of stations where biomass of

euphausiids exceeded

Potential commercial fishing areas could cecur Cruise 30 g/10 m? 100 g/10 m?
where the euphausiid biomass was greater than WeT 10 5 o
30g/10m? and in a 10m thick layer near the W2 19 N
surface (see Fig. 2). The largest catch of 800 WC-3 19 11
g/100 m? was made at night at Station 3 in WC-4 20 14

April. At this site commercial gear could, in

theory, have caught 115.2 kg/min (254 lb/min).
Ten stations, in the first cruise, and more than
19 stations, in the last three cruises, had euphausi-
id concentrations which exceeded the hypothe-
tical lower limit of 30 g/10 m? necessary for pro-
fitable fishing (Table 7). It should be noted
that the only region which consistently had

catches in excess of 30 g/10 m? throughout the
4 months was on a line at the south end of
the Queen Charlotte Islands.

It seems evident that there are west coast
stocks of euphausiids which could support a fishery
assuming other problems can be resolved.
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The zooplankton community and its
abundance in Tokyo Bay*

Sachiko NAGASAWA** and Ryuzo MARUMO***

Abstract: The abundance of each taxonomic group of the zooplankton community in Tokyo
Bay was investigated using samples obtained from three stations with three different mesh
sizes: a 330-#m mesh net (Series A), a 100-#m mesh net (Series B) and a 20-¢m mesh filter
(Series C). The taxonomic composition and abundance of the zooplankton community in the
inner portion (Stns. T2 and T4) and at the mouth (Stn. T8) of the bay reflect the different
properties of inshore and oceanic water masses. The number of taxonomic groups collected
was 20, 8 and 6 in Series A, B and C, respectively. Six groups which occurred abundantly
in all three series were Noctiluca scintillans, bivalve larvae, polychaete larvae, copepods,
chaetognaths and appendicularians. The first five groups were usually abundant in the inshore
waters, whereas the last occurred commonly in oceanic waters. The abundance of the six
groups was 1 to 10 times higher in Series C than in Series B and 1 to 1,000 times greater
in Series C than in Series A. Therefore, the number of organisms in the six groups is
underestimated when they are obtained from samples collected with either a 100~pgm or 330-
#m mesh net. The thirteen groups which occurred only in Series A provided only qualitative
data because the low density of these plankters was inadequate to allow meaningful estimates
of their abundance. The collections which were obtained from near-bottom to surface tows
included large numbers of adults and copepodites of Pseudodiaptomus marinus, suggesting an
epibenthic distribution of this copepod. Males of P. marinus were more abundant than

females, whereas females of Osthona aruensis were more numerous than males.

1. Introduction

MURANO (1980) listed many taxonomic groups
of zooplankton occurring in Tokyo Bay in recent
vears on the basis of eight sources (II, 1964;
KUWABARA et al., 1969; YAMAZI, 1973; MARU-
MO and MURANO, 1973, 1974; MURANO et al.,
1977; NISHIDA et al., 1977; MARUMO et al.,
1979). This list includes taxonomic groups of
zooplankton reported by YAMAZI (1955). Analy-
ses of the horizontal distribution of plankton in
Tokyo Bay in July 1948 revealed the existence
of four major copepod communites: an Oithona-
Acartia community, an Oithona community, an
Oithona-Microsetella community and an Oithona-
Microsetella- Paracalanus-O. similis community
(Yamazi, 1955). Since the abundance reported

* Received June 12, 1984
** Qcean Research Institute, University of Tokyo,
Minamidai 1-15-1, Nakano-ku, Tokyo, 164 Japan
*#** NODAI Research Institute, Tokyo University of
Agriculture, Sakuragacka 1-1-1, Setagaya-ku,
Tokyvo, 156 Japan

by YAMAZI (1955) is expressed as per meter of
haul rather than water column filtered, it is
impossible to compare directly values reported
by him with the data of TAKAHASHI and FUROTA
(1977), FuroTA (1979) and MURANO (1980).
Estimates of the number and biomass of a
heterogeneous zooplankton community require
the use of various types of nets to collect ef-
ficiently organisms which have different prop-
erties such as size, shape, distribution, concen-
tration, habits and behaviour. However, in
practice, one method is usually chosen because
the sorting of plankton samples into even major
taxonomic groups is time-consuming and requires
trained personnel. Therefore, data obtained by
any one method include both accurate estimates
and underestimated values depending on the
different characteristics of the organisms. Plank-
tonologists know this fact from experience, but
so far few reports on this problem are available.
In addition, variation in actual biomass may be
great due to uneven distribution of plankton.
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‘We present here numerical data obtained from
samples taken with three different meshes in
order to compare them and also to describe the
characteristics of the zooplankton community in
the inner and outer parts of Tokyo Bay. The
distribution of two dominant copepods, Oithona
aruensis and Pseudodiaptomus marinus, is also
discussed.

2. Materials and methods

Zooplankton samples were obtained from three
stations, T2, T4 and T8, in Tokyo Bay (Fig. 1)
on 13 through 14 July, 1979 with a Norpac-
twin net: one is a 330 #m mesh net (Series A)
and the other is a 100-g#m mesh net (Series B).
Vertical tows in Series A and B were carried
out 12-0m at Stn. T2, 10-Om and 30-Om at
Stn. T4, 10-0 m and 100-0 m at Stn. T8. There-
fore, Series A and B each contain five samples.
Water samples (Series C) of 10/ were collected
from depths of 0, 5, 10, 15 (14 m at Stn. T2),
20, 30, 50, 75 and 100m at the same three
stations in Tokyo Bay and filtered through a
filter of 20~#m mesh. The samples of Series C
consist of four collections from Stn. T2, six
from Stn. T4 and seven from Stn. T8. The
specimens retained on the filter are considered
to be more than 20 #m in size (Series C).

The zooplankton samples of Series A, B and
C were taken during daylight hours and pre-
served immediately in 59 buffered seawater
formalin on shipboard. Measurements of water
temperature and salinity were also made at all
three stations.

In the laboratory, measurements of settling
vclume were made on the 10 samples of Series
A and B. These samples were also used for
quantitative taxonomic studies. Samples of
Series A were all sorted except one sample
obtained from 100-Om at Stn. T8. Due to the
exceptional nature of this sample only 1/8 of
original sample was counted. Preparing the
material for taxonomic analyses of Series B was
basically a three-stage procedure.
of five samples was subsampled (1/8) using a

Initially each
plankten splitter. The larger forms were re-
moved from this sample split since it has been
found desirable to measure the larger forms
separately so that a more accurate determination
of the smaller organisms can be made (BEERS,
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Fig. 1. Sampling stations on 13 through 14 July,
1979 in Tokyo Bay (A) and vertical profiles of

water temperature (B) and salinity (C).

1976). In this study the larger forms included
polychaetes, copepods exclusive of O:ithona aru-
ensis (NISHIDA and FERRARI, 1983}, euphausiid
larvae, chaetognaths, appendicularians, thaliace-
ans, fish larvae and fish eggs. Copepods were
identified to generic level and generic compo-
sition was investigated in the four samples.
Secondly, the split from which the larger forms
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had been removed, was adjusted to 100 ml with
5% buffered seawater formalin. Lastly, an ali-
quot (1 ml) of this sample was introduced into
the cell counting chamber and counts of each
remaining taxonomic group were made. This
latter procedure was repeated 10 times with
-each split and a mean value was obtained. The
total numbers of each taxonomic group were
obtained by multiplying the mean by 800.

Materials for quantitative analyses of Series
C were prepared as follows. The volume of
the four collections from Stn. T2 was respectively
adjusted to 100 ml. The entire volume of each
of the four samples was carefully searched and
enumerated concerning bivalve larvae, polychaete
larvae, chaetognaths and appendicularians. Noc-
tiluca scintillans and Oithona aruensis including
nauplii and copepodites were then counted in
1 ml aliquots. This procedure was carried out
10 times and values were averaged. The volume
of the 13 collections from Stns. T4 and T8 was
adjusted to 10ml. The abundance of each
taxonomic group was examined using whole
samples.

3. Results

Stns. T2 and T4 which are in the inner part
of Tokyo Bay had oceanographic properties
typical of inshore waters, namely low salinity
and high temperature in the upper 10 m. Stn.
T8 at the mouth of the bay vertically showed
almost uniform salinity which is characteristic
Due to these differ-
ences the composition and abundance of the
zooplankton communities in the two areas were
different.

A settling volume of 7.3 ml/m® in the 10-Om
haul was the largest observed at Stn. T8 in
Series A. This was due to the presence of
many large organisms such as copepaods, clado-
cerans, thaliaceans, coelenterates and fish eggs.
The high value (13.8ml/m?® in the 10-Om
sample at Stn. T8 in Series B is due to the
presence of large copepods and foraminifera.
Stn. T2 had the greatest settling volume in
Series B, 18.3 ml/m?, reflecting large numbers

of oceanic water (Fig. 1).

of each taxonomic group.

Samples in Series A included a great variety
of taxonomic groups, being composed of 20 taxa,
although numerical data for only the predomi-
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Fig. 2. Numerical data for the predominant

groups collected by vertical hauls of a Norpac
net (330-#m mesh) at Stns. T2 (12-Om), T4
(10-0m) and T8 (10-0m) in Tokyo Bay on 13
through 14 July, 1979 (Series A).

nant groups are shown in Fig. 2. Samples in
Series B contained 8 taxonomic groups: fora-
minifera, fish larvae and eggs and the six taxo-
nomic groups are shown in Fig. 3. The primary
six taxonomic groups were retained on the
20-¢#m mesh filter in Series C and their vertical
distribution is shown in Fig. 4. In addition to
the six groups, cladocerans, chaetognath eggs,
tintinnids and Ceratium were also present.

(1) Plankton community in the inner bay

In Series A from the inner bay Noctiluca
scintillans and chaetognaths were abundant
(Fig. 2), and stomatopod larvae, echinoderm
larvae and chaetognath eggs were recorded in
small numbers, indicating their preference for in-
shore waters. However, the distribution pattern
of mollusks, polychaetes, ostracods, cirriped
nauplii, euphausiid larvae, decapod larvae, fish
larvae and fish eggs was obscure because of the
This is due to
the capture method which was inadequate to
allow meaningful estimates of their abundance.
Accordingly, efficient types of net are needed
to obtain quantitative data for these groups
enough to be compared as accurately as possible.

In Series B a small-sized copepod Oithona
including

low density of these plankters.

aruensis, copepodites and nauplii,
dominated, although it decreased in number at

Stn. T8 (Fig. 3). This suggests that O. aruensis
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Fig. 3. Numerical data for the predominant
taxa collected by vertical hauls of a Norpac
net (100-#m mesh) at Stns. T2 (12-O0m), T4
(10-0m) and T8 (10-Om) on 13 through 14
July, 1979 (Series B).

preferably inhabits inshore waters. A similar
distribution was observed with N. scintillans,
bivalve larvae, polychaete larvae and chaeto-
gnaths (Fig. 3). Appendicularians, other copepods
and fish eggs showed no large differences in
abundance between stations (Fig. 3). A small
number of these plankters were obtained from
every haul, indicating their widespread distri-
The occurrence of chaetognath eggs
(S. crassa) was restricted to Stn. T2 due to the
high reproductive activity of this species in sum-
mer in the inner part of Tokyo Bay (NAGASAWA
and MARUMO, 1984).

In Series C O. aruensis including copepodites
and adults dominated in the inshore waters and
Polychaete
larvae were abundant in the inner bay, whereas
appendicularians were numerous in the outer bay
(Fig. 4). N. scintillans inhabited the upper 30 m
and its concentration was markedly high in the
upper 10m. Bivalve larvae were abundant be-
tween 10 and 20 m. Most O. aruensis inhabited
the upper 10 m. Sagitta crassa was abundant
in the upper 15m.

bution.

N. scintillans was next in abundance.

The water sample collected at a depth of 14 m

at Stn. T2 included a large number of fecal

pepth (m)

Fig. 4. Vertical profiles of six taxa (individuals
per liter) retained on a 20-g#m mesh when
water samples of 107 were filtered through the
mesh in Tokyo Bay on 13 through 14 July,
1979 (Series C). A, Noctiluca scintillans; B,
Bivalvia larvae; C, Polychaeta; D, Oithona
aruensis (8, @ and copepodites); E, Chaetog-
natha (S. crassa); F, Appendicularia.

pellets,
ments.

molts of copepods and unknown frag-
Fecal pellets and centric diatom frustules
along with the six taxonomic groups listed in
Fig. 4 constituted the sample from a depth of
20m at Stn. T4. Frustules and fragments of
centric diatoms were abundant in the sample
from a depth of 30m at Stn. T4. Thus, it is
apparent
near bottom are rich in fecal

that water samples obtained from the
pellets, crustacean
melts, broken pieces of dead plankton, centric
diatom {rustules and detritus, suggesting a high
production of plankton in the inner part of the
bay. These samples provide evidence of fecal
pellets and dead plankton sinking rapidly and
near or on the sea bottom.

(2) Plankton community in the outer bay
In Series A in the outer bay copepods, clado-

accumulating

cerans and appendicularians cccurred abundantly
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and radiolarians, foraminifera, amphipods, eu-
phausiid eggs and thaliaceans occurred in small
numbers (Fig. 2), indicating that these plankters
prefer oceanic waters to inshore ones.

In Series B foraminifera occurred in small
numbers only at Stn. T8; no groups dominated
in the outer bay (Fig. 3). The fact that forami-
nifera were found only in the oceanic water is
consistent with the occurrence only at Stn. T8 0 ;
of S. enflata which is a representative chaeto- [ \_.mcz A

Depth (m)

gnath of Kuroshio waters (MARUMO and NAGA- 10F .
SAWA, 1973). Oceanic water influences only ! 5 s
the outer part of bay. 20¢ \

In Series C oceanic samples contained a small ~—
number of N. scintillans, O. aruensis, bivalve ao'm /
larvae, polychaete larvae and chaetognaths, but

appendicularians were a little more abundant in Flg‘ 5. ‘Detmle’d ‘.’e'rtlwl pmﬁ]_'.es of O. aruensis
in Series C (individuals per liter). A, males;

B, females; C, copepodites; D, nauplii.

the outer bay water than in the inner bay water
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Fig. 6. Percentage composition of copepods exclusive of O. aruensis in Series
B. Specimens of each 1/8 split sample were identified mostly to generic
level. Numbers in each inner circle represent the station, hauling depth
and number of copepods examined.
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as indicated in Series A (Fig. 2). Major constit-
uents of samples collected at depths of 50, 75
and 100 m at Stn. T8 were detrital or inanimate
materials rather than the animate materials which
were abundant close tc the bottom in the inner
part of the bay.

(3) Distribution of O. aruensis and P. marinus

The number of copepod genera identified at
Stns. T2, T4 and T8 was 3, 6 and 13, respec-
tively. Since O. aruensis and P. marinus were
dominant in the inshore waters, it was important
to examine their distribution. Samples of Series
B (Fig. 3) had more abundant copepodites than
nauplii of O. aruensis because the mesh was too
large. The number of females was almest identi-
cal to that of males in the 12-0m sample at
Stn. T2 and the 10-0 m sample at Stn. T4 (Fig.
3). On the contrary, in most of Series C there

were more nauplii than copepodites and females:
were far more numerous than males (Fig. 5).
Since females of Oithona are larger than males,
the difference in sex ratios in the samples of
Series B (Fig. 3) and C (Fig. 5) is considered
to be due to the behaviour peculiar to females
rather than the difference in mesh size in the
two methods.

Pseudodiaptomus marinus was second in
abundance to O. aruensis in the inshore waters,
accounting for 99 and 789, of copepods ex-
clusive of O. aruensis in Series B (Fig. 6). The
collection at Stn. T2 which was hauled from the
depth close to the bottom to the surface included
large numbers of adults and copepodites of P.
marinus (Fig. 6). Comparison of the two samples
from Stn. T4 also revealed that P. marinus
preferably lives near the bottom; adults and

Table 1. Maximum numbers of individuals obtained in the present
study and those reported by MURANO (1980).
Location: Tokyo Bay; -—, not collected; *, no data.

Maximum number of individuals per liter

Taxonomic group B ) Series MURANO
A B C (1980)
Oithona aruensis — 8% 107 5% 10° 10°
Noctiluca scintillans 7x10° 7X 10 3x 107 2% 107
Appendicularia 5x 107 3x 10 610" 10°
Mollusca® 7TX 1077 3% 10? 4% 10! 7% 10!
Chaetognatha 1X10* 4% 10 3% 10! 2% 107
Polychaeta® 7X 107" 6x10° 1% 10 102
Chaetognatha eggs — 3% 10! 3% 10 %
Pseudodiaptomus marinus * 10 — %
Cladocera 6x 107" — 9% 10~ *
Thaliacea 1x 107! — — *
Foraminifera 6% 10673 3% 107 — *
Pisces larvae 2x1073 1x1073 — *
Pisces eggs 6x1072 6x107° — *
Coelentelata 1072 — — *
Cirripedia nauplit 1672 _ _ %
Euphausiacea larvae 1072 — — *
Decapoda larvae 1672 — — %
Ostracoda AX107? — - o
Radiolaria 1073 — _ %
Amphipoda 1073 - _ *
Euphausiacea eggs 107° - — ®
Stomatopoda larvae 16°° — — *
Echinodermata larvae 1073 — — *
Phoronidea larvae 101 — - *

1) Series A includes Gastropoda, Pteropoda, Heteropoda and Bivalvia larvae,

include only Bivalvia larvae.

2) Series A does not include larvae, whereas Series B and C consist of only

whereas Series B and C

larvae.
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copepodites of this copepod were more numerous
in the collection hauled from 30 m to the surface
(depth of Stn. T4 is about 30 m) than in the
collection hauled from 10 m to the surface (Fig.
6). Such epibenthic distribution of P. marinus
has been reported IWASAKI and KAMIYA, 1977;
UYE et al., 1982).
P. marinus did not occur at Stn. T8 which is
Males of
P. marinus were more abundant than females in
Tokyo Bay, which is unlike the results obtained
from cultivation of this copepod by IWASAKI
and KAMIYA (1977). They reported that females
were a little more abundant than males at 10
to 25°C in the laboratory and that the number
of females in the culture increased relative to

Since it is an inshore species

under the influence of oceanic water.

the quantity of Skeletonema added to the mixed
algal food. In addition, the data of UYE e al.
(1982) indicate a seasonal change in the sex
In most
of their collections from the Inland Sea females

ratio of P. marinus in the Inland Sea.

exceeded males, although in some cases males
accounted for more than 509%. There are no
data to determine if the seasonal variztion in
the sex ratio of P. marinus occurs in Tokyo
Bay. P. marinus along with O. aruensis is
occasionally the prey of S. crassa, a dominant
chaetognath in Tokye Bay (NAGASAWA and
MARUMO, 1984). Acartia was dominant in the
10-0m sample from Stn. T4.
dominated in the 100-0m sample from Stn. T8
and Oncaea was second in abundance. In ad-
dition, at Stn. T8 the copepod population was
composed of many species.

Paracalanus

(4) Comparison of numerical data in the three
series

Table 1 summarizes the quantitative data ob-

Six taxonomic

groups were common in all the three series.

tained in the present study.

Abundance of these six common groups was
greatest in Series C, and lowest in Series A.
The abundance of the six groups was 1 to 10
times higher in Series C than in Series B and
1 to 1,000 times greater in Series C than in
Series A {Table 1). It is evident that a fine
mesh can retain greater numbers of these six
groups than a coarse mesh. In other words,
the abundance of these groups is usually under-
estimated when they are sampled with either

a 100~gm or a 330-gm mesh net. However,

detailed analysis revealed no large differences in
the abundance between bivalve larvae, chaeto-
gnaths and appendicularians in Series B and C,
although N. scintillans, polychaete larvae and
O. aruensis had much higher counts in Series
C than in Series B. Foraminifera, fish larvae
and fish eggs were common in Series A and B.
Series B had more foraminifera than Series A
due to the fine mesh used. Series A had more
abundant fish larvae and eggs than Series B.
This supports the use of a larval net as more
desirable for the efficient collection of fish larvae
and eggs than a Norpac net with a fine mesh.

4. Discussion

A natural community of zooplankton is usually
a heterogenecus mixture of taxa of various sizes,
which does not
represent any one trophic level or other mean-
ingful characteristic with regard to the multiple
interactions that occur within the pelagic com-

shapes, water content, etc.

munity. Due to dissimilarities between different
taxa, various sizes, uneven distribution in the
water column, and in some cases peculiar be-
haviour, the constituents of samples and the
quantity of each constituent vary with the col-
lecting method as shown in Table 1. Therefore,
a method which provides an abundance close to
that actually occurring in the sea should be
selected according to the properties of each taxon.
Biomass determinations for Tokyo Bay have
been made on total plankton catches, or on
partial samples following splitting or subsampling
procedures, or on individuals or groups of in-
dividuals at various texonomic levels (11, 1964;
KuwaABARA et al., 1969; Yamazi, 1973;
MARUMO and MURANO, 1973, 1974; MURANO
et al., 1977; TAKAHASHI and FUROTA, 1977;
FuroTA, 1979; MARUMO ef al., 1972; MURA-
NO, 1980). The methods used by these workers
are not the same in all cases but sll provide
measures of the instantaneous standing stock
of zooplankton. Since some methods actually
measure different properties of the organisms,
it is not always possible to compare directly
biomass data obtained by different methods.
This study is an attempt to present and com-
pare quantitative zooplankton data obtained by
In addition
to taxonomic data, we also obtained settling

nets of three different mesh sizes.
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volume, although the determination of plankton
volume by settling is not generally recommended
(SCOR, 1968). Despite this negative recommen-
dation the use of settling volume as an index
of plankton biomass is still highly attractive to
us because of its simple requirements and the
fact that at least an approximate measure of the
sample can be obtained without affecting the
usefulness of the material for further studies.
Quantitative data analyzed by MURANO (1980)
are presented in Table 1 along with our numeri-
MURANO (1980) used
the collections obtained on 18 through 19 August,
1971 (Survey A), on 28 November through 1
December, 1971 (Survey B) and on 12 through
16 June, 1972 (Survey C). The abundance of
O. aruensis was more than 200, 200 to 800 and
100 to 500 per liter, in Surveys A, B and C,
respectively (MURANO, 1980).
number of O. aruensis was 1,000 per liter and
the density usually ranged from 200 to 300 per
liter (MURANO, 1980). In addition, NISIIIDA
(1981) examined the collections obtained from
Tokyo Bay in April and September 1975. These
collections (MURANO, 1980; NisdIDA, 1981)
were specimens retained after water samples of
201 were filtered through a 100-gm mesh.
Oithona sp. 1, which corresponds to O. aruensis,

cal data for comparison.

The maximum

was concentrated in the innermost part of Tokyo
Bay with densities of more than 10 individuals
and about 150 individuals per liter (inclusive of
adults and copepodites) in April and September
1975, respectively (NISIIIDA, 1981).

The maximum density of copepodites and
adults of O. aruensis in Series B of the present
study was about 800 individuals per liter (Fig.
3) and in Series C about 1,600 per liter (Fig. 5).
The value in Series B is similar to that obtained
by MURANO (1980) due to almost the same
method having been used, but the density ob-
tained by NISHIDA (1981) is far less than those
in Series B and the samples of MURANO (1980),
which suggests the seasonal change in abundance.
The maximum density in Series C is greater
than that obtained by MURANO (1980) due to
the fine mesh used.

In MURANO’s Survey B Noctiluca scintillans
exceeded 200 cells per liter in the inner part of
the bay, while in his Survey C 100-150 cells per
liter of this species occurred in Uraga Strait.

These values exceeded those in Series B of our
study and were close to those in Series C. This
suggests that cells of N. scintillans were more
concentrated in MURANO’s Surveys B and C
than in our Series B.

Numerical data on appendicularians, bivalve
larvae and polychaete larvae were 100, 0 to 75
and 10 to 100 per liter, respectively, in Survey
C (MURANO, 1980).
these three taxa were higher than ours. In con-
trast, MURANO’s (1980) value of chaetognaths
is low compared with our data. Copepod nauplii
were 50 to 240, 500 to 1,200 and 50 to 270 per
liter in Surveys A, B and C, respectively (MURA-
NO, 1980). Data on copepod nauplii in Series
B of our study are not available.
the values would be far smaller than those in
On the
whole, there are no significant numerical differ-
ences between our data and records of MURANO
(1980).
the six common groups found in samples collected

The maximum values for

However,

Series C due to the larger mesh size.

Therefore, the abundance of at least
by different methods are in agreement.
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Influence combinee des facteurs temperature et salinite
sur la croissance larvaire de Palaemon pacificus
(Stimpson) (Palaemonides, Decapodes, Crustaces)*

Yasumasa IGARASHI**, Hiroki YAGI*** et Yutaka UNOT

Résumé: On a mesuré le taux de métamorphose des larves, la durée du stade larvaire et
la longueur de carapace des postlarves de Palaemon pacificus élevées dans 30 combinaisons
différentes de température et de salinité. La température varie de 20,0 a 35,0°C et la
salinité (en chrolinité) de 1,9 & 19,2 %0 Cl. Cette espeéce peut se métamorphoser dans
les conditions suivantes: lorsque le niveau de salinité est de 9,6 %0 Cl, la température de ’eau
varie de 23,1°C & 31,8°C; pour une salinité de 14,4 % Cl, de 23,5 & 31,9°C; et pour 19,2
%0 Cl, de 23,2 a 31,6 °C. L’équation de Van’t Hoff est applicable au calcul de la relation
entre la durée du stade larvaire et la température absolue de l'eau. Les valeur de Quo sont
de 1,156 a 1,164 pour des salinité de 9,6 & 19,2 % Cl. Sur la longueur de carapace des post-
larves métamorphosées, l'influence de la salinité est significative & 1% de risque, tandis que
celle de la température ne 1’est pas méme & 5% de risque. Les courbes du taux de survie
ont été estimées par la méthode de BOX et YOULE (1955) d’aprés la métamorphose observée

dans cette expérience.

1. Introduction

Le Palaemon pacificus est une espéce marine
de la famille des Palaemonidés. Il peuple com-
munément les rivages Paciliques du Japon.
Vivant essentiellement prés des cotes, on peut
également le trouver plus en profondeur sur le
plateau continental. De plus, il pénétre parfois
dans les milieux saumatres.

Si de nombreux travaux sur la physiologie
larvaire de Palaemon serratus (RICHARD, 1974,
1978z, b; VAN WORMHOUDT, 1977) ou d’autres
palaemonidés (UNO et YAGI, 1980; YAGI et
UxNo, 1981, 1983) ont été publiés ces derniéres
* Manuscrit regu le 1°* aoat 1984
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années, les seules données sur P. pacificus sont
de récentes études morphclogiques (KURATA,
1968).

Les organismes marins vivant a faible pro-
fondeur ont a subir d’importantes variations des
caractéristiques physiques et chimiques de I'eau.
Il est important de connszitre leurs réponses
physiologiques a de tels changements de milieu.
Alors que notre intérét est purement scientifique,
de telles études peuvent servir a la compréhen-
sion de phénoménes écologiques ou éthologiques
aussi bien qu’a l'application pratique a l'aqua-
culture marine. Nous montrons, dans cet article,
Pinfluence des facteurs combinés température-
salinité sur la croissance larvaire de P. pacificus.

2. Matériel et Méthodes

Les femelles gravides de P. pacificus, dont les
larves sont utilisées pour cette expérience, sont
péchées a Kominato dans la Préfecture de Chiba
(sur la cote Pacifique du Japon) et immédiate-
ment transportées au laboratoire ou elles sont
placées dans un bac de 30/ avec une chlorinité de
8-12 %, Cl. L’expérience commence immédiate-
ment aprés ’éclosion qui, pour cette espece, se
produit au stade zoé.
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Différents élevages des larves sont simultané-
ment réalisés dans les mémes types de bassin.
Ce sont des aquariums en verre de 50/ munis
d’un systéme de double fond et d’un exhausteur
a air. Ils fonctionnent en circuit fermé avec
un débit d’eau d’environ 200 m/ par minute.

Les filets d’élevage, de 0,0095mm de vide
maille, sont suspendus dans l’eau au milieu de
I’aquarium.

Le volume d’eau circulant dans chaque bac
est de 451/.
controlées trés précisément et réguliérement.

La température et la salinité y sont

Cinquante larves, prélevées au hasard deés éclo-
sion, sont placées dans les filets.

Des nauplius juste éclos du Brachiopode Arte-
mia salina sont distribués comme nourriture
tous les matins a 10 heures.

Les ceufs d’Artemia proviennent de San
Francisco, cette souche ayant été sélectionnée
La chair de
palourde Tapes philippinarum est utilisée comme
nourriture adjuvante a partir du 3éme stade

pour sa haute valeur de calibrage.

larvaire jusqu’au stade postlarvaire.

Afin de préciser U'influence de la température
et de la salinité sur les stades larvaires, nous
avons reéalisé 30 combinaisons de ces paramétres
et calculé les taux de métamorphose et de survie
pour chaque combinaison. Les différentes valeurs
de salinité sont obtenues par dilution d’eau
douce filtrée sur de charbon.

La température est maintenue constante grace
a des résistences et des thermométres & contact.
La salinité est vérifiée chaque jour et rectifiée
par ajout d’eau douce.

La durée larvaire en jour est également prise
en compte. La longueur de carapace des post-
larves est mesurée immédiatement aprés la méta-
morphose, sans les tuer, a l’aide d’un micro-
scope binoculaire. La longeur de carapace est
prise de la base des pédoncules oculaires a 'ex-
trémité postérieure du céphalothorax. Aprés
la mesure, les postlarves sont conservées dans
une solution a 8 % de formol neutre.

3. Résultats

Les valeurs intermédiaires des deux facteurs
étudiés sont répertoriées dans le Tableau 1. La
température varie de 20,1°C a 35,1°C et la
salinité de 1,9 % Cl a 19,2 % Cl. En outre, le
Tableau 1 et la Fig. 1 indiquent le taux de

métamorphose. Les conditions viables sont les
suivantes; lorsque la salinité est de 9,6 %0 Cl, la
température de ’eau peut varier de 23,2°C a
31,8°C; pour 14,4 %0 Cl de salinité, de 23,5°C
a 31,7°C; et pour 19,2 %0 Cl de salinité, ’inter-
valle de température est de 23,2°C a 31,6°C.

Par contre, pour 1,9% Cl et 48% Cl de
salinité, aucune larve ne peut vivre quelle que
soit la température. Pour des salinités égales a
9,6 % Cl, 14,4 % Cl et 19,2% Cl, il n’y a pas
de survie en dessous de 20°C et au dessus de
35°C.

On remarque que pour une salinité de 14,4 %o
Cl, la tolérance des variations de température
est la plus grande.

Le Tableau 2 représente la durée (en jours)
des stades larvaires de l’éclosion a la méta-
morphose; une hausse de température n’induit
pas une diminution sensible de la durée moyenne
des stades.
diennes est indiqué sur la Fig. 2.

Le nombre de métamorphoses quoti-

Tableau 1. Influence combinée de la température
(T, °C) et de la salinité (S, %0Cl) sur le taux (%)
de métamorphose chez les larves de P. pacificus.

S
T —
1.9 4.8 9.6 14.4 19.2
20 0 0 0 0 0
23 0 0 26 86 32
26 0 0 72 90 76
29 0 0 62 76 64
32 0 0 32 52 46
35 0 0 0 0 0
%
120
e S
/
Vi
%: 50 //
= 5/
H //
= o
2 v
- S
0 1
20 25 o

TEMPERATURE
Fig. 1. Influence combinée de la température
et de la salinité sur le taux de métamorphose
chez les larves de P. pacificus.
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L’équation de Van’t Hoff est applicable au
calcul de la relation entre la durée (T en jours)
du stade larvaire et la température (H en degré
Kelvin) de ’eau. Nous avons calculé la relation
entre T et H en utilisant les valeurs prises dans
le Tableau 2:

pour une salinité de 9,6 %o Cl,

log1/T=3,71—0,94 Hx 1073
pour une salinité de 14,4 % Cl,

log 1/T=1,92—-0,40 Hx 103
pour une salinité de 19,2 %, Cl,

log1/T=1,62—0,31 Hx 1073,

Cette relation permet de calculer la valeur de
Q1o entre 20°C et 30°C (Tableau 3); chez P.
pacificus, la valeur de Qi est maximale pour
une salinité de 14,4 %0 Cl et presque constante
pour des salinités supérieures.

Les combinaisons de température et de sali-
nité pour lesquelles la survie dépasse 50 9 sont
indiquées dans le Tableau 4; pour une salinité
de 9,6 % Cl, la température minimale est de
24,6°C et la température maximale est de 29,9°C;
de méme pour une salinité de 14,4 % Cl, on a
un minimum de 22,1°C et un maximum de

Fig. 2. Nombre des postlarves métamorphosées
de P. pacificus dans 30 différentes combinaisons
de température (°C, a-d) et de salinité (%o Cl,
A-C) en fonction de la durée en jours du stade

A, 9,6; B, 14,4; C, 19,2; a, 23; b,

larvaire.

26; ¢, 29; d, 32.

Tableau 2. Nombre de larves métamorphosées de P. pacificus élevées dans 12 combinaisons

de température (°C, a-d) et de salinité (%o Cl).

Jours, jours aprés éclosion; Taux, taux

(%) de métamorphose; Période, durée en jours du stade larvaire (v. le texte); a, 23; b,
p

26; c, 29; d, 32.

Salinité
Jours 9,6 14,4 19,2
a b c d a b c d a b c d

23 5 1 15 9 2 5
24 5 3 10 9 2 2 9 5
25 4 4 4 2 3 5 12 8 4 4
26 3 9 7 1 14 5 6 2 5 6 2
27 1 4 3 1 5 5 1 0 2 3 6 2
28 1 6 0 0 3 2 0 0 1 17 2 0
29 0 ¢ 0 1 8 15 8] 0 5 1 0 2
30 3 2 5 0 4 2 2 0 0 0 2 2
31 2 2 5 1 2 1 1 6 1 0 0
32 0 2 4 4 0 0 0 1 0
33 3 3 0 1 1 1 1
34 0 [ 1
35 3 0
36 1

Total 13 36 31 16 43 45 38 26 16 38 32 23

Taux 26 72 62 32 86 90 76 52 32 76 64 46

Période 29,5 27,8 27,1 25,0 28,2 27,0 24,5 24,5 30,0 27,1 25,9 25,7
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31,9°C; et pour 19,2 %0 Cl de salinité, on 24,4
°C et 31,0°C. Comme montré sur le méme
‘tableau, les régions dépassant 809, de méta-
morphose sont extrémement restreintes. En
revanche, la marge de température permettant
d’obtenir le méme pourcentage de métamorphose
augmente d’abord, puis diminue au fur et a
mesure de ’augmentation de la salinité.

On peut calculer des courbes représentant
chaque pourcentage de survie d’aprés la méta-
‘morphose observée avec ’hypothése de BOX et
YOULE (1955) a l'aide d’un ordinateur. Les

Tableau 3. Valeurs de Qio selon 1’équation
de Van’t Hoff aux trois stades de salinité
(%0 Cl) chez P. pacificus.

Salinité Qm
9,6 1,158
14,4 1,164
19,2 1,156

Tableau 4. Estimation des intervalles de tempéra-
ture (°C) correspondant a différents taux (%)
de métamorphose des larves de P. pacificus en
fonction de la salinité (% Cl). Max., tempéra-
ture maximale; Min., température minimale.

Salinité
Taux 9,6 14,4 19,2
Max. Min. Max. Min. Max. Min.

20 33,0 22,6 33,8 20,9 33,5 22,2
30 32,0 23,4 33,1 21,3 32,8 23,0
40 31,0 24,1 32,5 21,7 32,1 23,7
50 29,9 24,6 31,9 22,1 31,0 24,4

60 28,9 252 30,7 22,4 29,7 250
70 26,5 25,8 20,5 228 27,6 25,7
80 — — 280 23,2 — —
90 — — 26.1 — —

Tableau 5.

différentes zones sont montrées sur la Fig. 3.
Elles prennent nettement la forme d’ellipses.

Pour chaque combinaison de la température et
de la salinité permettant la métamorphose des
larves, les longueurs de carapace des postlarves
juste aprés la métamorphose sont mesurées et
données dans le Tableau 5. Les valeurs ont
fait Uobjet d’une analyse de variance a deux
facteurs (Tableau 6). On en déduit que I'in-
fluence de la salinité est significative a 19
de risque mais celle de la température ne lest
pas méme a 59 de risque.

°C
40

35

w
S

TEMPERATURE

N
Ui

20

20

CHLORINITE, %o

fas)
'g‘)
i

Fig. 3. Estimation de taux de survie de P. paci-
ficus par la méthode ‘“‘surface de réponse ajus-
tée’” d’aprés les résultats observés dans 30
combinaisons de température et de salinité.

Longueur (mm) de carapace des postlarves métamorphosées de P. pacificus
élevées dans 12 combinaisons différentes de température (T, °C) et de salinité (S

w2

%o Cl). m, longueur moyenne; e.t., écart type; N, nombre des échantillons.

S
T 9,0 14,4 19,2
m e.t. N m e.t. N m e.t. N
23 1,85 0, 28 13 1,71 0,21 43 1,71 0,23 16
26 1,72 0, 20 36 1,58 0,23 45 1,52 0,19 3
29 1,92 0,26 31 1,76 0, 26 38 1,55 0,20 32
32 1,70 0,18 16 1,66 0,18 26 1,47 0,18 23
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Tableau 6. Résultats d’analyse de la variance
sur la longueur de carapace chez les postlarves
de P. pacificus selon le Tableau 5. S.C., somme
des carrés; d.l., degré de liberté; V, variance;
F, F rapport observé.

S.C. dl A E
Température 0,05 3 0,017 3,33
Salinité 0,11 2 0,055 11,00
Erreur 0,03 6 0, 005 —
Total 0,19 11 — —

4, Discussion
Plusieurs études ont porté sur ’influence des
combinaisons température-salinité sur la crois-
sance et la survie de crustacés: e. g., chez
Sasarma cinereum par COSTLOW et al. (1960),
chez Penaeus aztecus par ZEIN-ELDIN et al. (1965).
Plus récemment, UNO et YAGI (1980) et YAGI
et UNO (1981, 1983) ont obtenu des résultats
intéressants sur la croissance des larves chez
Macrobrachium rosenbergi, M. mnipponense et
M. japonicum. Compte tenu du seuil de 50%;
de métamorphose pour critére, la comparaison
des présents résultats avec les travaux cités,
conduit a:
1°  P. pacificus préfére des salinités plus élevées
que M. nipponense, mais ne supporte pas
d’aussi hautes températures.

2° Les limites de tolérance aux salinités sont
pratiquement semblables & celles de M.
rosenbergi, mais P. pacificus peut s accli-
mater a de plus basses températures.

3° Enfin la superficie du seuil en question du
P. pacificus se révele beaucoup plus grande
que celle de M. japonicum.

En ce qui concerne les valeurs de Quo, des
différences sont également remarquables entre
On a
montré que leurs variations deviennent grandes
dans ce domaine comme suit: de 1,393 a 2,468
pour des salinité de 7,7 & 18,4 % Cl chez M.
rosenbergi (UNO et YAGI, 1980), et de 1,633 a
2,838 pour des salinités de 4,1 & 19,5 %0 Cl chez
M. nipponense (YAGI et UNO, 1981). Chez P,
pacificus elles sont trés faibles; de 1,156 a 1,164
quelle que soit la salinité. Ce résultat est a
rapprocher de celui obtenu pour M. japonicum
(YAGI et Ux0, 1983), dont Qe varie de 1,115
a 1,474 pour des salinités allant de 7,7 a 19,0

les deux espéces de Macrobrachium.

%o Cl.

L’analyse de variance a deux facteurs effectuée
sur la longueur de carapace des postlarves méta-
morphosées révéle une action significative de la
salinité. La température ne semble pas agir sur
ce paramétre. Dans ce cas, les chiffres pour
P. pacificus sont nouveaux par rapport a ceux
des trois espéces précitées de Macrobrachium.

Il convient de noter que, lors de ce travail,
les animaux sont issus d’un méme lot et élevés
en méme temps jusqu’d l'obtention des derniers
résultats de postlarve dans chacune des combi-
La méthodologie
est donc différente de celle appliquée par COST-
LOW et al. (1960) ou chaque stade larvaire
fait 1’objet d’un élevage différent.

naisons température-salinité.

5. Conclusion

1° Les larves de Palaemon pacificus ont été
élevées dans 30 combinaisons différentes de
température et de salinité. Le taux de méta-
morphose, la durée du stade larvaire et la
longueur de carapace pour chacune des
combinaisons ont été mesurés.

2° Une zone permettant le taux de métamor-
phose supérieur a 50 %, est définie pour P.
pacificus pour des salinités entre 9,6 %o Cl et
19,2 %0 Cl et des températures entre 24,6-
29,9°C et 24,4-31,0°C.

3° Les valeurs de Q1o en fonction de la salinité
sont de 1,158 pour une salinité de 9,6 % Cl,
de 1,164 pour 14,4 % Cl et de 1,156 pour
19,2 %o Cl.

4° La longueur de carapace des postlarves méta-
morphosées subit une influence significative
de la salinité & 19 de risque, mais la
température n’agit pas sur ce parametre
méme a un risque de 5%.
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Diving operations for setnet fishery in Sagami Bay*

Yoshihiro INOUE** and Nestor Hugo HERNANDEZ***

Abstract: The diving works for the setnet fisheries in Sagami Bay are reported. The main
diving activity in the construction of a setnet gear and its daily maintenance for the fishing
operation comprises: 1) diving work for the construction and dismantling of the net; mainly
works for attaching wire, rope and net to buoys and anchors; 2) diving works for the daily
fishing routine, mainly underwater inspections and repairs of the net and the handling of fish
retained in the bag net. For performing these works, some problems should be resolved in
the near future related to the diver’s health control and the underwater communication

equipments.

Approximately 1,500 large and medium scale
setnets and 16,000 small scale setnets (setnets
which are, in most cases, set at a water depth
shallower than 27m) are presently in operation®’
along the Japanese coastline (Fig. 1). These
large and medium scale setnets are extensively
on use in Sagami Bay (Fig. 1).

The setnet and its construction

The function of setnet operation is rather
passive for catching a school of fish, i.e. the
school of fish takes the active role in entering
the playground of the impounding net, after
having had their route interested by the leader
net. Setnets of various types and scales have
been employed® in Sagami Bay. There the
fishing operation by larger scale setnets such as
Otoshi-ami (trap net type, shown in Fig. 2)
requires greater diving operations not only for
the construction and maintenance of the setnet
gear, but also for the daily fishing activities.
Setnet fisherman usually remove their catch
from the bag nets twice a day in the early
morning and in the afternoon. This daily
activity requires 3-5 vessels (10-20 tons) with

* Received June 18, 1984. This study was pre-
sented at a meeting of U.J.N.R. (United-Japan
Cooperative Program in Natural Resources) held
in Tokyo, Oct. 27 - Nov. 5, 1983.

** National Research Institute of Fisheries Engineer-
ing, Kachidoki 5-5-1, Chuo-ku, Tokyo, 104 Japan

*##% Tokyo University of Fisheries, Konan 4-5-7,
Minato-ku, Tokyo, 108 Japan

30-50 fishermen including divers.

The first step of the construction of a large
scale setnet (trap net) is to build a frame under-
water. The materials comprising the frame are
buoys, rope, wire, anchors and concrete blocks
(Table 1). The frame is constructed at a depth
of 10-100 meters. The second step is to attach
the nets to the fram. These nets are made of
synthetic fibers (nylon, polyesters, vinylon,

-ete.).

The setnet is composed of two main parts;
one is an impounding net which prevents fish
from escaping, and another is a leader net for
leading fish into the impounding net’s playground.
The former includes: 1) the playground areas,
2) funnel nets that lead fish into the bags and
act as a labyrinth so as to pocket them in the
impounding net, and 3) bag nets that retain
the fish. The dimensions of the impounding
net are 50m in width, 300m in length and 60-
80m in height.

The leader net is a panel of the net spread
from the water surface to the bottom. At one
end is located the entrance (also known as the
““exit” or ‘‘doorway’’) of the impounding net.
Another end extends towards the coastline to a
distance of 500¥1, 000m. A school of fish taking
its course towards the leader net has to get
into the impounding net by the leader net.

Divers
The diving work is conducted by professional
divers who are, in the case of the large scale
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Fishing ground of large scale setnet

Fig. 1. Distribution of setnets along the Japanese coast and in Sagami Bay.
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Fig. 2. A sketch of a large scale setnet (trap net).
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Table 1. Materials for the frame of a large scale setnet.

Materials Size Quantity
Anchor (iron) (Weight) 200-300kg 30-40
Concrete anchor block (Weight) 1-10 tons 40-60
Sand bag (Weight) 30-40 kg 1, 000-1, 500
Anchor ropes: i

Rope (Diameter X length) 12-30 mm X 200 m 100-150

Wire rope (Diameter X length) 18-24 mm X 200 m 100-150
Frame ropes:

Rope (Diameter X length) 12-30 mm X 2km 2

Wire rope (Diameter X length) 18-24 mmX2km 2
Float (iron buoy and synthetic buoy):

Large (Buoyancy) 3-6 tons 2

Medium (Buoyancy) 80-200kg 200

Small (Buoyancy) 15-30 kg 100-120

Table 2. Number of divers affiliated with seven setnet fisheries organizations
at the western coast of Sagami Bay.
Year Fukuura Manazuru Iwa Komekami Koyahata Itsutsuura Oiso
1960 0 0 5 5 1 4 0
1961 0 0 5 7 2 2 1
1962 0 1 7 7 2 2 2
1963 1 1 7 7 3 2 2
1964 1 1 8 7 3 2 2
1965 1 1 8 7 2 2 1
1966 1 1 5 5 2 2 1
1967 1 2 4 3 3 2 1
1968 0 2 5 3 3 2 1
1969 0 2 5 3 3 2 1
1970 0 2 5 3 3 2 1
1971 0 2 5 3 3 2 1
1972 0 2 5 3 3 2 2
1973 0 2 5 3 3 2 2
1974 0 2 5 3 3 2 2
1975 0 2 5 3 3 2 2
1976 0 1 5 3 3 2 2
1977 0 1 5 3 3 2 2
1978 0 1 5 3 3 2 2
1979 0 1 5 3 3 2 4
1980 0 1 5 3 3 2 4
1981 0 2 6 3 3 3 4
1982 0 2 6 3 3 3 4
1983 0 2 6 3 3 3 4

Number of nets by size*

L: 0 1
M: 1 0
S: 0 1

2 3 1
0 0 0
1 0 1

w o

sy

* L: large scale setnet,

M: medium scale setnet, S:

small scale setnet.
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setnet, members of the fishing crew, while the
divers are hired from a private sector or a large
scale setnet fisheries organization in the case of
the small scale setnet.

The Divers’ Organization (Sensuishi-kai) is
organized by all professional divers who are
engaged in the setnet fisheries in Sagami Bay.
Over last twenty-five years, this organization
has contributed to the improvement of diving
techniques, and actively participated in medical
research for understanding the health-related
matters that most divers experience. Table 2
shows the names of the setnet fisheries organi-
zations at the western coast of Sagami Bay and
the yearly fluctuation in the number of divers
affiliated with each organization from 1960 until
1983. The age of the numbers of the Divers’
Organization® ranged from thirties to fifties.
Seventy percent of the divers were over forty
vears old in 1978 (Fig. 3).

50 |
40 +
30 F

20

Percentage

10 F

0 e B B
30 35 40 45 50 55 Age

Fig. 3. Age composition of divers.

Two to five divers work together for the net
lifting and net treatment activity as well. Set-
net diving operations are usually conducted by
responsible persons (usually older individuals)
because a great deal of knowledge on the struc-
ture of the net and its materials is required,
Actually, the effectiveness of a setnet greatly
depends on how well the underwater work is
performed,

Diving equipments generally include a wet-
suit, flippers and a single (or double) air con-
tained tank. The operations are handled by 1-
3 divers and one watchman (a fisherman on
board the vessel or motorboat) work together
as a team.

Diving work
The setnet diving operations are divided into
two phases: one is the construction of the im

pounding net, and the other daily duties for the
mainténance. The construction occurs twice a
year to change the gear type of setnet, because
fish species migrating in this coastal area vary
depending on the season; one is for warm seasons.
(Natsu-ami) and the other for cold seasons
(Fuyu-ami). The construction requires extensive:
diving operations (Tables 3 and 4):

1) Construction and dismantling of the net

a) Many anchors and concrete blocks are used
to fix the setnet in position. The framework of
the setnet is conducted by means of joining the
surface buoys to the anchors with rope and
wire. Shackles are generally used to join con-
crete blocks to wire. Iron anchors and concrete
blocks are driven or placed underwater with the
crane. After that, the installations, replace-
ments and repairs of the rope and wire are
handled by divers.

b) The following operations are handled by
the divers during the dismantling: Separation
of the net from the wire or rope that are at-
tached to the frame. Dismantling of the net by
separating the rope or wire from the concrete
anchors. Removal of the damaged fiber net
from the leader net.

2) Diving work done with the fishing operation

‘When ropes and nets of the setnet are damaged
by wave action, fouling organisms and fishing
activity itself, they must be replaced, or the
damaged portions are repaired by divers.

A setnet having many floating parts may be
distorted if subject to severe hydrog raphicand
meteorological condition, which turns out to poor
catch. When the catch is poor, divers check
the net, if the net is properly installed without
tangling and/or folding.

If a large amount of fish are retained in the
bag net, lifting the net becomes difficult. In
this occasion, it is necessary to open the cod-
end of the bag net to let the fish of low market
value go. On the other hand, when a large
amount of fish of high market value are caught
and not sold immediately, the fish are trans-
ferred to an area of the net (Tkesu-ami) to keep
alive until they marketed. In this case, some
of the fish become unhealthy and others die
because of captivity, if not removed from the
bottom of the net. Hence, the divers must open
the cod-end to remove these fish from the hold-
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Table 3. Routine setnet diving operations (in warm seasons).

Month when

Diving operation

Diving Number Duration Number

operation is Net-related Dama d Fishi 1 range of : of tanks
- > ge cause ishing-related . (in days)
done activities by weather activities (depth)  divers used
May or June Construction 50m 3 2 8
May or June Rearrangement 50 m 2
Check shape
June of net 50m 2 1 2
August & After typhoon
September or storm 40m 2 2 4
Transfer of fish
to holding pen,
.]T)ue}(}:’entl%er removal of dead 10to20m 2 1 1
and unwanted
fish.
Change leader
‘Blg Zer::]))er net and Nobori- 40m 2 1 1
- Ami (2/ YR.)
July to Change play-
December ground (3/ YR.) 40m 2 1 1
Dismantling of
December leader net & 50 m 3 1 5
Nobori-Ami
Dismantling of
December playground 50m 3 1 6
Table 4. Routine setnet diving operations (in cold seasons).
Month when Diving operation Diving Number Duration Number
(égizatlon 18 Net-related Damage caused Fishing-related (rgngj) d.OYf (in days) of t(imks
activities by weather activities epth 1vers use
December Construction 50 m 3 2 8
December Rearrangement 50m 2 1 2
Check shape
December of net 40m 2 1 2
Transfer of fish
to holding pen,
April to May removal of dead  15m 2 30 2
and unwanted
fish.
Dismantling of
May leader net & 50 m 3 1 5
Nobori-Ami
\ Dismantling of
May playground 50m 3 1 6
ing pen. for this purpose. As it was not too long ago

Some other problems

All of the drivers for the setnet fisheries have
to deal with unexpected problems at times. The
present diving system is neither the most suitable
for setnet fisheries, nor developed exclusively

when diving operations were introduced to the
setnet fisheries, the present system cannot be
applied successfully for all problems involved.
The most common problems that we are now
facing and to be resolved in the future are the
followings:
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1) The fishing activity using setnets is carried
out in both warm and cold seasons. In winter,
underwater temperatures can reach as low as
12°C in Sagami Bay. A better diving suit and
equipments to the human body need to be
developed in order to prevent hypothermia.
Thus, the divers can perform their underwater
activity safely and easily at any time.

2) For the construction, dismantling or repair
of net in stormy weather, the diving operations
must be performed in a short period of time,
so that diving is done repeatedly within a few
hours. This requires, for the diver’s safety, a
simple apparatus which enables the driver to
measure, on site, the gaseous pressure of his
blood and other medical parameters to monitor
the degree of fatigue.

3) The coastal marine environment where the
setnets are located is not stable. Certain physi-
cal factors such as the tides and the underwater
transparency affect the diver’s visibility. Devices
for sensing the objects around him as well as
for communication between divers or between

divers and the supporting ship are to be developed.
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Tetrodotoxin — a review with special reference to
its distribution in nature*

Junichi MARUYAMA** and Tamao NOGUCHI**

Abstract:

Tetrodotoxin is one of the most potent, naturally-occurring neurotoxins. Its dis-

tribution had been believed to be limited to the pufferfish. During the last decades, however,
this toxin was also detected in some other vertebrates as well as a variety of invertebrates.
These fiindings may afford a clue to elucidate the origin, biosynthetic pathway, and physio-

logical significance of this toxin.

1. Introduction

In recent years, marine organisms have proved
to produce various kinds of bioactives. Among
these, tetrodotoxin (TTX) or pufferfish toxin,
along with paralytic shellfish poison (PSP), has
furnished a rich stock of topics to biologists,
chemists and pharmacologists. TTX is one of
the most potent neurotoxins. The lethal potency
is comparable to that of saxitoxin, a representa-
tive member of PSP, and is about one-thousand
times as high as that of sodium cyanide (MOSHER
et al., 1964).

It was TAHARA (1909) who first undertook
chemical studies on TTX. The purity of his
preparation was, however, as low as 0.2%. In
1950, YOKOO isolated and crystallized TTX from
pufferfish ovaries. In 1964, the structure of TTX
was elucidated simultaneously by three groups
headed by Tsubpa, WOODWARD and HIRATA
(T'SUDA et al., 1964; WOODWARD, 1964; GOTO
et al., 1965). It was a highlighted topic at the
International Symposium on the Chemistry of
Natural Products, held in Kyoto in that year.
Total synthesis of TTX was accomplished by
GoTo, KisHI and co-workers in 1972 (KISHI
et al., 1972). The structure of TTX is charac-
terized by the presence of one guanido and six
hydroxy groups, along with a hemilactal func-
tional group, which has never been found in any
other natural products (Fig. 1). In the pharma-

* Received August 31, 1984

** Laboratory of Marine Biochemistry, Faculty of
Agriculture, The University of Tokyo, Bunkyo-
ku, Tokyo, 113 Japan

Fig. 1.

cological aspect, TTX is known to inhibit the
formation of action potential by blocking the
sodium ion influx into excitable cells selectively.
TTX has been appreciated as a useful pharma-
cological agent (KAO, 1966; NARAHASHI et al.,
1967; NARAHASHI, 1972, 1974).

At the Kyoto Symposium, another important
paper was presented:
isolated from the California newt Taricha torosa,
was identified as TTX (MOSHER et al., 1964).
This finding negated the belief that TTX is dis-
tributed exclusively in the family Tetraodontidae.
Since then, TTX has been detected also in vari-
ous vertebrates and invertebrates as described
below.

Tarichatoxin, a toxin

2. Distribution of tetrodotoxin in nature

As TTX-containing animals are known puf-
ferfish, goby, newts, frogs, octopus, gastropod
mollusks, starfish and crabs. There is no phylo-
genic relationship among these TTX-containing
animals which makes, in turn, search of the
biogenic origin of TTX extremely intriguing
(Table 1).

2-1. Puyfferfish

TTX has not been detected in any other fishes
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Table 1. Distribution of tetrodotoxin in nature.

Animals

Tissues
containing tetrodotoxin

Vertebrates
Fish
Pufferfish (family Tetraodontidae)
Goby (Gobius criniger)
Amphibian
Newts (genus Taricha)
Frog (genus Atelopus)
Invertebrates
Mollusk
Octopus (Octopus maculosus)

Gastropods (Charonia sauliae,
Babylonia japonica, etc.)

viscera, skin, muscle, etc.
viscera, skin, muscle, ezc.

viscera, skin, muscle, egg, etc.

skin, ovary, egg, etc.

posterior salivary gland
digestive gland

Echinoderm
Starfish (genus Astropecten) whole body
Crustacean
Crabs (family Xanthidae) whole body
than pufferfish except for a tropical and sub- amifugu’’ Tetraodon alboreticulatus collected

tropical goby Gobius criniger (HASHIMOTO,
1979). More than ten people have been killed
by ingesting pufferfish per year in Japan.

During the World War II, TANI (1945) sur-
veyed toxicity of various tissues from 19 species
of pufferfish caught from around the northern
Kyushu Island. He reported that the puffer-
fishes were mostly toxic, and that the toxic
potency widely differed even among specimens
of the same species caught by a net.

His findings, however, seem not to be true
for some pufferfish from other regions. In 1959,
several persons were killed by ingestion of the
flesh of a pufferfish caught off Vietnam. The
fish was later identified as ‘‘dokusabafugu’
Lagocephalus lunaris lunaris, which morpholo-
gically resembles non-toxic ‘‘sabafugu’’ L. lunaris
spadiceus very well (HASHIMOTO, 1979). It has
recently been found that the muscle of several
pufferfishes inhabiting the Sanriku coasts is often
toxified up to a level of several hundreds mouse
units MU)* per gram (KANOH et al., 1984;
KODAMA et al., 1984), i. e. the flesh less than
100g can kill a man. On the other hand, a
high toxicity was detected in tissues of *‘shiro-

* One mouse unit (MU) is defined as an amount of
TTX which kills a 20-g male mouse (ddY strain)
in 30min. The lethal dose of TTX in human is
assumed to be about 10,000 MU (ca. 2mg).

from Sagami Bay: e.g. 2,870MU/g ovary and
31MU/g liver (KANOH et al., 1982). Under
these situations, a new manual for utilization of
pufferfish was issued by the Ministry of Health
and Welfare in December 1983.

2-2. Newts

TTX has been identified in three groups of
vertebrates other than pufferfish. It was observ-
ed about a half century ago that when the eye
vesicles of the California newt Taricha torosa
were transplanted into an embryo of the tiger
salamander Ambystoma tigrinum, the host was
paralyzed (MOSHER et al., 1964). Causative
agent isolated from the ovaries was named
tarichatoxin (MOSHER et al., 1964) which is
identical with TTX. WAKELY et al. (1966)
detected this toxin, TTX, also in the skin,
muscle and blood of the California newt as well
as other species than the genus Taricha.

2-8. Goby

People have never eaten some goby (Gobius
criniger) in Ryukyu and Amami Islands because
of the fear of poisoning. Toxic gobies were
also reported in Philippines and Taiwan (HASHI-
MOTO, 1979). NOGUCHI and HASHIMOTO
(1973) demonstrated that the toxin is TTX, and
that TTX] is distributed in all tissues of the
goby. The toxicity is generally high in the
skin, intermediate in the viscera and low in the
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muscle. Subsequent research revealed that all
specimens from Amami-Oshima Island, Ishigaki
Island, Iriomote Island and Formosa were toxic.
As is the case with puffer, the goby showed a
clear regionality in toxicity (HASHIMOTO, 1979).

2-4. Frogs

Costa Rican had prepared an arrow poison
from the frogs of the genus Atelopus. Toxicity
was detected in the skin, ovary and egg, but
not in the viscera, muscle and bone. KiIM ez
al. (1975) demonstrated the presence of TTX in
the skin of A. varius wvarius and A. varius
ambulatorius. The toxin extracted from the skin
of A. chiriquiensis proved to be a mixture of
ca. 30% of TTX and a second major component
designated chiriquitoxin (KIM et al., 1975;
PAVELKA et al., 1977). From the Panamanian
atelopid frog A. zeteki, on the other hand, the
only toxin named zetekitoxin was detected from
the skin extract but neither TTX nor chiriqui-
toxin was contained (SHILDERMAN and MOSHER,
1969; K1M et al., 1975).

2-5. Octopus

The blue-ringed octopus Octopus maculosus is
small-sized and often seen in shallow waters of
Australia, especially in summer season. This
octopus has a brown or yellow body with blue
When stimulated, the body color turns
black, while blue gleaming spots appear as with
a peacock feather. This phenomenon is so at-
tractive as one might be unaware of bites by
the octopus placed on his hand or arm. Paraly-
sis or even death may occur.

rings.

The toxin secret-
ed from the posterior salivary glands was first
named maculotoxin (FREEMAN and TURNER,
1970). The structure of maculotoxin had long
been a matter of debate because of difficulty in
collecting enough starting materials. SHEUMACK
et al. (1978) isolated 1.8 mg of the toxin from
ca. 500 posterior salivary glands and identified
it as TTX. It was the first reporting the occur-
rence of TTX in invertebrates.

2-6. Gastropod Mollusks

In December 1979, a food poisoning occurred
due to the ingestion of a trumpet shell, ‘“boshu-
bora’ Charonia sauliae which was caught off
Shimizu, Shizuoka Prefecture (NARITA et al.,
1981). The causative agent for this incidence
was identified as TTX. In December 1982, the
second poisoning associated with this shell occur-

red at Mihama, Wakayama Prefecture (MARU-
YAMA et al., 1983). Toxicity was detected ex-
clusively in the digestive gland in both cases.
Most of the trumpet shell specimens collected
from the adjacent waters of Shimizu were toxic,
the highest toxicity score being 1,950 MU/g di-
gestive gland. Toxicity survey of organisms
inhabiting Suruga Bay revealed that the digestive
gland of the following gastropod mollusks also
showed a paralytic toxicity: ‘‘onarutobora’
Tutufa lissostoma, ‘‘kakobora’ Monoplex echo,
““tengunishi’’ Pugilina ternatana, ‘‘hanamushiro-
gal’’ Zeuxis siquijorensis and ‘‘araregai’’ Niotha
clathrata (NARITA et al., 1982). Among these,
the toxins from 7. lissostoma (NOGUCHI et al.,
1984) and N. clathrata (JEON et al, 1984) were
identified as TTX, whereas that from Z. siqui-
jorensis was not TTX (NARITA et al., 1984a).
The structure of the latter toxin is not clear,
though it gives rise to Cy-base as does TTX.
Recently, the same substance has been detected
also in the trumpet shell and pufferfish at our
laboratory.  This suggests its probable involve-
ment in the toxification of TTX-containing
organisms.

On the other hand, a paralytic toxicity was
detected in the Japanese ivory shell, ‘“bai’”’
Babylonia japonica, which was collected from
Sakajiri Bay, Fukui Prefecture. This toxin
was also identified as TTX (NOGUCHI et al.,
1981; YASUMOTO et al., 1981).

2-7. Starfish

During our survey of benthic organisms in
Suruga Bay, two starfishes of the genus Astro-
pecten, ‘‘togemomijigai’”’ A. polyacanthus (NO-
GUCHI et al., 1982) and ‘‘momijigai’’ A. scopa-
rius were found to contain TTX at significant
levels at our laboratory. Since these starfishes
are often detected in the digestive canal of the
trumpet shell C. sauliae, the latter is supposed
to be toxified by the food chain including those
starfishes. TTX was also found in the starfish,
“‘hiramomijigai’’ A. latespinosus from Sakajiri
Bay (MARUYAMA ez al., 1984). It is not clear,
however, as to whether the toxification of the
Japanese ivory shell B. japonica there is associ-
ated with the starfish A. latespinosus, because
of the feeding habit of the former.

2-8. Crabs

In the tropical and subtropical areas, food
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poisonings sporadically occur by ingesting the
crabs of a family Xanthidae (HASHIMOTO et al.,
1967). They contain PSP in most cases (No-
GUCHI et al., 1969; KOYAMA et al., 1981).
Recently, one of those toxic crabs, ‘‘subesube-
manjugani’’ Atergatis floridus, inhabiting Miura
Peninsula near Tokyo, was found to possess
TTX as the major toxin, along with some PSP
as the minor (NOGUCHI et al., 1983). Detailed
dnalysis of the toxin from Okinawan xanthid
crabs has revealed that A. floridus contains
TTX or its associated substance as the minor
A small amount of TTX was detected
in Okinawan specimens of another xanthid crab,
“‘amore-ogigani’’
toxin is PSP, as has already been demonstrated
(KOYAMA et al., 1981). YasumoTto, T. and
his group suggested recently that Philippine
speciemens of this crab also contains TTX as
the major toxin.

toxin.

Zosimus aeneus, whose main

3. Conclusion

As described above, TTX is distributed in a
variety of aquatic organisms which are not
closely related phylogenically. In spite of many
efforts, none can answer as yet to the ques-
tion: ‘“What does TTX originate in ?”’

Recently, SHIMIZU and KOBAYASHI (1983)
studied on biosynthesis of TTX using the toxic
newts, 7. torosa and T. granulosa. Radioactive
compounds such as acetate, arginine and glucose
were administrated orally, externally or sub-
cutaneously, to see if the de novo synthesis of
TTX took place in the newts. However, no
incorporation of them into TTX was observed,
in contrast to a significant incorporation into
No evidence has been
presented to support the biosynthesis of TTX
in pufferfish, either.

The blue-ringed octopus O. maculosus is con-
sidered to be the only TTX-containing organism
in which physiological significance of this toxin
can reasonably be accounted for: The TTX-
containing venom is secreted from the salivary
glands to immobilize and feed small crabs (FRE-
EMAN and TURNER, 1970). In the TTX-con-
taining gastropod mollusks, TTX is supposed to
come from the toxic starfishes they feed, as
described above and demonstrated recently by
model experiments (NOGUCHI ez al., 1982, 1984;

amino acids, sterols, etc.

NARITA et al., 1984b; SHIOMI et al., 1984).
The authentic origin and biosynthetic pathway

of TTX, along with physiological significance

in most TTX-containing animals, still remain to

be challenged by many scientists.
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Sequential processes in the occurrence of blooms and red tide in the sea*

Tokimi TsuUjTA**

Abstract: The progress in the studies on the formation mechanism of the red tide has been
slow. Few reasons and difficulties for this slow progress have been clarified by modern
plankton ecologists and physical oceanographers especially in persuit of phytoplankton con-
centration mechanisms. In this report, recent advances in the studies on dynamic features
of red tide formation have been described with special reference to the sequential inter-
actions of a number of submechanisms with the combination of water circulation and physi-
ology of algae therein. These features seem to be consisted of a series of coupling factors
among physical factors and the organism responses. In view of the ecosystem dynamics, the
concept of coupling factors is promising to promote the red tide studies. Sequential interac-
tion of the coupling factors for the red tide occurrence with a mesoscale feature as in fjords
is initiated by the development of surface concentration mechanisms for red tide organisms
at the coastal region. This type of blooming of phytoplankters may be formed with seeding
plankton populations under the sufficient nutrient supplies such as freshwater runoff during
the periods of quiescent shallow waters or nutrient enrichment with coastal upwelling.
Studies on phytoplankton bloomings in the temperate and subarctic areas of the Pacific and
Atlantic Oceans have led up to a prediction model. It was shown that weather and climate
conditions play important roles for the phytoplankton bloomings and the red tide phenomena.

In the red tide studies, therefore, emphases must be placed on some special parts of
scientific disciplines such as: (1) synoptic sighting of red tide, (2) dynamic environment
study on mesoscale or coarse scale features of phytoplankton blooms in relation with their
transport and convergence processes, (3) theoretical and in situ processes of plankton patchi-
ness, and (4) modelling and simulation.
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Fig. 1. Schematic diagram of the changes in
the phytoplankton community of Marion
Lake, British Columbia, after artificial enrich-
ment with nitrogen or phosphorus. One or
two of the rare species increase rapidly to
form a “bloom’ and then die back to their
former status. It is hard to exactly predict
which species will ‘‘bloom”’. (DICKMAN, M.,
1968; after KREBS, 1978)
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ZD XS BEIT L & IWT SVERDRUP(1953)
vE 19494E 3 A2 b 5 Ao TR BRI M
B IbBRF— &b e, BEEOREI LE
RBEE & O itEME OEN, HHVE
M7 7w s vy GERBEE o, Thic i
BERORELY R DOMEEY B 747
VERIOCED /=Y U RGERE) © By
3 A6 5 Ao BRI FIFE S & 7R eg o
HEZEEL -,

TR DHERY BERIIFNC MBE L0 Fig. 2
Thoo XDOKD N LHMECHT CTRABIIXE
&< 7e b, KIBEE = F L F - IREWHRL 7
DEERABEET BB CTFHCETL TV 5,
4 § BRI S L ERREGHRCEARB X O B®

SYMBOLS

THICKNESS
50000 _ = MIXED LAYER

CRITICAL
S &
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, . L Vo
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Fig. 2. Observation results at Weather Ship
“M’ (66°N. 2°E. Gr.). Symbols are ex-
plained in the graph. Dia, Diatomaceae;
Coc, Coccolithophoridae; Dif, Dinoflagellate;
Nau, Nauplii; and Cop, Copepods. (SVER-
DRUP, 1953)

WECBEHL, chEiEFETH IS5V 2 b
YREBL T\, 20 X 51 SVERDRUP (1953)
1% GRAN and BRAARUD (1935) FHARE I
BEREBOHERC L > CEREEROEE L —
IV S OREBREY RECRIIL T, KELMFE
75V VEEOBR LD FRINCED TR <
BRELTWHFREeFAEED 2 LITRII L

= @ SVERDRUP (1953) o FHl=F L ZIGH L
FoBRgEE, RILEY (1957) 3L 7y v —Ric B
T, F 72 MARSHALL (1958) 23ib#RKIBIC 3\
TITIs o e BB OMFIC L DR B D4R D
-3, ENOMOTO (1959) 1= L » CTAMNMEDREE
CHET2RIAOXEYZT 05 WX e
AEwc LELER s S5 v 7 P v ES
KREGFEOFREBEC S BHAS KD 2 ENEESh
7o (Fig. 3),

E BT, JEASEED FEREEFHKRC BT
R BB T — 3 v 7R ET 52, PARSONS
et al. (1966) 37 7 A K LA O EHEIRENE
P B WTiTla oo Bl 5, Fig. 4 ©%
blicXir, BREER 4T BERERBD
T, 5 Ak L BETESEO THicAL
BLCEE, ZoRENIAETRCEEZHED
ML T,

Z = T4 SVERDRUP (1953) ot FHl=< 5
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Fig. 3. Observed and calculated results. Open

circles in upper column show relative quanti-
ties of phytoplankton extinction coefficient
in 6,600 4, and crosses numbers of copepods
expressed as ‘‘macrocopepod number’’ (ENO-
MOTO, 1959). Vertical bars in under column
show upper mixed layers, and broken lines
show upper and lower limits of those mixed
layers. (A computation gives two values for
the critical depth; one as Ie equals 0.15, the
other 0.13 g cal cm™ hour™)
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Fig. 4. Critical depths and the depths of mix-
ing at Ocean Station P. (In 1956-1959 and
1962-63 a new seasonal thermocline was
formed in mid May.) (PARSONS, et al., 1966)

NELUTHEHAINS Z ENHEINT, 2L,
PARSONS ez al. (1966) 1%, = OFIFET 5\ T,
TN— v SRR TR RET A D TIL 7 <
T, R e GBI BRI 2 D, B it -
TILBCHN D 2 &0, EBRYHAEE (W47
VHE) OOTN DX ST — 3 v rORZER
HIls BB BB L T\ 5 SR L T, FHitie
O EODRIEHRBEE L OB, ZDOIEEKERT
BIHMETV— v BB LT B S ER,
FAREEEY L2 7 4 a0 oA ERESRIERE
EEEEL TIREN, TOBEORENBEE IR
HEREC It 5 T,

CHIIBE L T WINTER et al. (1975) %, 7 v
VNPT T AN ETO LKEERRICH
FELTCWLERERNBDO» CELEIMET S
EaYaey b by PRI BTV 27
VDT N— 3 IEEBEARIA L 2,

RFTD 52— 2L LT, ¥alaey bWy
v N OKEFHER 2 XK OB A R T K
RS9, Rk, KPRE, sREl 7
v o bvisEofic, ¥BEFHOHRIEM,
BR, MBERELLEEY 7TV 7 v OFEERER
BT % M EAETE & YRR O BRI A
ABBRYHACTWD, FLTC, Caday b
YV ERECEENYL > TWDH01, 74 =
L FAERD BECHHR TR & » TV AFRVES
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& o TREEEVB IR, EREEOEVE
W75V OBENEEBIEEBILCEDD
NBHZENRBELMEI T, & ORE EHEKR
TIEBML 225575 v 7 b VITEBESHT
SN > THEIN TS, —F, BhbLYIE
EF Tk RREERIC RS W THRKRAYRD - T
3B OEGCEKORBANREL CHOELY
AT X5z ke {, WYULHE S O
EBHIRTWAICBEE M, Lt~ T, BWiE
BE /703 S I 2 U SATE Bk T A K BRI
BEERN®N b5 & HwmshsoT Fig. 5 ),
SVERDRUP (1953) @ FHlEF ik 0% F T
WHTE W LR AbBRIC BB, Eav ey b

cH Y RO L5 74 3 FOEKESE T,
KOYEALEREO R BT, WEIE BT
HOOWI- YTy 7 v OBEEBRREN T 4 =
NEBO TN —3 v IEERTHEEIENT
&5,

WINTER et al. (1975) 132V = » beth o v
FOEEZY I oV—v v » 250 (Fig. B %
TELIC Y - T, TOBRERLE L THRKRADE
B, KGEEEeE o BEHCHET S
A&, KB o BROMT, REEFHOWEM
PHAEY S 7 s VY AHROBEREE R
AMBDOANEL, T3V 7 v ONER LD
RITBT 2KEXIES (out put) &34, Zh
B R A T A BRI 0 & o0 EBEERRE
(sequential interaction) & U TR T 5 = & %HH
BNZ LT LT, COHIOKBETEL ST
VI DT R EHE S D JIEREEN ST

HYDROGRAPEIC ! |
AND i :
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Fig. 5. Flow diagram of the numerical model
showing relationship between several com-
ponents of the model. (WINTER et al., 1975)

FREOFRENRA BRI D,

—J5, /Y z—in ERINOHEEE T BE
HOWEARTEHEROEEZ Vv — 1 v /R
K OERIEZ B, hidmo EYEEiY
FbTOTERL L - T BIAECERRETH S,
BRECERTLHI L HHDT, MM FHER
FERIINT, JLEKGBARRIIC 7 4 20 FHITGTOE
FEIN— IV IO REBEIEBIND X 5T
otze PR, TOHMBFOREEEAKEL TULAK
WEEET BT 5 Coccolithus huxleyi (LOHM.)
KAMPTNER 0 KB FEIC L 5 “fFfk (green
water)” & BB = kN TELN, AF BRE
b2 B ET L, MUEBEE O Gyrodinium
aureolum 17 X % &0 % { 7z -1z (TANGEN,
1977),

BERGE (1962) 11, 195540 5 B & 6 HiZ g
I 2 —REKIBRE T4 B VAT ARH
HEU7: C. huzleyi 70— 1t BEDEE TN —
IV I RIRE ST, BREENDGITO EEIC
R = - e DRI R TTs 5 1o = DREHIE
DFRFE & LT, L7 BT X » TRBEHD
BELKRAETEAD KECERCEAL Y 4+ =
AV EENEERE LD L L, BOKBIES &
KEKOFHBENHEDLS s oz EXHBAL
ZoEER C. huxleyi 71— 3 v 7 O FEBEE
COWTERTARE Z L, BHRAEFCE -
T, C. huzleyi 12 WEERNCERE 2 &d i &
S REBAMZBA B EThD,

ZF D% 1966 L I LEBRRM KR, HZ /v T =
—BRETHE A — 31 v 7R 1I0~11BicsE L
foo =D FREFT v — 3 v 713 Dinophyceae I J&
3% Gyrodinium aureolum 2 X % & DT, WHEE
EYO BEY BT b EBSR, 20
G. aureolum DTN — IV IEFV <=— 7 DRE
(7~11]), ~r =5 v Fig#g (8 ~9H), 74
)y vadE (10H), 10 2 (7H, 8 A
mETLHREL, REOERLENHEESh T
Do CNBHDOMEIN— IV I ORERBELZD
BERIRGGE TANGEN (1977) 723 % & 87 Table 1
ZRLBRD LI, #EL LB G. aureolum O
FEREL THC DWW THMEIh T 5,
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CDMETN— v S O REBE I DT,
19765 7 v = — BB BB G, aureolum
D TN IV I DWT IS She R T,
FRIC X > TR 2BEN BEFRL TV G.
aureolum D 7 — 3V ZFHEFE D | F O
NKDEEINT X o TEEA 21T 72 WO [E R EE
@ﬂﬁ?fwaiyﬁﬁ%ﬁLkO;@%g,/
MY = —HERRIC BT S oI — 3 v SR
HAEYERL, FAR L 420 7 4 30 FAEn
DEIA SN2 d D LTS e,

FRE DO~ =5 v FIREO HERIE . IREA
BTh OEOSERMMARE LR, = 0B
=3IV DR HEAINTCEH L LB D
BRIRAE R TR, WP RS ZE LTl
BOFE L ERNHEROOEDE R b,
o, RICRBIREED S & T4 %) A¥gik ¢4 B
BB EELLWROL LT G aureolum 755
WA L7,

ST — D FRFE A D BB K D E
TEPKRELEHATND L5 BPRDE - A
b, WYATT (1975) % STEELE (1976) » 7t H
LTWa ) F e —FYvHAriEowSE LT,
TEDO O E DD % Peod 2 WELEFR O AT I _E
FAHLENHA S,

STEELE (1976) (3¢, FIERICEAL T, £ED
SNHZEEDOREYL, ZOBATHT 5 BEON
EHEE LD KDREERS & OO WHD 5 v
ANV F v —FV v (R) CIRET 5 E&RT,
R B BSE (9 0.2) X0 k& WEATEMT
Hobiwi&EL 5,

= X CGIEmEAR)
o X (REDREH)?
L, gUuES], oK OEE,

WHEDO TV — 3 v 7%, BEHICEET 2 KR T
ZFEMNCRELTWBFH L5520, AEC kT
P HERAEHOBESLHE T LI LIEELRS X
Slsnts, BT, JkKBED KFEECHEST S
F =V~ 7 B WHSIRENTE L BRI
ENHEAT, T—3 v 72 R 5801
%5 T&ETW5, TYLER and SELIGER (1978)
LI, BROBIEFIIh - T BHEELR LY

HEBEL U CBOMEER TR » T W5 1§ 5
PRBIEROBE oKk Y TE» SRR LI,
ZOKEF =% E— 27 BONHIT BRI h T
RGO TE B & s - CBRICA - Thh
%o Z DRI LB KPEET BRI O XBEED
BCEEAY L OKE L BT, BCAEREL TV B
WEEE RS L L C BRI - T
SND, ZDETIE Prorocentrum )V E b0,
CIRD LELERIER 75 v 7 P vBE e » T
Wh,

BT - 7o BRI BSE Uik T, L
bRBEHO BT KRB B TRAT 5,
CHRENTIRCHY T 2 K8 T, coTc o5y
7 Fv OBIEPERENE S S,

Y E#, TYLER and SELIGER (1978) i@ X »
TF =H U= ED BHE L A5 A0 LI T 5R
HIZELE RS 1 BT 5 BN EPUETER (sequential
interaction of submechanism) <% %, = DEIT
LIS, T =3V I H BRI BB HZER
FRET DL 0T T, FRETEREN FEET S &
AT, HHCBRAROFRENLGTL, 20
BRI B R EE L CRET A D ThH D, =
D LS, ihbh )y W O ZRIC X - TRilg
RO B LD Do7n D B2 SR L 7 5 A
VI LK B RRTED IR & LISRI D BB A 75 L
TEI-TETNDLI ERHLND,

TYLER and SELIGER (1978) 1= I - THARAERL
SHICERE#ERT, 74V nIbEHBRREOEE,
TREIFEE R A ST 2 DIC BB LR D 5,
MULLIGAN (1975) 1% 1972 4F L 1974 48, F o ¥
E— 7 BIDIHCAIE T 5 A — VR R
L7 Gonyaulax tamarensis FRENZ DT, W5
BANKEY ERBL ORI, BB L 2 B
PIREBR B AT, W) R0 5 Bk
DRBIEHFO BEAYFEDD FERED (FE).
T U TR D 5 &3 D0 i i - T B E
My BHL PO EET S, Fotk, WO
I B35 HEHREBRENC X » T Gonyaulax
tamarensis DBE—FEICFEMIER IS (F
YERE) LoRMIAELNI, 0k s EEE
BB ETLC AMREREL bRt 2 2T
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Coastal upwelling — bring cysts of G. tamarensis into euphotic zone; provide nutrients
for growth. Coastal water mass moves north from Cape Ann in the
late spring and summer.

1

Warm, dry period — provides stratified water column; causes increased temperatures and

increased concentrations of nutrients in river water.
i

Rainfall —— increases movement of coastal populations of G. tamarensis into
estuaries where growth and mechanical concentration of populations
through vertical migration occurs; delivers dissolved organic and
inorganic substances which promote growth of G. tamarensis.

!
G. tamarensis removed from water and concentrated by filter feeding
organisms.

1
New England red tide (paralytic shellish poisoning)

Fig. 6. Sequence of events leading to development of New England red tides.
(MULLIGAN, 1975)

Table 2. Occurrences of seawater discolouration by dinoflagellates recorded
on the coasts of France in 1978. (From LE FEVRE, 1979)

Place Date Organism involved
1 Near Belle-Ile, offshore 24 April Noctiluca scintillans
2 Audierne, off Goyen Estuary 4 May No sample collected
3 Concarneau® May N. scintillans
4 Quiberon Peninsula* May N. scintillans
5 La Trinté* May N. scintillans
6 Morbihan Gulf* May N. scintillans
7 Le Croisic* 3 June Gonyaulazx sp.
8 Vilaine Estuary* 8 June Prorocentrum micans and Peridinium sp.
9 Near Hoedic Island* June Noctiluca scintillans
Bay of I’Aiguillon, Vendéce* 9 June N. scintillans
La Palice, near La Rochelle* 9 June N. scintillans
Normandy coast, from Cotentin 2-14 June Gonyaulaz spinifera and G. polygramma
Peninsula to Seine Estuary™®
10 Le Croisic* June Gonyaulax sp.
11 Loire Estuary, several patches* 15 June G. polygramma+G. sp.
12 Near Noirmoutier Island 20 June Noctiluca scintillans
13 Loire Estuary* June N. scintillans+diatoms
14 Belon Estuary* July Peridinium punctulatum and P. sp.
15 Near Ushant 30 July Gyrodinium aureolum
16 49°N, 4°20'W 11 Aug. Noctiluca scintillans
17 Morgat* 12 Aug. Gyrodinium aureolum
18 Douarnenez T 25 Aug. G. aureolum
19 Paimpol, within harbour 11 Sept. ? Gonyaulax sp.
Le Harve, Seine Estuary, several 1-14 Sept. Prorocentrum micans+ Polykrikos schwartzii-+
occurrences® Exuviella sp.~+Pyramimonas sp.+Gonyaulax

spinifera-+unidentified species

* From records compiled by P. LAsSUS, Fisheries Institute, Nantes.
T Mortality of benthonic animals recorded.
1 Poorly preserved sample.
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20, MULLIGAN (1975) i c D L 5w ER D
YER &R A 18 - CRCFEEE U T RERE OB
ZHEBE L L THLNE L (Fig. 6), Dk
SR O E T S R, B MiEE
B EEEN HLEE LN ST wico
T, TE (cyst) OFEN RFOREBEEC 1A
FRhTWAZ L EE Liclhhidiis binv, T
MULLIGAN (1975) (% = @ 2B @ G. tamarensis
DIRFADREINEARBR DRTE LD DX EHE
BRERA LT, ERUTW5,

BOKBHEORMC B\ THEE S hhD e 7
i B L TA D &, Bl BAEBRE LBEbh
L EWEIRRO R OW ) RS WED T D,
B2y, 4 ¥ 9 AdEilk (Table 2) ki) 70—
IV I EREOREN ZRESIND L5 Teo
Fohy, T DUERIKIR Tk — B IR S R AR
B LIELERDI S,

PINGREE et al. (1975) % PINGREE (1978) @
BRI XD, o DOEROEHEREE) D FINTRE
IRIET 78 - 7o KEERK & FCiBA LIcinRKE
ORI OBTE (transition), F T EERICA LR
BB OB L (outcropping) D57 % WAE
b o Lk Fig. e =0 X 5 ISBIRE
WeRFAFIvr OB RE ST 2
Y v o—F Gyrodinium aureolum HULBERT T
&» 570

Chlorophyll @ 37 @ $HEKHZ R &, 7Kl
BECA - CEBESG L, FifgH# (frontal zone)
Ko T2 OBFEHI HE, BREOIRFC =
@ chlorophyll @ OEESHN BAII NIz, =D
L5 IR AR & I AT, — R EYRD
OFEEFTN T B,

DX BEETERWT, G. aureolum DI
EBRELY, G. aureolum DBIENZ BT 5 EHFEE)
(day-time upward migration) &5\ 7 h L FE
HELTwie v 7 i.7R 0 @ D &0
2, HHNIZDTZV s v OBEE NEDOHE
EERCR - TRETH EEE LI,

Trichodesmium erythraeum O FRE]TEZE WAL
BEEBIT, FENETRCET DI &b A2
Z 5, (water bloom) -~ % 72 1 Vermillion Sea (£
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Fig. 7. Upper: Chlorophyll a (mgm™) section
through the frontal region. Lower: Cor-
responding temperature section (°C). Sta-
tions A~G are located in the western entrance
to English Channel from off Ushant, French
Coast to off Lizard, Lands End, English
Coast. (PINGREE, 1978)

W) &b WA TB A Y 7 54 =7 EERT
1Y Gonyaulax polyedra, Ceratium furca ¥ LT
Gymnodinium sp. 15 ¥ % 8 518 & 4 % #FE B8R
ALELEHE I N T WS, S BOFREIE, Wi
b s ) 7 = 7O IRFERNFEC
RELTWABIC . 5 Twb, 78 ) FREC
HNTHRETE BN TS BV 7 V=710
BEoREZS S v 7 b im0k, KoFod (1911)
R ALLEN (1946) 7¢ &% i B <o b BHE
A ST & 72, Fiic Koromp (1911) xEE
i Gonyaulax polyedra T X% 7/ — AL Z %
FERELUTESNERL WA EXHEKL, ©
o1 CLENDENNING (1959) <% HOLMES et al.
(1967) %4, = Koroid (1911) %% FEFEL T
W,

Brasco (1977) %, =D # V7 x4 =7 Jiil
OFEBRIBCHL LT, PEER LBEL T RE
LRI 71 ) 7 > = 7 EEIRE BT
RELEFRICIHLDThotedy, HDHWILE
AHA /T ETBRLULBEEC X300 Wihi
THAHS EBRRT B,
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AR /IO KB, BEEEERT
BB BORELEEZL - TWb o ENHEER
nTwb, B, EA B ArEHE Y O
a2 L CHERDWVEEH LT 2 e AEDRED
D FEHT A, £LTC, #0744 =T RO

FHEENET S, =D X5 e JIFEREN REE
HE®AL, A4 WB TR o TE% BE
REL, 4 E~11F o BRYECET 5HET
B KL BELTRELRE, DX 5%
REBREM AL LIZL, 2O H V7 44 =TH
HREBRBC O OWTHHERER L LE I RE =F
NIREFINT: (KAMYKOWSKI, 1974),

HEEEEOERAMEAERYINTS cok
HIRESEINTIE XD L5 aBEOER N E T h
TWwh, 1) &0 FMITE FRMBRECIEED
FEBRERNAEZ HANRT WS, i) R#-ty 720
WEC ST U TED AV FRICELNS TH A )
LEIZER TR LT WA (ERC vy 2 2=
AETEEAC K 1-2km D3y P23 19744E 9
H'Sﬁﬁﬁémh) i) FREEDNESTH

DITVISHEBE T A R8EY <, FLTHK

\ﬁ®7@ﬁwmﬁgkéhé,W)} TZoD
EF LT — S AT < T‘/ﬁ}?ﬂdﬁi’l S8
DI, T B A IRLO XD TR < TR L
BOAKEREBNES, THERBTOIL— 1)

solar radiation

4
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organic advection)
compounds
]
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#é&:émﬂﬁﬁﬁ&hé%ﬁmmofb@
EH X SRLT WA,
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DFRENL, TV 7 PO B Ay — T
B D2 —v L HEECEBRNSLSL L, XK

BRSO OEIRIBIRT 45 L T A 0505

embayment type red tide
inland type red tide

/acce]eration of growth rate

. by hypertrophication and
> by growth promoter for
r-strategist (such as

dinoflagellates)

concentration mechanism based on
1-coupling plankton behaviour
~ with physical processes and on
,7  2-interaction between

g transport and internal waves

Darwinian type red tide (upwelling region)

fjord type red tide (Oslofjord, fjord-like
bays of northwest Spain)

frontal zone type red tide (English
Channel, Chesapeak Bay)

t —--- respiratory coefficient

g —=-- grazing coefficient

Fig. 8.

Diagram showing bloom sequence and red tide outbreak. (TsujiTa, 1981)
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BV,

Tsunta (1981) WEFIC B 5 RO H
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(1973), WyATT (1975), TYLER and SELIGER
A978) BEoFEH» DLEN NI ER S ETELE S
BECLBEBTHLDOTHS,

2. FERLEDHFRVRIE
KOFECREDOREBRCKIT S F5v 7 by
DEERIMCBE T 5 ABEERO e, F5v
7 bV IERERS E R LT, FORZERIA
AR S BRRsis b, Hib, WBHTRTR 75 v
7 PV ORI, KEOYEEE (KE s
LAKDES, B, BERE) Wi T EYE
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SEIWELL (1937) Xt RPEEE O EMA B DT
FIRIT 2 A T, Z OIERER SO ZREELH
BiL, X5 SVERDRUP and FLEMING (1941)
N OFERAIRE L 7218, SVERDRUP ¢f al. (1942)
FC Lo T, ZOIFRERD D KERIZT MG
BEE LB D %, ZOHERCK T, WED
H LM BT HIERERS S ORHZE X
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0t ox\p odx/) dy\p Oy

CORDGHOEBOTCR OIS RN % 1
BELTCWDEYZHENEYRL TW 5,
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i HIERERSIEE © BRI, BRBIERD
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DEREY - O RICEBA LT, WHECRT 5EY
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LR BEMSMATOBHE Y T, HEW
TEAT OS2 (RILEY ez al., 1949),
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FinERY L ou T OB, HRERIE, HERE
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TF5v 7t v ORZER A OE@FE N R
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, ZHISIEBDIE A/p (9%p/02%) Lich, %7z,
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RICESSBE, b 0p/ot—0 B2, oMk
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LB ENTE S,
WoT, Y757 b VEENBRTLIES,
EYRREEN PEORE L D RELS R D, 7
bb
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CORDEZHAT, YT S5y 7 N OEEST
IR IR D H LI LAY, AR pn
DREWT EBREET, KL HERED/NE W
ENBETH D, —F, AHCRLAD HERAE
DETX /NS BRTHDBHE, Y75 7 b
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Table 3. Selected references to field observations of the biological effects
resulting from dynamic physical processes. (HAURY ez al., 1978)

Gyres

Currents

Eddies

Rings
Upwelling
River Plumes
Island Wakes
Internal Tides
Billow Turbulence
Seiches

Oceanic Fronts
Vertical Shears
Internal Waves
Convective Cells

McGowan, 1971, 1974.

Schroder, 1961.
Colebrook, 1960.

Angel 1968.

McGowan, 1971; Buckus et al., 1977; Reid et al., in press.

Brinton, 1976; Omori and Gluck, in press.

Wiebe et al., 1976; Wiebe and Boyd, 1978; Chamberlain, 1977.
Cowles et al., 1977; Walsh et al., 1977.

Calef and Grice, 1967; Kinzer, 1969; Pearcy and Mueller, 1969.
Sette, 1955; Uda and Ishino, 1958.

Kamykowski, 1974, 1976.

Uda, 1959, 1973; Colton et al., 1975; Pingree et al., 1976; Savidge, 1976.

Schrider, 1962; Fisher and Squire, 1975.
Oven, 1966; Stavn, 1971; George and Edwards, 1973.
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RAGOTZKIE and BRYSON (1953) I X »THH L
MW ERTz, TR, BT 5V 7 v Ok &
BAECEET 5 HR L EETh T, B S 7 7
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DAL BEBELTVAZ ERETL LI, - OB
Rt SE, iR —EOEY S5 v 7 v
DAGEHREFY 7S5 v 7 P vie 2T LR
L, ZREERL HAR Eéé‘% R D% BT
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i
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X 78 & - 7o DL ASTHEIMER (1983) Tk
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VICE LMo ERCE - Ay TS 2 b D
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KIERSTEAD and SLOBODKIN (1953), SKELLAM
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Developmental stages of a spring bloom patch in stratified water
XY
A B

et of ex ia un -
hrough
orable Conditons Expansion through mixing processes’

Asymmetric verfical distrbution i a
density  gradient

Steady stale of growth rate and diffusion

Fig. 9. Model for the first developmental stages
of the spring bloom in stratified water, start-
ing from a single patch nucleus (A) to a
fully developed bloom (D). Detailed descrip-
tion in the text. (ASTHEIMER, 1983)
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Résumé: 1’efficacité des cdtes et rivages de la mer est décrite au point de vue de I’aménité.
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Information needs for ocean waste disposal*

Edward D. GOLDBERG**

1. Introduction

The information needs to assess the feasibility
of oceanic waste disposal come from a number
of disciplines—science, engineering, economics,
sociology, among others. That body of knowl-
edge which is necessary for an appropriate as-
sessment by governmental bodies responsible for
managing the environment can be designated as
“‘essential information”’.

However, offtimes there are demands by special
groups for additional information to satisfy their
concerns, either real or imagined. Such ad-
ditional entries to the decision making process
can be characterized as ‘‘excess information’’,
data over and above that needed to make a
satisfactory evaluation.

Finally, there is a large volume of ‘‘extrane-
ous’” or ‘‘irrelevant information’ churned out
by the academe, industry or government, reports
that are not aimed at the solution of problems
or the answering of pertinent questions but at
the satisfaction of individual or group needs to
be doing something about ocean waste disposal.

There are several compelling reasons to mini-
mize the production of ‘‘excess information’” and
“extraneous information’’. First of all, infor-
mation has a cost. The identification and aqui-
sition of the essential data utilize available human
and non-living resources such as ships, com-
puters and scientific instruments. Clearly, ad-
ditional expenses are incurred to the overall
process through the dilution of any of these
resources in the gathering or manipulation of
superfluous information.

Also, there is the problem of the retrieval of
knowledge. As data banks, abstracting services
and the scholarly literature accumulate ‘‘ex-

* Received May 24, 1984. The B. H. Ketchum
Award Lecture, Woods Hole Oceanographic
Institution, April 30, 1984.

** Scripps Institution of Oceanography, La Jolla,
California 92093, USA

traneous information’’, the finding of the ‘‘es-
sential information’’ becomes more and more
time-consuming. Sometimes these latter data
are obtained two or more times because of the
difficulty in extracting previously existing infor-
mation from the literature. This situation is
designated by Professor John Craven of the
University of Hawaii as one of ‘“‘information
entropy increase’’, an apt description.

Herein, I will cosider these problems of the
“call for excess information’ and the ‘‘state of
increasing amounts of irrelevant information’
in the scientific arena. Finally, I will address
the identification of ‘‘essential information’ in
marine waste disposal assessment. I will con-
clude that such information is usually obtainable
with one exception and can be well circumscribed.

2. Extraneous information

The large number of trivial papers in the
“black and white’’ and grey literature poses an
easy target for criticism. An appraisal of any
issue of the international journal MARINE
POLLUTION BULLETIN, for example, reveals
the majority of the reports have no obvious
relevancy to the political process of protecting
environmental resources. But it must be empha-
sized that many of these presentations do come
from mission-oriented governmental agencies and
there has been a cost in the prosecution of the
research. In a brief examination of this prob-
lem of ‘‘extraneous information’> I would like
to consider a recent publication that might well
be described as an exotic.

The research involved the concentrations of
the anthropogenic, chlorinated hydrocarbons
(PCBs, DDT and dieldrin) in cats on a remote,
uninhabited island of the Southern Ocean, Marion
Island. (GARDNER, 1984).

The cats are at the apex of the food chain and
they feed primarily on burrowing seabirds. The
concentrations of DDT residues and the PCBs
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in their fats are unusually high with means of
14 and 30 parts per million wet weight respec-
tively.

But of what use are these data to the South
African National Institute for Water Research
that sponsored this investigation or to the world
environmental science community ? The high
levels of the PCBs exceed those of the U.S. Food
and Drug Administration for the consumption
of animals as human food. Yet there are no
individuals who prey upon these cats. But what
about the health of the cats? There is no indi-
cation that the sponsoring agency has any intent
of pursuing this issue. The island’s relative
isolation from human society indicates that long
range atmospheric transport of these anthropo-
genic substances is responsible for their high
levels in the cats. However, the disposition of
these substances about the southern hemisphere
is well documented and attributed to long range
atmospheric transport.

Is there any value in these data ? The concen-
trations in cats really can’t be compared with
those of other mammals such as seals or por-
poises for which there do exist data for other
parts of the world. To my knowledge there
are no analyses on cats elsewhere.

Still the concept of using cats as sentinel
organisms for pollutants is attractive. The
symptoms of the Minamata Bay Disease which
was a consequence of the ingestion of methyl
mercurials in seafoods were first detected in cats.
My critique of the presentation—an interesting
idea accompanied by ‘“‘extraneous information’.

3. Excess information

Citizen groups often call for more information
than the professional community has supplied in
the consideration of an environmental problem.
Clearly, important omissions may be identified
by them. Such calls may be used also as self-
serving or delaying tactics in reaching a solution
for the problem. The recent issue concerned
with the disposal of decommissioned, defueled
submarine reactor plants provides a case in point.

The problem involves the disposal of the reactor
compartment made radioactive by the neutrons
which had travelled away from the nuclear
reactor. The reactor will have been removed
from the submarine and stored separately. The

U.S. Navy has 120 nuclear powered submarines
now in operation and 100 of these will be taken
out of service within the next 20 to 30 years.
Already five have been placed in protective
custody awaiting the decision as to the disposal
strategy. .

The United States Department of the Navy
had prepared a Draft Environmental Impact
Statement assessing several disposal options on
scientific, engineering and economic bases (NAVY,
1982). The first involved land storage of the
radioactive part of the submarine at the Savannah
River Plant in South Carolina or at Hanford,
Washington, both presently existing sites having
disposal facilities. An alternative would be the:
sinking of the entire submarine to the seafloor
in waters deeper than 4.0 km, far from a U.S.
coast.

The assessment of the options involved po-
tential impacts upon the environment, the use
of resources such as land or materials, the impact
upon ecosystems, the effects on public health
especially upon shipyard workers where protective
custody takes place and the relative costs. Sea
disposal appeared to be the least costly option.
There were no evident impacts upon public
health through exposure to radiation in the land
or sea disposal options. Twenty years of pro-
tective custody results in some radiation exposure
to the shipyard workers and in substantial costs.
The impacts upon ecosystems were found to be
trivial for either land or sea disposal. All in
all, the assessment prepared by fifteen scientists
appeared to me as substantial and thoughtful.
Clearly, there were other alternatives that might
have been examined. But such information
gathering would have added additional costs to
what appears to be an already expensive under-
taking.

An environmental group, the Oceanic Society,
challenged the validity of the undertaking. The
fundamental concern centered ‘‘on the absence
of detailed knowledge about many aspects of
deep sea ecology’’. Calls for additional data
involved a study of potential pathways of the
radionuclides through the marine environment,
of the possibility of the accidental sinking of a
submarine while being towed to a disposal site,
and of the effectiveness of the monitoring pro-
gram (OCEANIC, 1983). Further, their evalu-
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ation expressed dissatisfaction with the presumed
irretrievability of the submarines if sunk to the
seafloor. However, recent technologies are capa-
ble of recovering vessels from the ocean’s bottom.
The Oceanic Society also argued that there were
inadequate considerations given to the land dis-
posal alternatives, especially a novel concept of
the use of arid areas where corrosion would be
presumably less.

How is such a call for additional information
to be evaluated? This is a vexing question.
First of all, is this a self-serving request? The
Oceanic Society seeks to maintain the oceans in
as pristine a state as is reasonably possible.
They are less dedicated to the maintenance of
natural resources on land. Are the assembled
experts who drafted the Oceanic Scciety paper
reputable and knowledgable about the issues?
The Committee Membership who prepared the
document included nine people, two of whom
have dissociated themselves from the activity.
The Oceanic Society document of 26 pages with
only generalizations must be compared to the
Navy’s detailed presentation of around 400 pages.

learly, the Oceanic Society activities can lead
to extended protective custody of the vessels with
the predicted increased costs and increased radi-
ation exposure to the shipyard workers.

How is it possible to ascertain whether the
Oceanic  Society is seeking ‘‘essential infor-
mation’’? The answer is of great importance
to the Navy, which will incur additional infor-
mation gathering expenses if the report has
valid criticisms. Who then will assess this
report? Perhaps the regulatory agency which
has jurisdiction over the disposal process. Per-
haps it will be the judiciary in the case that the
Navy and involved governmental agencies make
a decision that is unacceptable to the Oceanic
Society which can then litigate.

4. The problem of waste disposal in the U.S.

Each year in the United States there is gener-
ated about one ton of hazardous waste per
person (OTA, 1983). Hazardous wastes are de-
fined as those that pose a substantial present or
potential hazard to human health or to the
environment when improperly treated, stored,
transported or disposed. To a large extent they
come from chemical industry. About ten times

this value, or ten tons per person per year, of
benign wastes are produced. Where do these
wastes go? Most are discharged on land and
herein is the dilemma. About fifty percent of
the U. S. population lives within 100km of a
major coast, including the Great Lakes, where
the major material utilization takes place (CEQ,
1981). The rate of population increase is greater
for the western and southern states where con-
tiguous sea waters will look more and more
attractive for waste disposal with time. Legally,
ocean discharge of most wastes is prohibited or
discouraged today. Still, the oceans appear to
be underused for the acceptance of both industrial
and domestic wastes (NOAA, 1979).

There are some compelling reasons to reduce
waste discharges to land. First of all continued
land disposal is jeopardizing the quality of U.S.
ground water, which through wells furnishes
drinking water to about 509, of the population.
Ground water accounts for about 49 of the
water in the hydrologic cycle, second only to
the marine waters which constitute about 94%.
Incomplete and conservative estimates of the
extent to which the waters are polluted by
industrial and domestic waste disposal practices
range between one and over two percent (PYE
and PATRICK, 1983).

Especially disturbing is the present husbandry
The CEQ (1981) indicates
that most of these wastes are disposed of on
land—only ten percent adequately. Only two
percent are recovered or recycled. Disposal tech-
niques involve lagooning in unlined surface im-
poundments (509,), dump and landfilling (30%),
uncontrolled burning (10%) and deep well in-
jection (109;). Since none of these methods
contain the waste effectively, there has resulted
this contamination of ground and surface waters.

These potentially hazardous wastes are pro-
duced in a rather restricted region of the U. S.
(CEQ, 1981). The area around the Great Lakes
generates the largest amounts which come from
six industries: batteries, primary metals, electro-
plating, special machinery, paints and waste oil
from refining. The Gulf States, another large
generator of hazardous wastes, were highest in
the production of inorganic and organic chemi-
cals, explosives and pesticides and in petroleum
refining.

of hazardous wastes.
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5. Why the oceans?

The history of both hazardous and benign
waste disposal into the oceans provides guidance
for possible future activities. The United King-
dom has put thousands of kilocuries of radio-
nuclides from its nuclear establishments without
any identifiable loss of marine resources (HUNT,
1982).
now are concerned that present discharges are
posing a health hazard. The coastal ocean off
southern California has been receiving the do-
mestic and some industrial wastes from 11 million
citizens without any evident long term damage
to the marine ecosystems or challenges to public
health (NOAA, 1979). There was an incident
of DDT discharge from a manufacturing plant
through sewer outfalls that did impact upon
pelican populations. However, the problem was
identified and the pesticide release stopped.

The well documented marine pollution problems
have in general been localized to the coastal and
estuarine environments with point source inputs
For example,
the Minamata Bay mercury poisoning episode
involved the direct discharge of methyl mercuri-
als to a water body of restricted circulation.
The toxins ascended the food chain reaching
the apex in humans and cats.

Rivers and airs transfer the residues from
continental weathering processes to the oceans.
This is nature’s way of handling wastes. Asa
consequence, seawater has a composition that
is toxic to most terrestrial organisms. Further,
the oceans possess a self-cleansing ability, through
the actions of organisms and through sedimen-
An obvious
tactic then is to imitate nature and to discharge
some of our unwanted materials to the oceans
when only slight permutations of seawater com-
positions result.

Concerns about unacceptable impacts on marine
ecosystems and public health must be continually
assessed. I have argued that two main marine
problems today arise from the entry of phosphates
and nitrates into the oceans with the possibility
of eutrophication in coastal waters and from the
increasing and promiscuous use of hard pesticides
in the tropics and in the southern hemisphere
(GOLDBERG, 1983).

However, there are some scientists who

such as oil releases from ships.

tation, to remove alien materials.

6. Essential scientific information for the
ocean option

The scientific information necessary to ascertain
the ability of an aquatic environment to accept
wastes has been systematized over the past
several decades, perhaps most succinctly by the
United Kingdom scientists in their regulation of
discharges of artificial radionuclides to coastal
waters (PRESTON, 1975). A triad of data sets
is necessary for a provisional assessment: (1) the
composition of the wastes; (2) the dilution factors
of the waste following introduction to the re-
ceiving waters such that exposure levels can be
estimated; and (3) the enumeration of marine
concentrations that can cause unacceptable im-
pacts upon living or non-living marine resources.
All of these informational needs are intimately
connected to each other.

This information, if properly utilized, will
allow a surveillance program to be designed to
constantly monitor the pollutant levels and pos-
sible effects of the discharges upon the most
sensitive populations. The strategy has been
followed in the United Kingdom for radioactive
waste disposal. Annual reports are made for
the public. Clearly, their goal is to create a
perception of environmental acceptability for the
radioactive waste disposal program.

Perhaps, the concept of the assimilative capacity
(NOAA, 1979) effectively addresses this problem
of environmental acceptability. As originally
defined, it was ‘‘the amount of material that
could be contained within a body of seawater
without producing an unacceptable biologic im-
pact’”’.  The amount, essentially determined by a
titration of polluting substances in the discharged
material with the water body, becomes evident
at an endpoint.
are determined before the endpoint is reached
might be classified as checkpoints. Now the
identification of the endpoint is clearly a part of
the essential information demanded by environ-
For example, the endpoints
have been determined for single substances or

Pollutant concentrations that

mental scientists.

groups of substances with like characteristics:
the 1.0 part per million by wet weight of mercury
or the 5.0 parts per million by wet weight of
PCBs in fish consumed by humans. The end-
points for damage to marine organisms and the
communities to which they belong are far more
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difficult to define. Clearly, a mass mortality is
unacceptable. But is an alteration of the com-
munities of organisms inhabiting five percent of
the area of the southern California Bight region
as a consequence of sewage discharge acceptable
or not? Can one define the endpoint as the
1%, 5% or 10% value? This type of problem
simply must be faced and will require some in-
novative and novel concepts for resolution.

The flux and nature of the wastes to be dis-
charged are a part of the essential information.
The chemical or physical composition can govern
the type of endpoint to be considered. For most
purposes we can consider two types of discharge
~—domestic and industrial. There is a marked
similarity in the composition of urban sewage
and urban sewage sludge from one place to
another. Industrial wastes are highly variable
in make-up and are source specific.

Where should our concerns be with respect to
protecting the environment and public health
from these domestic discharges now entering
many coastal regions?
analyze discharges for say the 129 priority pol-
lutants of the U.S. EPA on anything but a
random and irregular basis. What does con-
ventional wisdom tell us about pollutants that
can endanger marine resources? We are clearly
aware of past problems with mercury and with
the halogenated hydrocarbons. We recognize
that the levels of organic matter can exhaust
ambient levels of a dissolved oxygen gas and
perhaps lead to unacceptable zones of anoxia.
Our colleagues in Europe have argued that there
can be an epidemic of renal dysfunction through-
out northern Europe and perhaps in the United
States through continued intake of present levels
of cadmium in food, water and air (HUTTON,
1982). Cadmium contents in certain bivalves
can be markedly enhanced by anthropogenic in-
puts to estuarine and coastal waters. But all in
all, there are not a large number of materials
in domestic wastes worthy of measurement on
the basis of what we know now. Also, the
information is site specific, for if there are no
organisms in a disposal area that concentrate
cadmium, there is little reason for extensive
measurements of this metal in the discharge.

The problem of what information about in-
dustrial wastes is essential for the consideration of

Clearly, one cannot

the ocean as a waste receptacle is much more
complicated. Perhaps, the rational approach is
to consider separately wastes in containers and
dispersible materials. In the former case, the
high level radioactive wastes provide a text-book
example of a proposal for deep ocean disposal
of very toxic materials. Clearly, the composition
of the materials is essential—some could leak to
the overlying waters via diffusion in the sedi-
mentary column. For modeling studies, their
amounts and forms are requisite information.
Similar considerations can be given to tanks of
chemical warfare gases where again leakage
following deep ocean disposal can take place.

For most industrial wastes for which there is
the possibility of dispersal, as opposed to disposal
in containers, the identification of what is essential
compositional information rests with a knowledge
of the sources. But of greater importance is
the singling out of the substance or substances
within a waste that can define an endpoint. In
the disposal of artificial radionuclides into the
oceans from nuclear establishments of the United
Kingdom, those radionuclides which could affect
humans through ingestion of seafoods or through
exposure in beach areas have been identified.
Endpoints were then defined on the basis of
acceptable limits of radiation exposure by the
International Commission on Radiological Pro-
tection.

There are two impediments to the adoption
of this strategy to most industrial and domestic
wastes. First of all, there is the problem of
identifying which, if any, of the many com-
ponents could challenge public health through =
return via the food chain from the site of dis-
charge or could disrupt other living resources.
Secondly, the radionuclide waste disposal problem
primarily concerned impacts upon human health.
Yet, the normal concerns with the discharge of
non-radioactive wastes relate to impacts upon
the marine biosphere. As yet there are no
accepted field measurements of sub-lethal impacts
which could be judged as acceptable or un-
acceptable. Although there has been success
associated with the U.S. dumping of industrial
wastes in the slope waters off New Jersey, the
materials have been more or less benign in nature
(NOAA, 1979). The tantalizing issue is whether
or not we can rationally discharge some amounts
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of hazardous wastes into offshore waters.

The vast and bewildering number of compounds
that exist in industrial as well as in domestic
wastes clearly cannot have their environmental
effects evaluated on a one by one basis. We
are still groping for the identities of culprit
compounds in pollution problems—the case of
finrot in fish which is evident in waters receiving
domestic wastes. We are not yet aware of the
circumstances that give rise to the disease al-
though it is apparently associated with organic
materials. Thus, endpoints for waste disposal
most probably will depend upon tests for groups
of compounds that have deleterious effects upon
living systems.

I pose as an example of such a group test
that might be useful—the measurement of genet-
ically active substances (GAS), compounds that
alter the sequence of bases on DNA, thus altering
the encoded genetic information. The impact
of these substances can be carcinogenic, muta-
genic, or teratogenic. The mutagens are found
naturally occurring and are produced by human
society. They encompass a wide variety of sub-
stances from such organic materials as aflatoxins
(fungal toxins) to the combustion products such
as benzo(a)pyrene, to radionulides to metals and
Although it is difficult
to generalize about any specific characteristics
they might possess, many are bicaccumulated
by marine organisms and can pose dangers to
them as well as to any human predators.

There are some general tests for genetically
active substances, perhaps the most famous is
the ‘““Ames Test” in which bacterial populations
(Salmonella typhimurium) are exposed to the
suspected substances. The number of mutant
bacteria produced by such an exposure, compared
to those in controls, provides a quantitative
measure of mutagenicity and inferentially of
carcinogenicity. The test has the advantage of
simplicity, inexpensiveness and sensitivity. The
assay has been used in many studies of mutagens
in waters.

petroleum hydrocarbons.

It is highly possible that similar simple assays
for mammals and other higher organisms will

be devised in the future. Some investigators

argue that chromosomal damage offers a similar

type test.
But important problems relating to the adop-

tion of such tests remain. What is the level of
carcinogens that can be tolerated in the environ-
ment, either with respect to the protection of
human health or to organisms? Clearly, the
results will involve the antagonistic or enhancing
activity of one mutagen upon another or some
substance upon a mutagen. Still, the concept
of such general tests is appealing especially to
those responsible for managing the environment.

The essential information triad is completed
with knowledge of the dilution factors at the
discharge source and the subsequent environ-
mental levels as a function of distance from
the source. This sets up the exposure problem
from the injection of the waste into coastal
waters. The dilution problem involves the goal
of not creating an unacceptable zone of pollution.

The physical processes that disperse the wastes
and consequentially reduce the exposure levels
include movement by currents, mixing by turbu-
lence and gravitational settling. Biological proc-
esses can also act to enhance the settling or
deposition rates.

These physical processes vary as a function of
season and of location and are dependent upon
tides, weather and large scale water movements.

Of primary importance is the initial dilution
of the waste whether introduced into coastal
For disposal
sites, the long term concentration,
modeled on a steady state situation assumes

waters from a barge of a ship.
initially

continuous or routinely episodic inputs.

Finally, the identification of the proposed waste
site must take into account any unique ecosystem
that might be endangered such as a mangrove
area, a coral reef, or the habitat for unusual
species. Further, there should be an awareness
of any commercially utilized species of plants or
animals.

7. Overview

Like Gaul, the essential scientific and tech-
nological information to consider the marine
disposal of wastes can be divided into three
parts: the source term; the impact upon marine
resources; and the mixing or dilution with the
receiving waters. The three sets of information
are site specific and are interrelated. With such
data, monitoring or surveillance programs can
be devised to ensure that unacceptable impacts
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have not or are not possible of attainment in
the near future. All three are necessary before
the discharge strategy is devised. But perhaps
of greater importance is the sense that all three
are available today with the exception of impacts
upon ecosystems. Here, perhaps it is best to
procede on an ad hoc basis. And here, of course
is the greatest need for innovative research.
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Eaux froides des profondeurs

—une ressource en énergie des mers—*

Kenzo TAKANO**

La plupart (94%) des eaux terrestres se trouvent
dans les mers. L’eau de mer est froide: 76% de
son volume sont A une température inférieure
a 4°C et 93% en sont & une température in-
férieure a4 10°C. Sa température moyenne est
de 3,8°C, tandis que l’eau de mer de surface
est & une température moyenne de 17,8°C. Ici
je me propose de décrire briévement dans quelle
mesure cette énorme masse de l'eau de mer
froide est utile comme ressource en énergie.

1) Refroidissement des centrales

Une fraction importante des centrales thermi-
ques et nucléaires est installée au bord de la
mer pour diverses raisons, dont une est le re-
froidissement de la centrale a ’eau de mer. Les
eaux sortant de la centrale sont plus chaudes et
moins denses que les eaux ambiantes dans la
zone de rejet. Elles vont alors s’étaller a la
surface et former une tache thermique localisée,
qui peut avoir un effet écologique trés grave.

Si la centrale est refroidie a l'eau des pro-
fondeurs au lieu de Peau de surface, le débit
diminuera considérablement parce que celle-la
est beaucoup plus froide que celle-ci. De plus
la température des eaux sortant de la centrale
n’est pas si supérieure a celle de l'eau dans la
zone de rejet et peut étre méme inférieure. La
formation de la tache thermique est ainsi sup-
primée. 1l n’est donc plus a craindre que 'eau
tiede de surface sortant de la centrale soit re-
circulée dans la centrale.

Comme les eaux des profondeurs sont pauvres
en &tre vivant, les parois intérieures des tuyau-
teries sont protégées contre les salissures d’origine
biologique. Cela est un autre avantage.

2) Energie thermique (ETM)

Les eaux froides profondes sont utiles comme
source froide d’une machine thermique dont la

* Manuscrit recu le 2 aofit 1984

** Institut des Sciences Biologiques, Université de
Tsukuba, Ibaraki-ken, 305 Japon

source chaude est fournie par les eaux chaudes
de surface.

L’exploitation de 1’énergie thermique de la
mer (ETM) vient d’entrer dans une phase active
dans plusieurs pays, alors qu’il existe toujours
des polémiques entre ceux qui voient une im-
mense source d’énergie propre sans pollution
dans la différence de température de Peau de
mer et ceux qui y voient les installations gigan-
tesques cofiteuses et économiquement unréali-
sables. D’aprés des estimations récentes, 'ETM
est probablement pleine de promesses au point
de vue du prix du kilowatt installé et du coft
du kilowattheure & co6té d’autres ressources en
énergie des mers: énergie marémotrice, énergie
des vagues et énergie des courants.

8) Climatisation

L’électricité produite par une usine ETM peut
faire fonctionner le climatiseur. Cependant, I’eau
froide pompée en profondeur peut étre conduite
directement a I’échangeur thermique d’un clima-
tiseur, sans la conversion électrique. Si I’énergie
électrique mettant un seul climatiseur en service
est utilisée pour le pompage et la circulation des
eaux froides profondes qui sont amenées directe-
ment a des climatiseurs, elle peut faire fonc-
tionner quelques centaines de climatiseurs au lieu
d’un seul, dans une région tropicale favorable ol
le fond s’incline brusquement vers le large et les
eaux profondes sont de facile accés de la cote
(STEVEN, 1974, rapport inédit). En outre 'eau
douce est fournie comme sous-produit des échan-
geurs thermiques.

4)  Aquiculture

Le pompage des eaux profondes fertilise les
couches de surface, car le sel nutritif est plus
abondant en profondeur qu’en surface. Les eaux
profondes rejetées aprés lutilisation a 'ETM ou
au climatiseur sont plus froides et plus denses
que les eaux de surface dans la zone de rejet.
Par suite, la stratification des couches de surface
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est affaiblie et le mélange vertical des eaux est
renforcé, ce qui conduit A fertiliser encore plus
les couches de surface et au développement de
I’aquiculture.

5) Extraction de I’ eau douce de I’ atmosphere

Un des problémes a résoudre dans un grand
nombre d’iles isolées est la provision de l'eau
douce.
méthodes physico-chimiques est une solution.
Une autre solution serait la condensation de la
vapeur d’eau contenue dans ’atmosphére par
les eaux froides pompées en profondeur. La
pression de la vapeur d’eau sur la surface de la
mer est de 20 & 30 mb dans les régions tropi-
Elle est & peu prés équivalente a une
teneur d’eau de 15 4 22 cm?® par un métre cube
d’air. Si la vapeur d’eau était toute entiere
condensée sur une surface de 1 m® d’un conden-
seur perpendiculaire au vent a4 une vitesse de
10 m/s, on obtiendrait de I’eau douce de 15m?
par jour. En réalité, le rendement du conden-
seur n’est pas si élevé et le vent n’est pas
GERARD et WORZEL
(1967, 1972) suggérent tout de méme que cette
méthode peut étre praticable. Elle sert aussi
a un climatiseur de grande échelle; I’extraction
de la vapeur d’eau abaisse ’humidité de ’atmos-
phére au-dessus de lile et fait le milieu agré-

Le dessalement de ’eau de mer par des

cales.

toujours si fort non plus.

able, surtout dans la région tropicale humide.
D’ailleurs, il n’y a pas de rejet de 'eau a sali-
nité élevée.

6) LEnergie solaire

Le rejet des eaux froides en surface stabilise
des couches inférieures de [’atmosphére, alors
que’il déstabilise des couches supérieures de la
mer. Il empéche ’atmosphére de monter vers

soleil

condenseur

iy

collecten
1iénergie s

maisons climatisées,’

usine

-féservoir
,* d'eau couce

centrale thermique

’ Q
et NG~ - T e T
- ETH

tuyau d'amenge \}

le haut pour former les nuages et augmente
Pénergie solaire incidente & la mer et A la terre.
Cela est une bonne situation pour [utilisation
de ’énergie solaire, bien gqu’elle puisse donner
lieu a la formation de brouillards locaux.

Quand le ciel est peu couvert, la surface de
la mer et de la terre est bien chauffée pendant
la journée et bien refroidie pendant la nuit. Le
contraste thermique de jour et nuit est alors
accentué. Le vent de terre et de mer est bhien
developpé. Cela est une condition météorologique
favorable a l'utilisation de 1’énergie des vagues
aussi bien qu’a D'extraction de 1’eau douce de
I’atmosphére par 'augmentation du débit d’air
passant le condenseur. En outre le mélange
vertical actif des eaux perturbées par le vent
améne ’eau profonde nutritive vers le haut en
faveur de l'aquiculture.

Figure 1 schématise les modes d’emploi des
eaux profondes.

Ressource

L’eau de mer de surface tiéde chauffée en
basses latitudes est refroidie au cours de son
mouvement global vers les régions en hautes
latitudes. L’eau de surface bien refroidie a basse
température et 4 haute salinité descend vers les
profondeurs et remplit les couches profondes dans
les océans mondiaux. De cette maniére la dif-
férence de température est établie entre les
couches de surface et les couches profondes.

WICK et SCHMITT (1977) ont évalué la res-
source mondiale en énergie thermique en faisant
les hypothéses: (i) la différence de température
entre la surface et une profondeur de 400 m est
12°C en moyenne, (ii) la couche de mélange de
surface a une profondeur moyenne de 100 m, et

éclienne

dispositif de récupération
de 1'énergie des vagues

- \_~

tuyau d'amenée
d'eau froide

Fig. 1. Utilisation des eaux des profondeurs
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(iii) le taux de renouvellement de la masse d’eau
profonde est de 1000 ans. Cela posé, il vient:
P=E/t=pcVAT/t,

o P est la puissance thermique renouvelable,
E Pénergie thermique, ¢ le taux de renouvelle-
ment, o la densité de I'eau de mer, V le volume
de Peau dans la couche de surface, ¢ la chaleur
spécifique et 47 la différence de température.

Cette relation donne P=50Xx10"*W pour V=
3x10%m3. Compte tenu du faible rendement
de Carnot (4 %) pour une petite différence de
température, la puissance disponible est de 2X
102W au maximum. Il faut un débit de 2,5 a
4m®/s & la source froide d’une usine ETM pour
produire 1MW électrique par la technologie
actuelle. Il s’ensuit donc qu'un débit de 5 a 8%
10%m3/s est nécessaire pour produire 2x102W
Il convient de noter que le taux de
production de la masse d’eau froide en hautes
latitudes est estimé & quelque 40x 10%m?®/s.

BrIN (1979) a évalué la ressource mondiale d’
une autre maniére. Le volume de leau froide
d’une température comprise entre 0°C et 4°C est
1,04 x 10*®m?® (76% du volume totale). Son age
mesuré par la méthode carbone 14 est de 400 a
2000 ans. Si
ans, on a le taux de renouvellement:

1,04 x 10'¥m? /1000 ans =34 X 10%m?/s,

qui est en accord avec le chiffre ci-dessus 40X
10°m?/s. Comme un débit de 2,5 & 4m?/s est
nécessaire pour 1MW électrique, la puissance
thermique existante est de 0,8 & 1,4x108¥W,
qui est & peu prés égale a la consocmmation

électrique.

’Age moyen est supposé a 1000

mondiale de la puissance actuelle.

Le chiffre de 0,8 & 1,4x 10¥W n’est toutefois
pas la puissance renouvelable. Cette derniére
devrait étre beaucoup plus faible. Le pompage
des eaux profondes diminuera la ressource en eau
froide, car il accélére la circulation générale de
I'eau de mer et zffaiblit la différence de tempé-
rature, soit horizontale soit verticale, en rédui-
sant la durée de chauffage et de refroidissement
de Veau de surface.

Cet effet du pompage est évalué d’une maniére
approchée par un modéle simple montré dans la
figure 2. L’océan se compose de trois boites;
deux dans la couche de surface en basses et
hautes latitudes et une en profondeur. La
température dans chacune est désignée par 71,
T, et T5. Le débit entre deux boites voisines

’T -]
N T R L
N i
v v
T3

Fig. 2. Modéle 2 trois boites

est désigné par V et I'énergie thermique entrant
ou sortant & travers la surface par Q. En état
permanent, on a:

ocV(Ts—T)+0=0 et pcV(T1— T+ Q=0.
Il vient alors:

Te=Ts et AT=T1—To=T1—T5=0Q/(ocV).

En supposant que le débit V augmente a kV
(k>1) par suite du pompage et que le flux de
chaleur en susrface n’est pas changé, on a la
différence de température 477 aprés intervention
du pompage:

AT =Q/(ockV)Y=4T/k.
La différence de température se réduit de 9%
si le débit augmente de 109 (k=1,1).

Dans la nature Q diminue quelque peu suivant
le changement dans la température de l'eau de
surface. La diminution de 7 et ’augmentation
de Ts augmenteront Q de fagcon & modérer I'effet
du pompage, pourvu que la condition atmo-
sphérique ne soit pas changée.

Les estimations ci-dessus permettront, bien que
trés grossiérement, de prendre un apercu global
de la ressource en eau froide et son changement
possible par le pompage.
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