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Preface

Pregented during the ninth session of the
Assembly of the Intergovernmental Oceanographic
Commission, this series of lectures is dedicated
to the memory of the noted Danish oceanographer
and first Chairman of the Commission, Dr. Anton
Frederick Bruun. The "Bruun Memorial Lectures"
were established in accordance with I0OC resolu-
tion VI-19 in which the Commission proposed that
important inter-sessional developments be sum-
marized by speakers in the fields of solid earth
studies; physical and chemical oceanography and
meteorology;and marine biology. The Commission
further requested Unescoto arrange for publication
of the lectures and it was subsequently decided to
include them in the "IOC Technical Series",

Anton Bruun was born on 14 December 1901,
the first son of a farmer;however, a severe attack
of polio in his childhood led him to follow an aca-
demic, rather than agrarian, career.

In 1926 Bruun received a Ph.D. in zoology,
having several years earlier already started work-
ing for the Danish Fishery ResearchlInstitute, This
associationtookhim on cruigsesinthe North Atlantic
where he learned from such distinguished scientists
as Johannes Schmidt, C.G. Johannes Petersen and
Thomas Mortensen,

Of even more importance to his later activities
was his participation in the Dana Expedition's cir-
cumnavigation of the world in 1928-1930, during
which time he acquired further knowledge of animal
life of the sea, general oceanography and techniques
in oceanic research,

In the following years Bruun devoted most of
his time to studies of animals from the rich Dana
collections and to the publication of histreatise on
the flying fishes of the Atlantic, In 1938 he was
named curator at the Zoological Museum of the
University of Copenhagen and later also acted as
lecturer in oceanology.

From 1945-1946 he was the leader of the Atlan-
tide Expedition to the shelf areas of West Africa.
This was followed by his eminent leadership of the
Galathea Expedition in 1950-1952, which concen-
trated on the benthic fauna below 3,000 m. and
undertook the first exploration of the deep-sea
trenches, revealing a special fauna to which he
gave the name "hadal'',

The last decade of Bruun's life was devoted
to international oceanography., He was actively
involved in the establishment of bodies such as
the Scientific Committee on Oceanic Research
(SCOR), the International Advisory Committee on
Marine Sciences (IACOMS), the International
Association for Biological Oceanography (IABO)
and the Intergovernmental Oceanographic Com-
mission (IOC); he was elected first Chairman of
the Commission in 1961,

His untimely death a few months later, on
13 December 1961, put an end to many hopes and
aspirations, but Anton Bruun will be remembered
for hisinspiring influence on fellow oceanographers
and his scientific contribution to the knowledge of
the sea which he loved so much.
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Opening statement
Professor H, U, Roll

First Vice-Chairman

I have great pleasure in opening this plenary
session devoted to the Anton Bruun Memorial
Lectures. I extend a particular welcome to our
speakers, who have come here to lecture on the
scientific results of the co-operative investiga-
tions of IOC,

These lectures are dedicated to the memory
of the first Chairman of the Commission, the late
Professor Anton Bruun from Denmark, who died
in December 1961 during his term of office.

The first Anton Bruun Memorial Lecture,
which was devoted to the earth's mantle, was
delivered by Dr. Roger Revelle of the United States
of America during the second session of the Com-
mission in 1962,

The Commission continued the series of lec-
tures until 1969. Eminent scientists spoke on
important topics, as for instance: ''Variability in
the Ocean'', a lecture given by Dr. Bob Stewart
from Canada; ''Air-sea Interaction', a lecture
presented by Professor Henry Charnock from the
United Kingdom; and ''Sea Floor Spreading', a
lecture given by Dr. Art. Maxwell from the United
States.

In 1969, the Commission, desiring to increase
the scientific content of its sessions, decided to
intengify the Anton Bruun Memorial lectures and
to schedule three such lectures during plenary
meetings of each future Assembly, Further, the
practice was started of reporting on the scientific
results of the co-operative investigations co-
ordinated by the IOC.

In 1971, we had four lectures on the scientific
results of the Internationallndian Ocean Expedition.
In 1973, we enjoyed five lectures on the Inter-
national Co-~operativeInvestigations of the Tropical
Atlantic (ICITA), four lectures on the Co-operative

Investigations in the Mediterranean (CIM), and
six lectures on the Global Atmospheric Research
Programme (GARP) and its sub-projects GATE(1)
and FGGE(2), Altogether in 1973 we had fifteen
lectures which was a climax.

For this session of the Assembly, it was de-
cided to reduce the number of lectures to four but
we have continued the well-tried practice of report-
ing the scientific results of our co-operative inves-
tigations. This time we have selected the Co-
operative Study of the Kuroshioandadjacentregions
(CSK) as the central topic and invited scientists
from the Member States that have actively parti-
cipated in CSK to lecture on particular aspects
of physical and chemical oceanography. I regret
that we did not succeed in obtaining a fourth
speaker, for the field of marine biology, but I am
happy to announce that, in International Women's
Year, we have the first lady to present a paper
in the Anton Bruun Memorial Lectures., This is
Dr. Mitsuko Ambe from Japan,

It gives me particular pleasure to announce
that one of the initiators of CSK, who is also one
of its most active sponsors, has come here to
introduce this subject to the audience. I refer to
Professor Ken Sugawara who, as a marine chemist
of world-wide reputation, and as Vice-Chairman
of our Commission for several terms of office,
has rendered extraordinary service to international
oceanography. It is in recognition of his great
achievements that I ask him to open the Anton
Bruun Memorial Lectures on CSK with an intro-
ductory speech,

(1) GARP Atlantic Tropical Experiment.
(2) First GARP Global Experiment.



The co-operative study of the Kuroshio
and adjacent regions (CSK)

Professor Ken Sugawara

Ladies and gentlemen: this introduction to the
Anton Bruun Memorial Lectures on CSK will be
devoted to three topics, namely: the outcome of
CSK;its accomplishments;and its future prospects.

1. Outcome of CSK

Thirteen years ago the idea of a co-operative
investigation in the Kuroshio was first presented
by Dr. Kazuhiko Terada of Japan who is attending
the present IOC Assembly, on the occasion of the
Regional Meeting of Marine Science Institutions in
East and South-East Asia in Manila, March 1962.
Discussion there reached agreement on the need
for a ""Co-operative Investigation of the Kuroshio
including studies of the South China Sea and exchange
through the Luzon Strait''; this was transferred to
IOC for its consideration, After the preparatory
meeting of experts of the Kuroshio region, co-
sponsored by Japan in Tokyo, October 1963, the
Commission adopted the '"Co-operative Study of
the Kuroshio and adjacent regions' as an official
project at its third session in 1964,

In February 1965 the first session of the Inter-
national Co-ordination Group for CSK was held in
Manila to discuss the fundamental objectives and
programmes, with the participation of representa-
tives from Hong Kong, Japan, Republic of Korea,
Philippines, Taiwan, USSR, United States and
Socialist Republic of Viet Nam. Dr, K. Wadati of
Japan and Mr, J. C. Marr of the United States were
nominated asInternational Co-ordinator and Assis-
tant International Co-ordinator respectively. Since
then, the International Co-ordination Group has met
ten~times to examine CSK activities and to orient
its future work. During the past ten years, some
countries have withdrawn and others have joined.
Thus the present composition of member countries
is: France, Indonesia, Japan, Republic of Korea,
Philippines, Singapore, Thailand, USSR, United
Kingdom (Hong Kong) and the Socialist Republic of
Viet Nam.

The Assistant International Co-ordinator for
Fisheries, Mr. J.C., Marr, was later replaced by
Dr. I.A. Ronquillo of the Philippines.

2. Activities and accomplishments of CSK

I venture to say that the activities of CSK in
the past ten years have contributed much to the

increase of knowledge of oceanography and fish-
eries in the regions concerned. At the same time,
CSK focused the attention of participating countries
on oceanography and assisted them in laying down
a scientific basis for oceanic research. For this
we must extend our gratitude to other inter{lia)tional
organizati&rss such as FAO and its IPFC and
SEAFDEC which have co-operated with our
project.

I will now give a brief account of some con-
crete aspects of CSK activity.

The results of CSK have been published by
participating organizations and individual scien-
tists, in professional journals and by other means,

Thethree CSK symposia heldin Hawaii (1968),
Tokyo (1970) and Bangkok (1973), were another
way of publicizing and discussing the results of
the research. Proceedings of the three symposia
have been published under the titles "Kuroshio 1,
2 and 3". The Oceanographic Data Centre of Japan,
designated as the '"Kuroshio Data Centre' has
received data from 16, 727 oceanographic stations
from 435 cruises. The data have been computed,
processed and published as "'Data Reports of CSK'';
up to now 328 volumes have been issued. The
Centre is also compiling the "CSK Atlases''; to
date, 6 volumes have been completed. The '"CSK
Newsletter" from the same Centre has been dis-
tributing miscellaneous information on CSKactivi-
ties, and has reached issue No, 47,

For preserving and sorting CSK biological,
and particularly zooplankton, samples, a Regional
Biological Centre was established in Singapore
University in 1968. Samples collected from 1965
to March 1967 were sorted by Dr, Isamu Yamaji
of the National Science Museum, Ueno, Tokyo and
the results were published as the '"Data Reportand
Distribution Maps of the CSK Standard Zooplankton
Samples'’, in 1971,

"Kuroshio - Its Physical Aspects' was pub-
lished by Dr. H. Stommel and Dr, K. Yoshida in
1972 through the University of Tokyo Press and
the University of Washington Press. The book
embodies the results and summarizes the author's
examination of observations conducted over the

(1) Indo-Pacific Fisheries Council.
(2) South-EastAsia Fisheries Development Centre.



past 50 years on the Kuroshio, and ideas involved
in them,

The preparation and distribution of CSK stan-
dards for marine nutrient analysis may also be
counted as a contribution of CSK.

3. Prospects for the future development of CSK

As a consequence of the great progress of the
world ocean study, there is a strongly felt need to
work out a new pattern of approachtothe study. In
fact, the Long-term and Expanded Programme of
Ocean Exploration and Research and the Interna-
tional Decade of Ocean Exploration can be said to
crystallize the response of our IOC colleagues to this
urgent need. On the other hand, the ocean cannot
escape from the threat of global environmental

Professor Roll

On behalf of the audience, I wish to thank you,
Professor Sugawara, for introducing us to the sub-
ject of CSK. You have given us a comprehensive
account of the history, activities, achievements and
even. the future development of CSK. We thank you
again and wish you, Professor Sugawara, along and
active life for the benefit of CSK, which will cer-
tainly grow and prosper as an instrument of sound
research carried out in the Western Pacific.

Our next speaker will be Dr. Mitsuko Ambe.
Dr. Ambe is a lady who obtained her doctor's
degree with a study on the geochemistry of deuterium

pollution, and marine pollution has become an
important additional item of our research. Nat-
urally the future activity of CSK must be planned
and developed so as to take accout of these cir-
cumstances. Thus, at the tenth session of its
International Co-ordination Group held in Tokyo
last March, CSK concluded that a new structure
was needed for the Western Pacific, aiming at:

(i) promoting the oceanic research of Member
States on a national and international basis; and
(ii) promoting training, education and mutual
agsistance, by entrusting the definition of future
scientific projects in the area and specification of
existing needs in the field of training, education
and mutual assistance to a new body, as reported
in recommendations CSK-X, 1 and X, 4 (document
IOC/CSK-X/3, Paris, 26 May 1975).

abundance in Antarctic water masses, As you will
realize from this, she is a marine chemist. She
joined Professor Sugawara in the Sagami Chemical
Research Centre, close to Tokyo, and took part in
Professor Sugawara's studies on CSK standard solu-
tions for the determination of nutrientsin sea-water.
She is now engaged in the preparation of standard
solutions for heavy metals in sea-water. Her paper
will be on the accuracy of the determination of
nutrient elements in sea-water by using CSK stan-
dard solutions.



Accuracy of the determination of nutrient elements

in sea water by using CSK standard solutions
Dr. Mits;lko Ambe

Sagami Chemical Research Centre,
Japan

Ladies and gentlemen: I am honoured by your
invitation to speak on this occasion and I wish to
express my appreciation to Professor Roll for his
suggestion that I should take up the subject of our
CSK standard solutiong for nutrient elements.

I will speak on three topics: (1) CSK standards
themselves; (2) examination of the results of the
International Intercalibration Experiment carried
out during 1969-1970; and (3) examination of data
from the direct application of the standards to
actual measurements in the ocean.

1. CSK standards for marine nuirient analysis

When the '"Co-operative Study of the Kuroshio and
Adjacent Regions" was initiated, it was recom-
mended at its first International Co-ordination
Group session in Manila, February 1965, that Japan
prepare and distribute standards for phosphate-P,
silicate-Si, nitrite-N, nitrate-N, KIO3 solutions
for dissolved oxygen etc., among the participants,
in order to permit intercalibration of the various
methods of chemical analysis used and to ensure
the compatibility of the resulting data.

Respondingtothis recommendation, the Sagami
Chemical Research Centre started to check widely-
used methods of analysis of these elements and to
prepare a series of standard solutions satisfying
the conditions: (i) they must be of the highestaccur-
acy attainable in today's state of technicaladvance-
ment; (ii) the concentrations should cover the whole
range of concentration of several elements in sea-
water and it should be possible to use them without
dilution to draw a standard curve; and (iii)at least
one year stability after preparation mustbe ensured.

Thus in addition to the KIOg standard solution
for dissolved oxygen, series of standards for
PO4-P, 8i0y-8i, NO2-N and NOg-N were pre-
pared, as listed in Table 1 (page 12).

Details of the background studies of existing
methods of analysis, the established procedures
for the preparation of the standards and the accur-
acy of the prepared standards, are given in refer-
ences 1 and 2,

I am happy to report that we are receiving
orders for thousands ofbottles yearly fromvarious
countiries such as the United States, Canada and
Germany (Federal Republic of) reflecting the

evaluation of the standards and their usefulness
to concerned experts.

2. Examination of the results of the ICES-SCOR
International Intercalibration Experiment
of Nutrient Analytical Methods (1969-1970)

Recognizing the need for exactness andreliability,
SCOR Working Group 25 on Nutrient Chemistry
recommended an international intercalibration
experiment as an ICES-SCOR programmebyusing
sets of unknown synthetic solutions which could be
offered by the Sagami Chemical Research Centre,
instead of natural sea-water samples, The recom-
mendation was implemented as the ICES-SCOR
International Intercalibration Experiment, 1969-
1970, by the participation of 56 world institutions
and constituted the first example of international
intercalibrationbyusing common synthetic solutions,

The programme congisted oftwo parts: Partl -
Test of single solutions;and Part II - Test of P-Si
binary mixtures,

The Sagami Chemical Research Centre was
responsible for preparing test solutions and dis-
tributing them, For Part I, four series of samples
of POy -P, Si0g-5i, NO9-N and NO3-N were pre-
pared, each consisting of 4 bottles with O, low,
medium and high content of several elements.

The participants in the programme who re-
ceived the test samples were told only the approx-
imate concentration ranges and were requested to
analyse the samples by any method they thought
appropriate, using their own standards.

In the progress report, September 1970,
Dr. F. Koroleff (Helsinki) calculated the devia-
tions, expressed in pg-at/1l, of the data for the
single solutions given by 36 laboratories from the
correct values of concentrations which were known
only to him and to Dr. K, Sugawara. Dr., Koroleff
added a remark that 'In my opinion the resulis are
reasonably good, however this intercalibration
trial has its greatest value in that I most certainly
am able to examine the analytical techniques and
can forward my conclusions to the participants''.

At that time when I started work on the CSK
standards, I felt it important to touch on this
Intercalibration Programme and I wanted to reach
an understanding with Dr. Koroleff, to use his



calculated data and todiscuss further the line which
he indicated in his above remark,

My approach was further to examine the devi-
ation data from the angle of the analytical methods
employed by different laboratories.

Thus in the case of 5i, the methods employed
are categorized into two, namely the molybdenum
yellow method and molybdenum blue method. The
deviation range of the data from the correct values,
deviation average, standard deviation and coef-
ficient of variance in % (CV%) are listed in Table 2
(page 12).

Fairly uniform values of CV % were obtained,
ranging from 3, 3 to 5. 8 for different methods and
concentrations,

In the case of NOz-N, for which only the
Bendschneider-Robinson method was used, a small
CV % was obtained as with Si, with the exception
of a rather high value of 9.0 for low NO5-N,

In the case of NO3-N, the procedure of the
determination is divided into two parts. The final
determination of NO5-N by the Bendschneider-
Robinson method is preceded by a reduction pro-
cess of NO3-N to nitrite by using Cd-Cu, Cd-Hg or
hydrazine. With the exception of the case for med-
ium NOg-N where Cd-Cu was used for reduction
and cases for high NOg-N using Cd-Cu or Cd-Hg
for reduction, high values of CV % were obtained,
in the range of 11.4-29.6 (see Table 3, page 13).

In the case of P, three different methods were
used, two ascorbic acid methods (MRM and MRC)
and a stannous chloride method, As compared
with the rather low value CV % with high and med-
ium P for which MRC or the stannous chloride
method was used, the values of other CV % were
found to be rather high (see Table 4, page 13).

In completing the present analysis, it is appro-
priate to examine these variances in the light of
the values of CV % of the distributed test solutions
which were provided by the Sagami Chemical
Research Centre,

In Table 5, the CV %of the ICES-SCOR Exper -
iment is compared with those of corresponding test
samples given by the Sagami Chemical Research
Centre, as well as the methods employed. It is
evident that the CV % obtained by the International
Intercalibration Experiment are 3.4 to 22 times
larger than the corresponding values provided by
the Sagami Chemical Research Centre, These
large values of the ICES-SCOR Experiment were
possibly caused by differences in the methods
employed, perhaps the way in which they were
applied, including insufficient care for handling
the processes and differences in the standards
referred to (see Table 5, page 14),

In conclusion, I venture to saythat it is certain
that the observed CV % could be greatly reduced
if our expert colleagues were to pay attention to
the points I have mentioned above, Further, I
believe that if a similar experiment were to be
repeated now, a better result would be obtained,
because of the efforts which have been made by
those experts over the past few years,
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3. Examination of data from the directapplication
of the standards to the actual measurements
in the Pacific by the Hakuho-Maru, Ocean
Research Institute, University of Tokyo

Turning to the accuracy of the determination of
nutrient elements at sea, I will refer to the result
of the Hakuho-Maru duplicate analysis experiment
at stations 11and 19 of cruise KH-71-3, primarily
planned to check the reliability of data obtained
through the methods and procedures the ship had
been using in reference to CSK standards.

One hundred and eighty samples were collected
at each station, at 45 different levels from the sur-
face down to 5,000 m deep, on two occasions with
an interval of five days. FEach sample was then
divided into two aliquots to be subjected to the
analysis of SiO45-5i, NO3-N and PO4-P. The dif-
ference between the results from each aliquot pair
was taken to indicate the error from the method,
procedure and instruments used.

The 360 values thus obtained were used to cal-
culate their CV % for $i0O5-Si, NO3-N and PO4-P
by using:

1 ' 2
CV %= x 100

E(D1+D2)

Bl

where Dy and Dy are the results for each aliquot
pair, and n is the total amount of data used.

Thus CV % of 1.1, 1,3 and 4.4 were obtained
respectively for Si (ranging from 1.5 to 159 with
the average 100pug-at/1) for P (ranging from 0,08
to 3.35 with an average 2. 16,,4g—at/1), and for
NOj3-N (ranging from 1,0 to 45, 0 with an average
27. BPg-at/ 1), in contrast to CV % of 1.0, 1,3and
0.4 respectively for our standards: SiOg-Si 100
}Lg-at/l, PO4-P 1.0y g-at/landNO3-N 304 g-at/1.

A similar experiment conducted by a team from
our Centre aboard R, V. Bosei Maru of Tokai Uni-
versity gave CV % 4.6 for SiO5-Si with an average
24 g-at/1 and 5.6 for POy-P with an average
1.0ug-at/1 (see Table 6, page 14).

Turning to the vertical distribution data of
nutrient elements in rather deep layers obtained
by three Hakuho-Marucruises KH-68-4, KH-70-2
and KH-71-5 in the Pacific, givingparticular atten~
tion to the data at two stations, here named A and
B, located at about 17°N, 145°W and 30°N, 146°W
respectively, where observations were repeated
two to three times during a one- to three-year
period (see Figure 1), Figures 2-4 show that three
fundamental oceanic parameters - temperature,
salinityand dissolved oxygen - remained unchanged,
particularly at levels from 2,000 m downward
where their distribution curves for each parameter
practically coincide,

The situation, however, is somewhat different
for nutrient elements. The distribution curvesare
given in Figures 5-7 in which the individual values
are plotted as a circle, point or cross, with abar



showing the possible range of analytical error as
determined by the duplicate analysis experiment
referred to above. )

As for NOg-N, the distribution curves in Fig-
ure 5 are in fairly good coincidence at Stations A
and B. This chemical component is concluded to
have remained unchanged during the period of
observation, as have the three fundamental oceanic
parameters above. S5iO2-8i distribution curves in
Figure 6 are in good coincidence at Station A, while
at Station B some differences are seen among three
observations in the three-year period, The differ-
ence between the PO, -P distribution curves ishow-
ever more marked, as shown in Figure 7. Let us
look at these discrepancies and try to examine the
possible factors determining them.

At Station B, among three distribution curves,
two of them - for KH-70-2 and KH-71-5 - practi-
cally coincide where the data are reported to have
been obtained by the ascorbic acid method using
a Hitachi spectrophotometer, while for cruise
KH-68-4, on which measurements were made by
the stannous chloride method using a filter photo-
meter, the curve obtained runs in a zigzag and
away from the other two curves. - We are tempted
to take the view that the PO4-P concentrations
remained unchanged during the period of three
years, and the run-away of the KI1-68-4 curve is
to be ascribed to some defect inherent in the
method or instrument employed, or in handling.

On the other hand it ig not easy to explain
the distinct discrepancy as observed between the
two distribution curves at Station A,

All the PO4-P data are reported as obtained
by the same analytical method and instrument, the
ascorbicacid method and Hitachi spectrophotometer,
The only difference is that during cruise KH-70-2,
measurement was made in reference to standard
absorption curves newly constructed at intervals
during the cruise using CSK standards, while dur-
ing cruise KH-71-5 it was made in reference to the
standard curve which was constructed at the shore
station before the ship left port and checked at
intervals at sea by using solutions prepared by
diluting a stock standard solution which the analyst
prepared himself,

Considering such a situation with the measure-
ment process, the discrepancy betweén the two
curves appears to reflect an actual decrease in
PO, -P concentration on the spot. The questions
are: Can such a decrease occur in situ through
the transformation of phosphate into another form
of the element? Could any chemical or biochemi-
cal reaction be imagined at such a low temperature
and in darkness, as met with on the spot? Or was
the decrease caused by replacement of the pre-
existent water with water containing less POy-P?
If so, we must imagine some source which supplied
the water with a low rate of flow on the spot within
a short period of one year, We have no likely
answer to these questions,

Now let us approach the problem from two
other angles:

1. When the values of POy -P obtained on cruises
KH-70-2 and KH-71-5 are plotted on the same

diagram as given in Figure 7, all the values at
Stations Nos., 16-10 of KH-70-2 and Nog, 3-6 of
KH-71-5, covering a stretch of more than 4,000
km from the north (43°N to the south, 5°N, along
146°W), fall in the concentration range bordered
by the two distribution curves at Station 9 of
KH-70-2 and at Station 2 of KH-71-5, This means
that the PO, -P values represented by these two
curves are the highest and lowest among values
distributed over a north-south stretch exceeding
4,000 kmn, As a result we are compelled to doubt
the reliability of these lowest and highest series
of values.

2. Another approach is the calculation of the
abundance ratios SiO9-Si/PO4-P, NO3-N/POs-P
and SiOp-5i/NO3-N, Table 7 gives averages of
atomic ratios Si/P, N/P and Si/N for values rang-
ing from 2,400 m depth downward at four succes-
give stations starting from Station A each for
KH-70-2 and KH-71-5, The ratio Si/P, 54 at
Station 9 of KH-70-2 (Station A) is considerably
lower than the values at other stations ranging
56-58 and especially the value 58 at Station 2 of
KH-71-5, the same Station A, Is it reasonable
to assume that the POy -~P values at Station 9 of
KH-70-2 were too high, thus accounting for the
low Si/P? Another question is: What could be the
causge of the higher values? As stated above, the
two sets of measurements during the two Hakuho-
Maru cruises are believed to have been carefully
conducted by experienced analysts, using the same
method, the same instrument and the same CSK
standard solutions. Thus we cannot identify any
possible accidental failure during the whole pro-
cedure of analytical processes,

I must leave the final solution of the problem
to future studies and approaches., But I believe
that my primary aim has been partly achieved;
namely that of bringing out the difficulty and com-
plexity of acquiring correct and exact data of
nutrients in actual sea-water by mentioning
examples of those data which are believed to have
been obtained by experienced analysts according
to a procedure using proper methods, instruments
and reliable standards, and further the difficulty
and complexity of understanding the true and exact
meanings which the obtained data imply,
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Research Institute, University of Tokyo

(1971),
Table 1, CSK standard solutions
Components Concentrations
PO,-P 0.0, 0.5, 1.0, 2.0 & 3.0 i g-at/1
$i0,,-5i 0.0, 5.0, 10, 25, 50, 100, 150 & 200 u g-at/1
NO, -N 0.0, 0.25, 0.5, 1.0 & 2.0 g-at/1
NO,-N 0.0, 5.0, 10, 15, 20, 30, 40 & 50 ug-at/l
KIO, 0.0100 N
Table 2, Variance of the data from the ICES-SCOR
International Intercalibration Experiment (1)
Element Method Number Deviation CV %
Range (},{g-atll) Av. St. Dev.
Si-low Blue* 26 + 0.4—-- 0.5 +0.02 0.21 4,2
Yellow** 6 +0.2—--0,3 -0,12 0.29 5.8
All methods 32 + 0.4 —-- 0.5 -0, 005 0.22 4,4
Si-medium Blue 28 + 5,0—--5,2 +0, 45 2.23 4,5
Yellow 6 +1,4—-- 3.0 -0, 77 1.64 3.3
All methods 34 +5.0—-5,2 +0, 23 2.06 4.1
Si-high Blue 26 +14 ~ -11 -1,0 6.25 4.2
Yellow 6 +9,0—-~ 2.8 +1.2 4,94 3.3
A]ll methods 32 +14 - -11 -0.53 5.83 3.9

* Molybdenum blue method,

)

** Molybdenum yellow method.



Table 3. Variance of the data from the ICES-SCOR
International Intercalibration Experiment (2)

Element Method Number Deviation CV %
Range (ug-at/1) Av. St. Dev.
NOZ-].OW B & R* 32 +0,03 — -0,05 +0, 001 0.018 9.0
-medium 34 +0,1 —--0.1 +0.008 0,048
-high 34 +0,2 — -0.2 -0,0007 0.082
NO3—10W Cd-Cu** 17 +0,22 — -~0.2 +0, 009 0.103 20.6
Cd-Hg** 8 +0.2 —-0,19 +0.03 0.15 29.6
Hydrazine* 5 +0.11—- 0 +0,03 0.057 11. 4
All methods 30 +0.22 — -0, 2 +0.025 0,120 24,0
N03-medium Cd-Cu 16 +0,4 —-1,2 -0,16 0.57 5.7
Cd-Hg 8 +1.8 —-2.0 ~0,03 1,22 12,2
Hydrazine 5 +1,7 —+0.7 +1, 26 1.5 15,0
All methods 29 +1.8 —-2.0 +0, 052 0.920 9.2
NO3-high Cd-~Cu 15 +0.6 — -4.0 -0.69 1,73 .8
Cd-Hg 7 +1.9 —-2.0 -0.25 1.22 4.1
Hydrazine 5 +6.4 — -0.4 +3.14 4.65 15.5
All methods 27 +6.4 — -4.0 -0.058 2.21 7.4

* Bendschneider and Robinson method,
*# Reduction methods of nitrate to nitrite,

Table 4, Variance of the data from the ICES-SCOR
International Intercalibration Experiment (3)

Element Method Number Deviation CV %
Range (pg-at/l) Av. St. Dev.

P-low MRM:* 22 +0,06 -~ -0,03 -0.0045 0,025 10.0
MR Coe 6 +0.01 -~ -0.05 -0.02 0.029 11.6
SnC].2 4 +0.05 ~— -0.02 +0.0018 0.035 14.0
All methods 32 +0.06 ~ -0.05 -0.005 0,034 13.6

P-medium MRM 22 +0.15 - -0,11 -0.031 0,112 11,2
MRC 7 +0,025 — -0, 1 -0.04 0,057 5,7
SnCl2 4 +0,08 - -0,05 -0.013 0.056 5.6
All methods 33 +0,15 - -0,11 -0.025 0.090 9.0

P-high MRM 23 +0.14 - -0,22 -0.03 0,138 4.6
MRC T 0 - -0,18 -0, 07 0,103 3.4
SnCl2 4 +0,07 - -0.2 -0.025 0.123
All methods 34 +0.14 - -0,22 -0, 035 0.120 4.0

Murphy and Riley mixed reagent method.,
Murphy and Riley method with ascorbic acid added separately.
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Table 5, CV % between the ICES-SCOR
Intercalibration Experiment and CSK standards

ICES-SCOR Experiment CSK Standards
Conc. St. Dev, Conc. St. Dev, Method
P Low 13.6 0.25 5.1
Medium 9.0 1.0 1.3 Murphy-Riley
High 4.0 3.0 0.4 (MRC)
Si Low 4.4 5.0 1.2 Blue
Medium 4.1 50 1.2
High 3.9 150 1.0 Yellow
NO2 Low 9.0 0.25 2.4 :
Medium 4.8 1.0 0.4 B &R
High 4.1 2.0 0.4
NO3 Low 24,0 0.5 1.6
Medium 9.2 10 0.8 Cd-Cu
High 7.4 30 0.4
Table 6. CV % of the values obtained by determination of sea-water
KH-71-3 Sagami Chem, Res. Cir.
Sea -water Std. Soln. Sea -water
Conc. (ug-at/1) CV % Conc. CV % Conc. CV %
Range Aver. s Aver,
SiOz—Si 1.5-159 100 1.1 100 1.0 24 46
PO,-P 0.08-3.35 2.16 1.3 1.0 1.3 1.0 5.6
NO3—N 1,0-45.0 27.9 4.4 30 0.4 12,2 10,4

Table 7. Si, P, NOg ratio 2,400 m deep downward -
cruiges KH-70-2 and 71-5

St. Si/P NOg4/P Si/NOg
KH-70-2 12 58 13,3 4,4
' 11 59 13,2 4.4
10 56 12.8 4,2
9% 54 : 12.3 4,3
KH-71-5 2% 58 12.9 4,4
3 58 13.1 4,2
4 57 13.6 4,1
5 58 13.8 4,1

St. A.
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PROFESSOR ROLL

Thank you Dr. Ambe for your lecture. You have
given us an insight into the laboratory of a marine
chemist and it is clear that a new dimension in
accuracy has been achieved through your work on
the determination of nutrients in sea-water. Now,
as we know, you have started similar workonheavy
metals and this of course is of very great interest
at a time when we are looking for exact determina -
tion of marine pollution. Thank you very much for
coming here, for speaking to us,and in particular,
I must praise your perfect pronunciation of the
English language.

DR. QASIM

I am very happy to learn about the CSK standard
solutions., I would like to know what, apart from
accuracy, are the advantages of this method over

the more conventional methods, inh particular in

relation to auto-analysis.

DR. AMBE
Dr. Sugawara, pleasge.
DR. SUGAWARA

Iwouldlike to say something about our experiments
with the auto-analyser. It was generally thought
that, in comparison with standard methods of analy-
sis, the auto-analyser would produce less reliable
results. However, recently, we conducted very
careful tests with an auto-analyser which proved
most successful. We found that the auto-analyser
will achieve as high a standard of accuracy for a
number of elements. I believe many experts in
other parts of the world have had the same experi-
ence, However, in order to achieve these high
standards, great care has to be takeninthe handling
of the instrument and in the methodology used.

PROFESSOR MACCHI

First, allow me to congratulate Mme Ambe for the
work she has done, It provides us with a very
important result as part of the universal attempt
in modern chemistry to improve the precision and
reliability of methods of analysis. This work may
one day allow the judicious use of nutrients as an
indicator of water masses in the problem of the
study of circulation, chiefly I think, of the deep
circulation.

DR. PALOMO
First of all I would like to congratulate Dr, Ambe

for her excellent exposé and for the interesting
results she has achieved,
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I would like to ask Dr. Ambe, sincel am a
specialist in geology and therefore I understand
very little of her statement, if this lack of some
elements like phosphorus and some othersto which
she referred, indicates that they could have been
transported to another place with the same masgs
of water or they could have been diluted, and con-
sequently an answer to the problem could be found
in the sediments.

Logically, it would be a statement in favour
of this idea if the concentration of these problem-
atic elements were to increase with depth at each
station,

On the other hand, I would like to know what
would be the value of extending this important
research into the recent superficial layer of
marine sediments.,

PROFESSOR ROLL

May I agk you, Dr, Ambe, whether you have done
some work on sediments or whether you intend to
do any ?

DR. AMBE
For each set of data given in Figures 2-9 of my

paper, the datum at the deepest level was for
samples collected from 10 m above the sea bottom.

- So, the data can be accepted as showing the con-

centration of the elementinbottom water samples.
Turning to the question whether the apparent
decrease in P might have been caused by precipi-
tation, part of the P existed as particulates or a
component of particulates, and tended to gradually
move downwards through the stagnant water strata.
However, I think that it is impossible to imagine
that the velocity of sedimentation is large enough
to remove particulates through a thickness of
thousands of metres. On the other hand, the appar-
ent totalloss of Pin question is calculatedas1, 200
pg-at/cm2,y. If this total is assumed to have
been removed to be settled on the sea floor, the
sedimentation amount is exceedingly large, nearly
4,000 times larger than the amount estimated in
other ways in the Pacific, one example of which is
0.03 g-at/cm2,y given by Professor Miyake. (2)

PROFESSOR ROL.L

Now I wish to thank Dr, Ambe again for coming
here and giving us this talk and I am happy that
there are at least a few marine chemists here in
order to give her the recognition she has earned.

(1) Names and titles of speakers are found at the
end of the publication,

(2) Y. Miyake and K. Saruhashi. Papers in Mete-
orology and Geophysics, 18, 89-94 (1967).



PROFESSOR ROLL

We now come to our second lecture given by Professor Allan Robinson from the United States., He
will be lecturing on the dynamics of the Kuroshio current, in particular on theoretical and experi-
mental studies from South of Kyushu to the Izu-ogasawara Ridge.

Professor Robinson is Gordon McKay Professor of Geophysical Fluid Dynamics at Harvard
University and he has greatly contributed to our theoretical understanding of large-scale ocean
circulation and, in the past few years, he has also penetrated into experimental oceanography.

He included in hig studies both thermohaline as well as wind-driven circulations. He developed

a general theory of major ocean currents and included in these modelling studies, the equatorial
under-current, as well as the Gulf Stream and also the Kuroshio, and he later developed critical
experimental field work in those areas. I think he has given us a very important contribution to
the on-going development from descriptive oceanography into a field where the tools provided by
mathematical and (physical sciences are applied to ocean circulation. A few days ago you saw a

film on the MODE(!) experiment and you will not be surprised that one of the scientists who was
seen in the film is now here in this room giving us his lecture. This is Professor Robinson who
was a leading scientist of the MODE and POLYMODE experiments and I think we should be very

happy that he could come here and give us an account of his work.

(1) Mid-Ocean Dynamics Experiment.
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Dynamics of the Kuroshio current:
experimental and theoretical studies

from south of Kyushu to the lzu-Ogasawara ridge

Professor Allan R. Robinson

Harvard University

Ladies and gentlemen: It is a pleasure for me to
be able to deliver an Anton Bruun Memorial Lec-
ture, because it gives me an opportunity to share
with you some of my ideas and some of the ideas
of my scientific colleagues about the Kuroshio Cur-
rent and about its role inthe general ocean circu-
lation. I hope that through my presentation I can
tell you something about what we know about the
Kuroshio, something about what we don't know
about the Kuroshio, and something about how we
go about thinking about scientific problems that we
consider to be interesting.

The general circulation of the ocean consists
of an interlocking system of many scales of motion.
It includes regions of intense, swift currents and
turbulent eddies, vast reaches of the open ocean
through which on the average the water is drifting
horizontally while masses of cold deep water slowly
rise, as well as regions of violent overturning and
downwelling. Different scales of motion represent
different phenomena or physical processes. We
must understandbothhowthebasic processes work,
and also how they fit together into the general cir-
culation system. Thus, to understand the general
circulation of the world ocean we must isolate and
study the basic physical and dynamical processes
which play critical roles. The ocean is a vastly
complex and complicated physical gsystem. Many
scales of motion occur: time scales from seconds
to decades and even longer, and space scales from
millimetres up to the size of the earth itself,

Processes which occur on a certain scale in a
particular region of the ocean represent special
physical problems, However, whentheyare studied
in isolation (either scale isolation or geographical
isolation) the interconnections and feedback mech-
anisms with other scales and/or with other regions
mustbe modelled intheoretical studies or measured
when posgsible in experimental studies. For exam-
ple, small- and medium-scale turbulent fluctuations
of velocity occur in the ocean. Even though they
themselves vanish on the average, they haveapro-
found residual effect on the average circulation
(the general circulation)., This is because these
fluctuations transport on the average important
physical quantities (momentum, heat, and energy)
from one place to another in the ocean. Another
example is that the internal dynamics which occur

in a certain geographical region may have pro-
found effects of primary importance outside that
region, and thereby influence the general circula-
tion, This may occur by the requirement of fluxes
of mass or heat across the boundary of the region
or by the radiation of various types of waves into
the external region, or by the expulsion (or throw-
ing off) of turbulent eddies or large vortices into
the surrounding water.

The Kuroshio is one of the world's strongest
currents, and as such is a major element in the
general circulation. I shall tell you today about
some special studies of its dynamics in the region
south of Japan, which include studies of ''medium-
scale'' fluctuations of the current. These studies
are of interest for several reasons. The gpecial
dynamical phenomena areinteresting scientifically
in their own right, Moreover,understanding those
dynamics of the Kuroshio may shedlight on similar
or analagous dynamical processes that occur in
other ocean currents, or in other flows in the
ocean, or even in the atmosphere. Another reason
is that the behaviour of the Kuroshio in thisregion
may be of significance in a practical sense, by
influencing fisheries and local climate (and there-
by affecting agriculture). Finally, thelocal dynam-
ics of the Kuroshio may indeed have an important
feedback effect on the general circulation of the
North Pacific, If so, there is an implied chain of
possible extended influence on the circulation of
the entire world ocean. Now, if this turns out to
be the case, the influence of these medium-scale
dynamical processes would have to be represented
in large-scale general circulation models. There
is growing evidence that this is the case (Holland
and Lin, 1975). Hopefully, in the long run, there
need not be an explicit representation of the exact
medium-scale wiggles of the current, but rather
some appropriate representation of their overall
large-scale effect maybe devised, Adequaterepre-
sentation requires first of all a physical under-
standing of the local dynamics,

Although we do not as yetbagically understand
the dynamics of the general ocean circulation,
we are at a stage of rapid scientific progress,
This is brought about by new measurements and
novel instrumentation, as well as by sophisticated
hydrodynamical theories and large computer or
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numerical models, Understanding the dynamics of
the circulation, which will result ultimately in the
construction of a physically correct large-scale

computer model ocean, will be ugeful in many ways.
Numerical calculations can then be made of the

rate of dispersal of particles that are moved about
by currents. The circulation models canbe coupled

to geochemical models to estimate the global dis-

tribution of chemicals on various time scales, and
to biological models for productivity studies. Per-
haps the most important application will be the

coupling together of an ocean model with anatmos-
pheric model to study large-scale air-sea inter-

action and the dynamics of climate., Over long

periods of time the enormousthermal and mechan-
icalinertia of the oceanmay be the mechanism that

controls the coupled system and thusthe evolution

of climate.

We will look at the Kuroshio first with coarse
resolution observational data, and then with finer
resolution data. Correspondingly, we will model
it with rough resolution and finer resolution,
keeping in mind the idea of scalesandinteractions
mentioned above., So I will first show you the
Kuroshio current as it is revealed in classical
oceanographic observations and then describe the
clagsical ideas as to why it exists and illustrate
its appearance in large-scale coarse resolution
numerical models, Next, I will introduce some
recent finer resolution data which will help further
to refine and define the phenomenon, and to serve
as a more critical test of models. Data for the
region south of Japan exhibits the phenomenon of
the large meander or loop in the current which
may be present or may be absent for a period of
several years. It has been speculated that this
phenomenon has substantial practical significance,
e. g., affectinglocal climate (Uda, 1964). Theories
put forward to account for the specific location of
the current and the existence or not of the meander
will be presented and illustrated by the results of
high resolution local numerical model experiments.
I will then set the problem into the context of con-
temporary high resolution numerical models of the
general circulation of the North Pacific subtropical
gyre, and relate these models to larger scale
models of interest for global climate dynamics.

The Kuroshioasan element of the world's gen-
eral circulation is shown schematically on the map
of Figure 1, which is based on the classical data
base of ship drift observations over many years.
The deep flow mirrors many of the features of the
surface circulation, Looking with an "idealizing"
eye, one cah observe a degree of gymmetry about
the equator, and similar flows in the major ocean
basins. For example, the North Pacific and the
North Atlantic each have two major gyres(orlarge
vortices) of circulation(a subtropical gyre between
about~ 15°N - 50°N and a subpolar gyre between
~50°N - 60°N). The Kuroshio and the Gulf Stream
are the major currents of their respective sub-
tropical gyres. Theirimportance can be character-
ized by the fact that, over depth, across their nar-
row width they transporttothenorth as much water
as flows to the south across the rest of the ocean
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basin. The major subtiropical gyres are much
intensified to the west.

Classically, ocean currents have been diffi-
cult to measure directly and physical oceanog-
raphers have learned to detect their presence
indirectly, e.g., by examination of the tempera-
ture distribution. Figure 2 is a constant level
map of the distribution of temperature which
reveals the Kuroshio current by the bunching
together of the isotherms (contours of constant
temperature), e.g., south of Japan. This map
represents all the available data pre-CSK. To
prepare this map, 43,000 hydrographic stations
have been averaged over time and 1° squares of
latitude and longitude. The lack of smoothness
of the isotherms may be real, or may be due to
inadequate data to achieve true averages, even
with this coarge resolution. The existence of
gyres and strong western boundary currentslike
the Gulf Stream and Kuroshio was rationalizedin
the theoretical models of the early 1950s(Robin-
son, 1976). An analogue Kuroshio can be seen
in Figure 6(a); it is the tightly packed streamline
pattern along the western boundary(consider that
boundary in part to be an idealized Japan).

Recent data of much finer resolution (Figure
3) shows that the currentisnarrow and time vari-
able. It moves about from weekto week and month
to month, but does have remarkably stablebound-
aries to its movement over several years. This
is illustrated in Figure 4, Each general configura-
tion remains for a fewyears;it takes a few monthsg
only to move from one general configuration to
another,

Why the current has a particular path, whyit
varies, and why the slope and meander pathbound-
aries remain stable for so long areimportant ques-
tions - addressed by contemporary theory and
observational experiments, but not as yetreliably
answered. Many physical factors govern the path
a current takes, A generaltheory of current move-
ment has been developed (Robinson and Niiler,
1967) and applied to the Kuroshio by numerical
computer experimentation (Taft and Robinson,
1972), Various factors which influence the path
are studied in isolation and then in combination.
Such factors include the earth's sphericity, its
diurnal rotation, the shape of the ocean bottom,
and the shape of the current profiles, Figure 5 (a)
illustrates the different paths a simple current
will follow, depending upon the angle at which it
impinges upon a bottom slope, Applying these
general theoretical ideas to the Kuroshio presents
a plausgible explanation of the existence and stabil-
ity of the bimodal path structure., Figure 5(b)
shows a ''shadow' zone where theoretically the
current cannot flow. This exists because the
shadow region could be occupied only by shallow
meanders. Thege cannot exist because the ten-
dency towards such behaviour leads to a capture
of the currentbya strongbottom topographicinter-
action which then leads it northward into a slope
path behaviour. An alternative local dynamical
theory, based more strongly on suggested trans-
port changes in the Kuroshio current has recently



been proposed (White and McCreary, 1976),

The present state of the art of modelling the
ocean circulation and its intense currents has
advanced rapidly and involves using data and com-
puter models of higher resolution. Medium-scale
phenomena and variability occur not onlyinintense
current regions, but over the vast open ocean
regions as well (Ocean Eddiesg, 1976). In Figure6
the two different versions of the model computer
ocean are driven by identical smooth and steady
forcing functions of wind and surface heating. The
difference lies only in the explicit resolution of the
currents, and in the viscous damping of the flow
by very small scales of motion, which is neces-
sarily larger in case (a) than in cases (b) and (c).
The intense variability and eddying shown in 6 (b)
is important on the average; compare 6(a) and
6(c). Notice the permanent "Kuroshio' meander.
In these model results the eddies on the average
are important because of associated transports of
heat and momentum. In addition, the strong cur-
rent region and the open ocean are dynamically
coupled.

In order to construct an ocean model to couple
directly to an atmospheric numerical model for
the study of global climate, it is still necessary to
use coarse grid resolution, Notice in Figure 7 how
the Kuroshio and Gulf Stream are barely discern-
ible in the coarse description of the temperature
field. For this to be a usefully applicable type of
model, the heat transport by these simulated cur-
rents must be on the longtime average representa-
tive of that in the real oceans.Inorder to construct
a world ocean climate model, we must continue to
develop models of various resolutionsandtounder-
stand the influence of the local medium-gcale
dynamical processes upon the general circulation
at large.
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Map of the temperature distribution of the northwestern Pacific Ocean
at a depth 200 m below the ocean surface from historical data. The
lines drawn are contours of constant temperature, labeled in degrees
Celgius (Winterfield and Stommel, 1972).
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Figure 3.

Synoptic picture of the axis or path of the Kuroshio current as defined

by position tracks of the 15°C isotherm at a depth of 200 m. The
number of days required to obtain each track is indicated on the figure

(Taft et al., 1973).
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(normal) paths., (b) Meander (abnormal) paths (Robinson and Taft,
1972).
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Figure 5. Theoretical current paths as obtained from an inertial current model.
(a) The meandering flows of an idealized current model over a
uniformly sloping bottom (Robinson and Niiler, 1967). (b) Theoretical

- Y
Q2 , @ slope and meander flow patterns obtained by application of the inertial
), Y(o)=D2 model to an idealized Kuroshio (Robinson and Taft, 1972).
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Figure 6

Numerical computer model results for

an idealized subtropical and subpolar
gyre. Streamlines of the flow are shown,
(a) Horizontal grid resolution of 120 km,
(b) 40 km resolution - a typical instantan-
eous flow pattern. (c) 40 km resolution
flow averaged over a period of 3 years
(adapted from Han, 1975).
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Figure 7.

Numerical computer model results for temperature distribution at
120 m for an idealized world ocean model, The horizontal resolution
is coarse, approximately a 300 km grid spacing (Takano, 1975).
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DISCUSSION(I)

PROFESSOR ROLL

We are all very grateful to Professor Robinson for
giving us this introduction to oceanic modelling.
We have seen what a powerful tool these mathemat-
ical physical models can be. Afthepresent stage,
when we are considering co-ope a‘sion with the
meteorologistsinthe field of GARP 2 and FGGE! 3),
it is extremely informative for us toknow the scale
effects both in ocean and atmosphere, since it is
essential to know what dimension and density of an
observational network are necessary for the under-
standing of the circulation in the ocean as well as
in the atmosphere, If we are to work together with
the meteorologists, we may have to accept their
scales, which are perhaps not always very useful
for us in the ocean. We all are very grateful to
Professor Robingon for giving us this veryinforma-
tive and interesting introductioninto oceanic model-
ling, in particular with regard to the Kuroshio,

DR. QASIM

Mr. Chairman, I am fascinated by this talk by
Professor Robingon. In fact it shows howa mathe-
matician can prove his theory by using the right
type of data which havebeen collected over a period
of years and this has happened in the case of the
Kuroshio. I would like to agk him if he has tested
his theory in other regions of the ocean?

PROFESSOR ROBINSON

Yes. I think that these theoretical ideaswhich I
mentioned here take somewhat different form in
different circumstances, although the underlying
ideas such as the conservation of potential vorticity
would be the same. For example, there are con-
siderable data and considerable work has been
carried out on the meandering of the Gulf Stream,
Many other scientists are attacking medium-scale
phenomena now because it is emerging as a very
energetic and possibly physically dominant factor.

PROFESSOR ROLL

Am I right in my assumption that in your model-
ling you did not take atmospheric interaction into
account?

PROFESSOR ROBINSON

That is correct - not locally. This is because we
regard the strength of the current as being the
accumulated effect of the wind over the whole rest
of the gyre because of its comparable transport.

DR. VOIGT

I think we really ought to congratulate ourselveson
having Professor Robinson here inthe IOC Assembly
at a time when we needtounderstand more about the
processes in the ocean by approaching these aims
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with a very strong regional contact. Inhisintroduc-
tory remarks as well as in his results, he showed
that at present the application of theoretical and
experimental results of modern geophysical fluid
dynamics makes it necegsary to draft or work our
research programmes for our Commission on more
up-to-date lines, taking into account the real pro-
cesses, the various scales, responsible for the
variability, as well as the physical, chemical, bio-
logical and geological parameters, And therefore
we should be very grateful for this lecture.

DR. WALDEN

I think it is not necessary for me to repeat how
highly this lecture impressed me but I have a
specific question. You were showing, Professor
Robinson, a world chart of temperatures in 200 m
steps and I saw there that the temperatures south
of the Kuroshio were higher than 22°C, whereas
in the correspondingarea south of the GulfStream
they were only 18°C. Could you perhaps tell me
the origin of, or the reason for, this?

PROFESSOR ROBINSON

Thank you for asking me a very difficult question.
Perhaps someone else in the room would like to
attempt to answer it.

PROFESSOR ROLL

Professor Robinson, you rightly mentioned the
interaction and transport of energy from one scale
to the other from the micro- and meso-scales to
the larger scales and you also mentioned that, as
far as we know, the only way of dealing with such
things is parameterization, but this depends on
measurement in order to ensurethat the coefficients
therein are right. Could you give us an indication
whether you did consider this iransport of energy
and how you did it and in which form you did the
parameterization?

PROFESSOR ROBINSON

I think that the most important point is that to
understand the transfer between scales, or the
transport from one place to another of energy by
smaller fluctuating scales, depends very much on
a measurement or experimental programme, one
which is designed to get the sampling frequencies
and types of measurements which are actually
needed. In many cases, especially in the medium-
scale phenomena, one needs alot of measurements
in order to proceed as rapidly as possible we have
to use a combination of experimental programmes,
together with theoretical and modelling programmes,
so that we can interpret as deeply physical as

(1) Names and titles of speakers are found at the
end of the publicaticn.

(2) Global Atmospheric Research Programme.

(3) First GARP Global Experiment,



possible the measurements that we are capable of
getting from well-designed experiments, So right
now I think we need a combined programme of
well-designed experiments coupled with models
so that we can understand what is happening on
the medium and smaller scales because what is

happening may very well be special and peculiar
to the ocean and to various regions of the ocean.
Once we have the understanding of one or two

events, we may be able to devige special schemes
of parameterization,

35



36

PROFESSOR ROLL

The third and last of the Anton Bruun Memorial Lectures this year will be given by Professor
V.G. Kort of the Institute of Oceanology of the Academy of Sciences of the USSR. Professor
Kort needs no introduction, for he has been with us for many years and has contributed much
to our discussions, to our results, to our resolutions, and I am sure that everybody knows
him very well. For me he represents the seagoing oceanographer, a very important type of
oceanographer, and every time I meet him he is coming from the sea or he is going on another
marine expedition. He has a very great sea experience and even at his present age he still
likes to be at sea and take an active part in scientific investigations at sea. This must be
fully recognized.



Dynamics and thermohaline structure of the waters

of the Kuroshio current and adjacent regions

Professor V,A. Kort

Institute of Oceanology
Academy of Sciences of the USSR

Ladies and gentlemen: The Soviet Union has
played an active part in the implementation of the
CSK programme, Between 1965 and 1973, its
research ships carried out40 specialized expedi-
tions, occupying 3, 230 hydrographic stations along
the standard sections allotted to the Soviet Union
(Figure 1); this represents about 25 per cent of the
stations occupied by countries participating in the
CSK programme.

Until 1969, surveys were usually taken at
approximately tri-monthly intervals, but since
then, observations have been carried out only in
the spring and summer, thereby reducing the pro-
gramme. Data accumulated by Soviet and foreign
expeditions have augmented previous knowledge of
the biological productivity of the waters ofthearea,
and have provided a basis for the study of seasonal
and year-to-year variability in oceanographic con-
ditions. The purpose of this report is to communi-
cate some of the results obtained by Soviet scien-
tists through scientific analysis of CSK material
dealing with variability in water circulation, ther-
mohaline and thermal structure, and with the posi-
tion and structure of the sub-Arctic front. The
area under investigation is bounded to the north
and south by parallels 43°N and 20°N respectively,
to the west by the Pacific shores of the islands of
Honshu and Hokkaido, and to the east by meridian
155°E.

I.  Water circulation as shown by CSK material

In areas where the waters show marked baroclini-
city, a fairly close approximation to the actual

circulation pattern may be obtained by dynamic

computation, in which observations of the temper-
ature and salinity fields provide the basis fordraw-
ing up diagnostic representations of the velocity

fields. On the dynamic topography charts for
specific seasons of different years (Figures 2 and
3), the main part of the Kuroshio was distinctly
indicated by the concentration of the horizontal

dynamic isopleths into a narrow, powerful stream.
In the section lying between longitudes 135° and
145°E, this stream flows at velocities in excess
of 1 knot, and is 35 to 40 nautical miles across.
Maximum velocities of 2.5 and 2.8 knots were
observed in all seasons along the southern coast

of the island of Honshu, and also 300 miles south-
east of the Boso Peninsula (longitude 145° to
146°E).

Areas of nearly stationary meanders were
noted in all seasons, especially in summer, Cy-
clonic meanders developed in the 33° to 36°N lati-
tude belt between longitudes 137° and 140°E, and
between longitudes 145° and 148°E; anticyclonic
meanders occurred between longitudes 141° and
145°E and between 150° and 155°E. From the ver-
tices of the meanders, currents branched off and
diffused southward and north-eastward. It is, of
course, from the southward-spreading branch cur-
rents that the Kuroshio countercurrent is formed,
beginning east of longitude 155°E, and completing
the anticyclonic gyre to the south. In certain sea-
sons, the countercurrent is weak., In the summer
of 1965 and winter of 1966, for instance, it degen-
erated into minor cyclonic eddies.

A more complex dynamic structure is formed
in the areas of interaction between the Kuroshio
and Oyashio currents. The intensity with which the
branches of the Oyashio develop fluctuates sharply
from season to season. As a rule, when the con-
tinental branch of the Oyashio is weakly developed,
as in 1966 and 1967, there is more vigorous trans-
portof cold sub-Arctic waters by its oceanic branch.
In the zone of contact between the Kuroshio and the
Oyashio, a large number of local eddies make their
appearance, arising from frictional forces, devel-
oping out of meanders, or generated by typhoons.
The majordynamic formations are the anticyclonic
eddies thatdevelop out of meanders of the Kuroshio
and travel in a northerly direction. These have a
diameter of 60 to 200 miles, extend vertically to
a depth of 500 to 600 metres, and have a surface
velocity (according to data obtained from facsimile
charts) of 0.5 to 2.0 nautical miles per day. They
appear most frequently in winter in the zone lying
between longitudes 141° and 145°E and latitudes 33°
and 38°N. Between 1965 and 1973, three cycles
could be discerned in the development of major
anticyclonic eddies: 1965-1967, 1968-1969 and
1970-1972. Over certain periods of time, the major
eddies appear on the charts as localized vortices,
with life-spans of about one year.

In the sub-Arctic Ocean zone north of 40°N, the
current velocity does not exceed 0.2 to 0.3 knots,
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whereas along the south coast of the island of
Hokaido it frequently reaches 1 knot. The intensi-
fication of the current in this area is due to the
confluence of the continental branch of the Oyashio
with the Sangara current flowing south-east into the
inner regions of the frontal zone.

The characteristics described above relating
to the horizontal surface circulation of the waters
of the Kuroshio are maintained to depths of 150 to
200 metres. At lower levels (Figure 5 shows depths
of 500 to 800 metres during the summer of 1965),
the nature of the geostrophic circulation changes
to some extent. Some of the eddies disappear (or
disperse), the currents become weaker and are
displaced to the right, and in areas of convergence
(or divergence) a sign change occurs. As an illus-
tration of the vertical flow structure, Figure 4
shows a dynamic section alongthe 138°12'E merid-
ian for the spring of 1972. It can be seen from the
diagram that the maximum velocity (of up to 100
cm/sec) is observed in the upper 50-metre layer
of the ocean, the current measuring some 70 nau-
tical miles across on the surface and broadening
out at sub-surface depths to 120 miles,

The overall pattern of horizontal circulation
studied, both as a whole and in its individual parts,
is subject toconsiderable seasonal and annual var-
iations (especially in the meanders) that can be
clearly traced from the CSK data. To show the
nature of the Kuroshio's seasonal variability, we
shall use the results of geostrophic circulation
computations for a sectionalong the138°12'E longi-
tude. Some dynamic indicators of the Kuroshio's
intensity - surface speed of the main stream, depth
of the 20 cm/sec isotach, transport in the 0 to
1, 000 metre layer, and breadth of stream or dis-
tance between the 20 cm/sec isotachs - in the
selected section off the south coast of the island of
Honshu for the period between 1965 and 1973 are
given in Table 1. This table indicates that the sur-
face velocity of the mainstream ranges from 70 to
22 cm/sec, the breadth of the main stream from
50 to 120 miles, and its depth from 570 to 760
metres. The 10 em/sec isotach runs at a depth of
approximately 800 to 900 metres in the Kuroshio's
main stream.

To obtain an overall indication of currentinten-
sity, it is convenient to use water volume transport,
which, other factors being equal, is less subject to
short-term fluctuations than, for example, current
velocity at different levels. The difference between
the maximum volume transport (73.8 millionm3/sec
in the spring of 1967)and the minimum (38.5 million
m3/secin the summer of 1970) comes to 35.3 million
m3/sec (Table 2), i.e., theintensity of the Kuroshio
altered by a factor of almost 2 between those years.

It will be seen (Figures 9 and 12) that there is
greater year-to-year than seasonal fluctuation, not
only in velocity and transport but in individual cir-
culation characteristics. As an indirect indicator
of year-to-year variation in the Kuroshio, we shall
examine changes in the position of its dynamic axis
off the south and east coasts of Honshu during the
summer period. The curves representing these
changes (Figure 6), plotted from CSK data and
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published sources, show that shifts in the axis of
the Kuroshio off the eastern coast of Honshu over
the past 40 years (lower curve) follow a cyclic
pattern recurring every 4 to 5 years. The results
of spectral analysis (Figures 6 and 13) reveal

cyclic patterns also in the changes of position of
the axis of the current over periods of 1-2 and

17-19 years.

One of the important results of the research
carried out under the CSK programme was the
discovery by Japanese and Soviet scientists of the
subtropical countercurrent, flowing from west to
east at speeds ranging from 0.2 to 1.3 knots. This
current can be traced against a background of
irregular eddies in the zone lying between latitudes
20° and 25°N; i.e., it can be matched against the
subtropical convergence - the axis of the subtropi-
cal gyre.

The subtropical countercurrentisusually dis-
tinguished from the surrounding waters by a slight-
ly lower salinity level, by the presence of a warm
core in the 0 to 200 metre layer, and by the fact
that, within it, the subtropical front drops to a
depth of 300 to 500 metres.

Table 3 gives some of the dynamic character-
istics of the subtropical countercurrent within
sections of it taken along the 138°12'E and 149°E
meridians (Figure 11). It shows that the counter-
current can be observed during practicallyall sea-
sons of the year, and that its axis undergoes con-
siderable shifts (2 to 3 degrees latitude), apparently
because of localized vortices at the left and right
boundaries of the stream.

The maximum velocities are observed in the
upper layer and vary from season to seasonbetween
5-10 and 40-50 cm/sec. At greater depths (parti-
cularly in excess of 300 m)the geostrophic velocity
decreases noticeably, and transport of the bulk of
the water therefore takes place in the 0-300 m
layer.

In individual years during the 1965-1970
period, the maximum transports in the subtropical
countercurrent along the 138°12'E and 149°E longi-
tudinal sections occurred during different seasons.
The maximum transportbetween 1965 and 1970 was
observed on the 138°12'E section in the spring of
1967 and came to 37.2 million m3/sec, and the
largest seasonal variation in any one year amounted
to 31.5 million m3/sec (in 1967).

Downstream seasonal fluctuations in transport
diminish (except in 1968), as may be expected from
the general slackening of the stream as it proceeds
eastwards. It is also noticeable (Figures 9and11)
that there is a direct relationship between the inten-
sity of the subtropical countercurrentand the num-
ber of tropical cyclones occurring overthis region;
a decrease in their number corresponds to a drop
in the intensity of the countercurrent. This rela-
tionship is frequently disturbed in winter and
spring, however, when there are scarcely any
typhoons and when the winter monsoon exerts a
considerable influence on the circulation regime.
It can be demonsirated (Figures 4, 5 and 8) that
the presence of such an important factor in the
water circulation of the western half of the Pacific



Ocean as the subtropical countercurrent plays a
significant part in determining the distribution of
the various kinds of plankton and fishery resources
in the subtropical latitudes.

II. Some characteristics of the thermohaline
and thermal structure based on CSK data

One of the major characteristics of the thermo-
haline structure consists of temperature and
salinity anomalies relative to their long-term
average values.

The most complex year-to-year temperature
(Figure 7) and salinity (Figure 8) variations are
observed in the Kuroshio frontal zone. This is
where the anomalies and their gradients have the
largest values. Surface temperature anomalies,
for example, reach 4-8°, with horizontal gradients
of 2-3° over a distance of 60 nautical miles; salin-
ity anomalies reach 0.6-1.0°/00, with horizontal
gradients of up to 0.4-0.8°/00 over 60 miles.

The greatest year-to-year fluctuations in tem-
perature anomalies are noted in winter in the surface
layer, where they reach 16.4°; the highest salinity
fluctuations are found in the 0-200 m layer with a
range of 1.4-1.6°/oo. The highest values for year-
to-year fluctuations in seasonal temperature anom-
alies are found down to depths of 500-800 m, with
fluctuations of 10 per cent at the 500 m level,

Between 1965 and 1969 the year-to-year fluc-
tuations in summer and winter water temperature
anomalies at the surface ranged in differentplaces
from 0.1 to 16.4° and salinity anomalies from 0.1
to 1.5°/oo.

Within the main thermocline layer (0-800 m),
certain concentrations of anomalies appear at var-
ious depths (Figure 12).

The most significant feature that emerges from
an analysis of the thermodynamic state of ocean
waters is the heat content of the various layers.

The bulk of the heat of the Kuroshio is in the
upper layer(Figure 9), whichis thereforethelayer
of maximum horizontal heat transport.

The ratio between the amount of heat advected
in the 0-500 m layer and in the 0-1,500 m layer
fluctuates between 38 and 100 per cent, according
to longitude,

III. Water masses and fronts

The fundamental features of the Kuroshio front (the
subarctic front)and of its variations, as revealed
by the CSK data, were examined with respect to
temperature and salinity. The position of the front
at various depths was determined from the inter-
section of the frontal surface with the corresponding
horizontal level (Figures 7, 8 and 13). For this
purpose temperature readings of vertical sections
were taken, thus establishing the depths of the
maximum gradient within the ocean thermocline
layer, with the maximum salinity gradient provid-
ing an additional indication.

Figure 9 shows some observed positions of the
southern and northern fronts; these diagrams are
similar to charts of the long-term average position

of the front for the corresponding seasons. The
southern subarctic front represents the northern
boundary of the subtropical water mass, whereas
the northern front refers to the boundary of the
area to which the subarctic water mass extends
(corresponding respectively to the terms ''Kuro-
shio front" and "Oyashio front'" used by Japanese
scientists). The two-stage frontal structure per-
sisted throughout the entire period except in
certain winter seasons (Figures 3 and 13). This
feature of the front can also be seen in the fact
that the northern front is most developed in the
surface layers while the southern front is most
developed in the subsurface layers. Theinclination
of the frontal surface at a depth of 100 m did not
exceed an angle of 10' (Figures 3, 7 and 10).

A characteristic feature is that, as the Kuro-
shio intensifies, the frontal zone narrows, and
conversely, when the current becomes weaker, it
broadens. This rule holds good both on the seasonal
and on the annual scale. Judged on the basis of the
extent of fluctuations in the position of the front,
the northern front is more stable than the southern,
with a mean annual displacement of 22 miles as
against 61 miles,

It has been established (Figures 3, 8 and 13)
that the northern front occupies its most southerly
position in the autumn, whereas for the southern
front this occurs in the winter, The mostnortherly
positions are occupied by the two fronts in the
summer and autumn, respectively. When, in a
given season, the northern front is displaced to-
wards the south, the southern front moves towards
the north during the same period. Conversely,
when the northern front shifts in a northerlydirec-
tion, the southern front simultaneously moves
south. This serves to confirm the conclusion
already arrived at by Japanese oceanographers
concerning the connection existing between changes
in the positions of the northern and southern
branches of the subarctic front. The result of this
interrelationship is that the frontal zone is at its
broadestin winter, narrows somewhat in the spring,
widens again in the summerandis at its narrowest
in the autumn.

IV. Large-scale air-sea interaction (in the
CSK region)

As already demonstirated (Figure 15), changes in

the heat content of the ocean's baroclinic layer

(down to the depth of the lower boundary of the

Kuroshio current; i.e., approximately thel, 000 m
level) show seasonal fluctuations thatareneverthe-
less considerably smallerin range than the longer-
term changes, which occurover a periodevaluated
at 7-8 years (Figure 10).

Comparison of the curves illustrating changes
in the mean annual values of the heat content in
the 10, 200-and 1, 000-metre layers, withthe curves
showing variations in mean annual values for total
solar radiation and the temperature of theairabove
the region in question, reveals a significant corre-
lation between the incidence of solar radiation
and the heat content fluctuations within the ocean's
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active layer (0-200 m), while changes in heat con-
tent in the baroclinic layer correlate more closely
with air temperature, allowing for a 2-3 year time
lag (Figure 11).

These correlations are entirely to be expected,
since the heat content of the ocean's active layer
is determined basically by the seasonal nature of
the external heat exchange of this ocean layer,
which depends entirely on the radiation balance.
In other words, the atmosphere has a decisive
effect on the thermal regime of the ocean's active
layer. This also explains the simultaneous changes
that occur in the temperature of the surface water
and even of theactive layer, over vastoceanbasins,
as recently observed by a number of research
workers (Ivanov, Shishkov, Bjerknes, Khandzava,
Namias and others).

It would appear, however, that over a period
of years variations in the temperature of the air
above the ocean are caused to a greater extent by
fluctuations in heat advection by currents; i.e., by
heat content changes in the ocean's baroclinic layer.

Although these variations are not large(3-4°C
for the entire layer), the large difference in heat
capacity between water and air, together with the
significantly large area of the current surface,
exerts a substantial influence on the thermal regime
of the atmosphere over a period of years. Hence,
as far as long-term thermal air-sea interaction is
concerned, the major role is played by the ocean
in regions where there are powerful ocean currents.

Ananalysis of quantitative changes in heat con-
tent in the baroclinic layer of the oceanoutside the
Kuroshio current did not reveal such clearly defined
annual fluctuations. It may be assumed that the
zones where the most active large-scale air-sea
interaction takes place are those through which the
main streams of currents flow.

Even more marked interaction occurs in the
neighbourhood of physical oceanic fronts. This can
be seen, for example, in the northerly shift in the
axis of the westerly winds in the northern part of
the Pacific in the polar front region, which takes
place some 3-5 months after a shift to the north
has occurred in the 15° water-surface isotherm
(Figure 12).

As early as the 1960s, Japanese research
workers (Fukuoka, Ichiye, Uda and Takenouti)
demonstrated that a shift to the north in the sub-
arctic front (or main stream of the Kuroshio) was
connected with an increase in the Kuroshio's inten-
sity and therefore with an increase inheatadvection
by these currents.

Comparison of data relating to variations inthe
heat content of the Kuroshio and California currents
shows that extreme values for the heat content of
the Kuroshio off the Japanese coasts occur, on
average, 4-6 years after those for the California
current (Figure 13).

The time lag is almost two years longer than
the time taken for the water to travel through the
southern branch of the north Pacific circulation
system. It would appear that this two-year period
represents the time necessary for a temperature
anomaly to build up in the ocean's baroclinic layer
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in the neighbourhood of the Californian coast.
Taking into account the generative influence of the
subarctic oceanic front on the intensification of the
westerly atmospheric movement over the northern
regions of the Pacific, it is possible to devise a
physical model, as illustrated in Figure 14, to show
large-scale air-sea interaction in the CSK region.
This model is based on the fact that an increasein
the westerly atmospheric movement over the north-
ern part of the Pacific leads to an intensification
of the cold California current, with the result that
cold water masses begin to accumulate in the
eastern part of the tropical zone of the Pacific,
giving rise to a negative anomaly in the heat con-
tent of the north Pacific anticyclonic circulation.

The cooling of the surface waters of the east-
ern part of the tropical zone of the oceanproduces
conditions giving predominantly dry weather with
little cloud in this region; this in turnleads tomore
intensive heating of the water by the increased flow
of solar radiation, so that a new positive anomaly
in the heat content of the north Pacific circulation
begins to form, renewing the cycle of large-scale
air-sea interaction.

The system follows a cyclic pattern taking, on
average, something like 6 years, the length of the
cycle being governed mainly by the rate at which
temperature anomalies develop in the ocean's baro-
clinic layer. Long-term fluctuations in the system
are of course complicated by seasonal fluctuations
in the heat regime of the ocean's active layer, the
incidence of monsoons and the general pattern of
the circumpolar atmospheric vortex.

Rationally organized observations of changes
in the heat content of the California current and
of the Kuroshio provide a solution to the problem
of long-term (3-5 years) ocean and climate fore-
casting. The intensification noted in the ther-
modynamic processes of the air-sea interaction
system in the area of the polar ocean frontsplaces
these regions of the Pacific among those which
should be given priority for study.

BIBLIOGRAPHY

Pavlycev, V.P. Nekotorye osobennosti gidrologi-
ceskogo rezime y rajone Kurosio vesnoj1965 g.
(Some features of the hydrological regime in
the Kuroshio region during the spring of 1965.)
Izv. TINRO (Bulletin of the Pacific Research
Institute of Fisheries and Oceanography),
Vol. 61, 1967,

. O sostojanii Kurosio u jugovostoc-

nogo poberez'ja o. Honsjuv 1965-1967 gg.

(State of the Kuroshio off the south-east coast
of the island of Honshu during the 1965-1967
period.) Papers of the 13th Far Eagt State
University Scientific Conference, 1968.
Part 5 -Oceanology. Vladivostok, 1969,

Nekotorye certy termiki i himii
vod rajona vzaimodejstvija tecenij Kurosio i
Ojjasio. (Thermal and chemical characteristics



of the waters in the zone of interaction
between the Kuroshio and Oyashio currents.)
Izv. TINRO, Vol. 68, 1969,

Kun, M.S., G.N. Cladkic, E.,P. Karedin, V.P.

Pavlycev, V.I. Rackov and E.G. Starodubcev,
Gidrologiceskie uslovija i biologiceskaja
harakteristika vod Kurosio v rajone 20-43°
sev. sir, i 138-149° vost. dolg. (Hydrological
conditions and biological characteristics of
the waters of the Kuroshio in the zone lying
between latitudes 20-43°N and longitudes 138-
149°E.) Izv. TINRO, Vol. 68, 1969.

Pavlycev, V.P. Rezim Kurosioisoderzanie plank-

tona u juznogo poberez'ja o. Honsju v 1965-
1969 gg. (Regime and plankton content of the
Kuroshio off the south coast of the island of
Honshu during the years 1965-1969.) Obzornaja
informacija CNIITEIRH (Central Research
Institute of Technical and Economic Information
for Fisheries Review). Ninth series. Oceanog-
raphy for fisheries, No. 3, 1971.

K voprosuobizmencivosti Kurosio
u jugo-vostocnogo poberez'ja o. Honsju. (On
the variability of the Kuroshio off the south-
east coast of the island of Honshu.)Izv. TINRO,
Vol. 75, 1971.

O rezime vod v severno-zapadnoj

casti Tihogo okeanaletom 19651 zimoj 1966 gg.

(Hydrological regime of thenorth-westernpart
of the Pacific Ocean in the summer of 1965 and
winter of 1966.) Izv. TINRO, Vol. 75, 1971.

. Omezgodovojizmencivosti vmean-
dirovanii Kurosio i ee vlijanii na promysel.
(Year-to-year variations in the Kuroshio's
meanders and their effect on fisheries.)
Sbornik TINRO (Collection of articles on the
Pacific Research Institute of Fisheries and
Oceanography.) No. 7, 1972.

Muromecev, A.M., et al. Kurosio i prilegajuscie

rajony Tihogo okeana (sbornik). (The Kuroshio
and adjacent regions of the Pacific Ocean: a
collection of articles.) Tr. GOIN (Proceedings
of the State Institute of Oceanography), No. 106,
1972.

Pavlycev, V.P. O nekotoryh osobennostjah

gorizontal'noj cirkuljacii vod v zone Kurosio

y pervoj polovine 1972 g. (Some characteris-
tics of the horizontal circulation of the waters
of the Kuroshio zone during the first half of

1972.) Sbornik TINRO, No. 4, 1973.

. K voprosu o subtropiceskom proti-

votecenii, (The subtropical countercurrent.)

Izv. TINRO, Vol. 87, 1973,

O vertikal'nyh dvizenijah vod v
zone tecenija Kurosio i smeznyh rajonah.
(Vertical water movement in the Kuroshio
current zone and adjacent regions.) Izv.
TINRO, Vol. 87, 1973. T

Rezim vod i polozenie subark-

ticeskogo fronta v severo-zapadnoj casti

Tihogo okeana. (Hydrological regime and

position of the subarctic front in the north-
western part of the Pacific Ocean.) Izv.
TINRO (in press). T

41



42

Table 1

SOME DYNAMIC CHARACTERISTICS OF THE KUROSHIO

Year

1968

1969

1970

1971

1972

1973
1974

)

AT 138°12' E
Season Yelocity Width (miles) Vertical Tragsgort
in the core on the surface extent of (10°m”/sec.
(cm/sec.) between lines the 20 cm/sec in the layer
of equal velocity isotach between
(20 cm/sec. 0 - 1000 m.
—eee——_-isotach) ______

Summer 131 94 730 56.6
Winter 148 112 740 61.0
Summer 119 86 760 63.5
Winter 105 112 580 43.7
Spring 109 120 730 73.8
Summer 95 114 580 64.5
Autumn 127 86 620 50.1
Winter 71 80 650 40.0
Spring 126 96 680 51.4
Summer 148 112 730 68.4
Autumn 101 80 630 41.5
Winter 117 88 600 48.9
Spring 111 110 570 47.8
Summer 219 50 740 44.8
Autumn 130 100 570 48.7
Winter 104 72 590 48.3
Spring 117 100 610 53.3
Summer 86 60 560 38.5
Autumn 157 90 690 57.0
Spring 93 100 620 47.9
Summer 128 106 640 53.3
Spring 103 60 570 45.3
Summer 116 100 620 48.0
Summer 118 110 560 53.0
Summer 88 90 820 58.8




Table 2

YEAR-TQ-YEAR VARIATIONS IN VOLUME TRANSPORT
(10% m3/sec.) IN THE KUROSHIO

A.
Seasons Winter Spring Summer Autumn
Maximum 61.0(1966) 73.8(1967) 68.4(1968) 57.0(1970)
Minimum 40.0(1968) 45.3(1972) 38.5(1970) 41.5(1968)
Range 21.0 28.5 29.9 15.5

AVERAGE SEASONAL VARIATIONS IN VOLUME TRANSPORT

(106 m3/sec.) IN THE KUROSHIO (Averaged for the

period 1965 - 1972)
B, —_— —_—— e e e e e e
Seasons______ Winter Spring___ Summe Autumn - -
Volume
tragsgort 48.4 53.2 54.5 49.3
(10°m”/sec)

DEVIATIONS OF VOLUME TRANSPORT (10® m3/sec)

FROM THE 1965-1973 AVERAGE FOR SUMMER IN THE

KUROSHIO
C L] - e —— - ————— — = ——— -
Year_ 1965 _ 1966 __ 1967 _ 1968 1969 _ 1970 _ 1971 _ 1972 1973 __
Deviation 2.1 9.0 10.0 13.9 -9.7 -16.0 -1.2 =-6.5 -1.5

VOLUME TRANSPORT (10° m3/sec) AT VARIOUS

LONGITUDES IN THE KUROSHIO REGION
Seasos: '\~319_?glt“des .
and ~_ 138°15" 138°12' 145°00" 152°00° Average
Year _ > - _—
Summer 1965 62.3 56.6 55.2 31.5 51.4
Winter 1966 57.1 61.0 55.9 50.2 56.0
Summer 1966 65.4 63.5 56.2 40.8 56.5
Winter 1967 37.8 43.7 41.4 44.0 41.7
Summer 1967 66.1 64.5 56.6 45.2 58.1
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Table 3

SOME DYNAMICAL CHARACTERISTICS OF THE
SUB~TROPICAL COUNTERCURRENT FOR THE
PERIOD 1965 - 1970.

Season Year Volume transport Velocity in the Depth of the 10cm/sec
10® m3/sec. core_(cm/sec) isotach
Long- 138°12" 149°00' 138°12' 149°00' 138%°12' 149°%00°
itude E E E E E E
Summer 1965 16.1 6.3 24.6 15.7 220 120
Winter 1966 12,6 7.9 24,1 30.7 460 190
Summer 1966 5.8 21.6 18.4 36.0 110 660
Winter 1967 5.7 22.0 10.6 49,6 20 720
Spring 1967 37.2 13.0 44.6 25.7 840 280
Summer 1967 19.8 15.8 35.0 36.5 470 190
Autumn 1967 8.1 - 27.5 - 190 -~
Winter 1968 23.2 - 41.3 - 680 -
Spring 1968 8.7 10.1 48.0 20,2 260 110
Summer 1968 26.7 25.8 46.4 33.0 640 550
Autumn 1968 3.7 4.8 12.8 22.0 40 120
Winter 1969 23.1 5.6 22.9 14,7 650 130
Spring 1969 17.6 7.8 37.4 26,2 320 180
Summer 1969 1.2 4.8 5.1 16.0 10 120
Autumn 1969 3.7 1.2 27.8 9.5 160 -
Winter 1970 5.6 8.4 24.3 25.0 110 220
Spring 1970 9.1 10.6 41.4 30.6 210 190
Summer 1970 20.8 8.7 36.0 25.0 540 300
Autumn 1970 4.6 4.0 25.2 12.0 160 70
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Fig. 9
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from longitudes 125°W to 160°E for the northern trade-wind zone
(—-—-—); heat content (6, 0-500 m. and 0-1000 m. layers) of the
Kuroshio (——), the California Current at station 8090 (——-——).
The vertical dashed lines mark off several intervals (from top to
bottom: 3 years, 2.5 years, 6 years and 4 years, as indicated by
the horizontal brackets).



\

7
1.5-2 years ‘

L7

3-4 years

Fig. 14 A proposed model of large-scale air-sea interaction in the
North Pacific Ocean.




DISCUSSION(I)

PROFESSOR ROLL

I think we should be very grateful to Professor
Kort for giving us this very informative lecture.
I expected that Professor Robinson would give us
a lecture on modelling the ocean circulation, in
order to understand why meanders occur, and I
had hoped that Professor Kort's lecture would be
an analysis of the results of observational mater-
ial. And so it turned out exactly as I had hoped.

DR. TERADA

May I say a few words of congratulation for the

lectures in connection with CSK which have been
arranged by Professor Roll. As Professor Sugawara
said, I proposed the research of the Kuroshio cur-
rent in 1962, At that time I was the Chief of the

Marine Division of the Japan Meteorological Agency.

In Japan, the Japan Meteorological Agency, the
Hydrographic Office and the Fisheries Agency had
been carrying out a systematic study of the Kuro-
shio only in the southern part of Japan and we had
decided that it was extremely important to expand
the region of the Kuroshio study to the eastern
part of the Philippines. Therefore on the occasion
of the third session of the Commission, I proposed
this idea and the CSK was officially adopted as a
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co-operative investigation of the Commission. The
CSK research has been carried out very actively
and successfully with the collaboration of the enthu-
siastic oceanographers of various countries which
joined the CSK project. The voluminous data of
the CSK have been analysed by the Kuroshio Data
Centre where Dr. Shoji, who is now sitting next to
me, was in charge at the time and already many
CSK atlases, newsletters and publications have
been published. It was my greatpleasure and also
surprise that the CSK extended so rapidly; this was
due to the international co-ordination system car-
ried out under the IOC. Again I would like to con-
gratulate all concerned on the very fruitful results
achieved in the CSK.

PROFESSOR ROLL

Thank you, Dr. Terada, for this information on
the historical background of CSK.

This then is the end of our Anton Bruun Memor-
ial Lectures of this Assembly which, I think, has
provided us with a good report on the present state
of the results of this very important co-operative
investigation carried out under the auspices of IOC.
I thank the speakers again and am grateful to you
for your continuous attention.

(1) Names and titles of speakers are found at the
end of the publication.



LIST OF DISCUSSION PARTICIPANTS

Professor Dr, H.U. Roll

President, German Committee for
Marine Research and Technology

Roegenfeld 34

2 Hamburg 67

Federal Republic of Germany

Professor Ken Sugawara

Japanese National Commission for Unesco
Ministry of Education

2-2 Kasumigaseki 3 - Chome

Chiyoda-ku

Tokyo

Japan

Dr. S.Z. Qasim

Director, National Institute of Oceanography
Dona Paula

Panaji

Goa

India

Dr. Mitsuko Ambe

Sagami Chemical Research Centre
Nishi-Ohnuma 4-4-1

Sagamihara

Kanagawa 229

Japan

Professeur G. Macchi

Directeur du programme spécial
d'océanographie du

Conseil national des recherches

Via Morgagni 30/E

Roma

Italy

Dr. C. Palomo Pedraza

Jefe del Departamento de Geologia y Geofisica

Instituto Espafiol de Oceanograffa
Alcala No. 27, 4°

Madrid 14

Spain

Professor A.R. Robinson

Division of Engineering and Applied Physics
Harvard University

Pierce Hall

Cambridge

Massachusettes 02138

United States of America

Professor Dr. K. Voigt

Director, Institut fur Meereskunde
Akademie der Wissenschaften der DDR
DDR-253 Rostock-Warnemunde
German Democratic Republic

Dr. H. Walden

Deutsches Hydrographisches Institut
Bernhard Nocht-Strasse 78

D-2000 Hamburg 4

Federal Republic of Germany

Dr. K. Terada

Sagamihara Research and Engineering Centre
Nippon Steel Corporation

1260 Ajhara

Sagamihara City

Kanagawa Prefecture

Japan

59



[B.8.8C-77.XVI. 1547

60



	Contents



