
• 

• 

UNITED NATIONS ENVIRONMENT PROGRAMME 

B. Wauthy: 

Physical ocean environment in 

the South Pacific Commission Area 

UNEP Regional Seas Reports {lJld Studies No. 83 

Prepared in co-operation with 

.. ·••••··. 

~ ~-~ '-: .) i I 
~~ , 

-~--- ~ 

SPC SPEC ESCAP 

UNEP 1986 



• 

- i -

PREFACE 

Fourteen years ago the United Nations Conference on the Htnan Environment (Stockholm 5-16 June 
1972) adopted the Action Plan for the Htnan Environment, including the General Principles for 
Assessment and Control of Marine Pollution. In the light of the results of the Stockholm 
Conference, the United Nations General Assermly decided to establish the United Nations 

_ Environment Progranme (UNEP) to "serve as a focal point for environmental action and co-ordination 
within the United Nations system" (General Assermly resolution 2997(XXVII) of 15 Decermer 1972). 
The organizations of the United Nations system were invited "to adopt the measures that may be 
required to undertake concerted and co-ordinated progranmes with regard to international 
environmental problens•, and the "intergovernmental and non~vernmental organizations that have 
an interest in the field of the environment" were also invited "to lend their full support and 
collaboration to the United Nations with a view to achieving the_ ·1argest possible degree of 
co-operation and co-ordination• .. Subsequently, the Governing Council of UNEP chose "Oceans" as one 
of the priority areas in which it would focus efforts to fulfill its catalytic and co-ordinating 
role. 

The Regional Seas Progranme was initiated by UNEP in 1974. Since then the Governing Council of 
UNEP has repeatedly endorsed a regional approach to the control of marine pollution and the 
management of marine and coastal resources and has requested the development of regional action 
plans. 

The Regional Seas Progranme at present includes ten regions!/ and has over 120 coastal States 
participating in it. It is conceived as an action-oriented progr.amne having concern not only for 
the consequences but also for the causes of environmental degradation and encoq:,assing a 
coq,rehensive approach to cont>ating environmental problems through the management of marine and 
coastal areas. Each regional action plan is -fonoolated according to the needs of the region as 
perceived by the Governments concerned. It is designed to link assessment of the quality of the 
marine environment and the causes of its deterioration with activities for the management and 
development of the marine and coastal environment. The action plans promote the parallel 
development of regional legal agreements and of action-oriented progranme activitiesY. 

The idea for a regional South Pacific Environment "'1nagement Progranme came from the South Pacific 
Conmission (SPC) in 1974. Consultations between SPC and UNEP led, in 1975, to the suggestion of 
organizing a South Pacific Conference on the Htnan Environment. The South Pacific Bureau for 
Economk Co-operation (SPEt) and the Economic and Sociat Conmission for Asia and the Pacific 
(ESCAP) soon joined SPC's initiative and UN(P supported the development of what became .known as 
the South Pacific Regional Environment Programne (SPREP-) as part of its Regional Seas Progranme. 

1/ Plediterranean, Kuwait Action Plan Region, West and Central Africa, Wider Caribbean, East 
• Asian Seas, South-East Pacific, South Pacific, Red Sea and Gulf of Aden, Eastern Africa and 

South Asian Seas. 

Y UNEP: Achievements and planned development of UNEP's Regional Seas Programne and coq,arable 
progranmes sponsored by other bodies. UNEP Regional Seas Reports and Studies No. 1. UNEP, 
19B2. 
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An Action P-lan for the South Pacific Regional Environnent Progranme (SPREP) was adopted at the 
Conference on Ht111an Environment in the South Pacific at Rarotonga, 8-11 March 1982, and was 
endorsed seven months later at the South Pacific Conference and South Pacific Fo.....Jl. 

This doct111ent has been prepared by fltr. Bruno wauthy of ORSTOPI (Office de la Recherche Scientifique 
et Technique Outre~r) as a contribution to the South Pacific Regional Environment Progranme. The 
sponsors of the study would like to express their gratitude to the author and ORSTOPI. 

3/ SPC/SPEC/ESCAP/UNEP: Action Plan, for managing the natural resources and environment in the 
South Pacific Region. UNEP Regional Seas Reports and Studies No. 29. UNEP, 1983. 
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GEOGRAPHICAL INTRODUCTION TO THE SPC AREA 

Geographical extent 

The South Pacific Comniss;on (SPC) Area (Fig. 18) extends from 130°W to 130°E, on either side 
of the international dateline, between the two tropics. It is unequally distributed as regards 
latitude, with two thirds of its area in the Southern Hemisphere and one third in the Northern 
Hemisphere. Its eastern area corresponds roughly to the central South Pacific, and its western 
portion to the western Pacific, excluding the areas of the Coral Sea to the South and the 
Philippine Sea to the North which wash the Australian and Philippines coastlines respectively. 

The area covered is approximately 27.5 million kni2 and represents four-tenths of the 
intertropical Pacific (Fig. 1A) and almost one-fifth of the area of all oceans within the 
intertropical belt. 

The distances involved are considerable, measuring 8,000 km from Gu• to Tahiti; 11,000 km 
from Pitcairn to Palau; 5,500 km from the North of the Plarianas to Notinea and 3,600 km from 
Chrisbnas Island to Rapa. From Papeete (Tahiti), the nearest continental landfalls are Sydney at a 
distance of 6,000 km; San Francisco at 6,600 km; Terre Adelie at 7,000 km; Vladivostok at 7,500 
km; Valparaiso at 7,700 Ian and Pan.a at 8,200 km. 

The SPC Area is thus primarily a vast ocean expanse covering the major portion of the area 
known to geographers as Oceania. 

Emerged land 

The emerged land takes the form of a multitude (poly) of small (micro) islands (nesos) scattered 
over a vast expanse of ocean and mostly grouped in archipelagos which form Micronesia in the 
North-west and Polynesia in the East. They contrast with the larger islands of Plelanesia, which 
extend from Fiji to New Guinea and form part of the structural mass of the Australian continent. 

Table I shows: 

The areas of is 1 ands -or archi pe 1 agos ( taken f ran le Pli 11 ion, Vo 1. XV, OCEAN IE, ed. Grange 
Bateliere, Paris) in Plicronesia, Polynesia and Plelanesia, excluding, in the last case, 
Papua-New Guinea, in view of its clearly continental character; 

The areas of ocean occupied by these major provinces, estimated on the basis of the 
geographical distribution of the archipelagos; 

Ratings on an "insularity index" expressed as percentages and calculated on the basis of the 
ratio of emerged land areas to ocean area. 

The insularity characteristic is extreme in Plicronesia where the islands represent only an 
infinitesimal fraction of the ocean area; it is very pronounced in Polynesia where the remoteness 
from contlnents accentuates the impression of isolation, but is less marked in island Plelanesia, 
where there is almost 100 times as much land area as in Plicronesia. 

Nevertheless, throughout the SPC Area, insularity remains the predominant characteristic, 
since only 2 per cent of the area consists of emerged land, whereas water represents 98 per cent. 
Figure lA, which could be regarded as an •artist's view of Earth from space directly over Jarvis 
I~land", illustrates _this clearly. 

While the presence of the small islands has only a marginal influence on the characteristics 
of the ocean environment, the large islands of Plelanesia, sane of which are very high (chains with 



-2-

peaks of over 4,000 metres in New Guinea) are iq,ortant in that their heavy rainfall produces 
considerable erosion, leaching large quantities of soluble minerals (nutrient salts and trace 
elements) throughout the year, thereby increasing the fertility of the waters of the adjacent 
ocean. The highest rates of chemical leaching fran the rocks are in fact seen in the h1111id 
equatorial zone where temperatures are high and rainfall abundant (Strakhov, 1960). 

The ocean floor (Fig. 2) 

The re 1 i ef of the ocean floor is very uneven in the western part of the area where the 
continental margins are found. 

The continental shelf down to the 200 m isobath demarcates the continent proper and 
illustrates clearly that New Guinea is directly linked to Australia. lltost of the Arafura Sea is 
less than 100 metres in depth, and the Torres Strait less than 20 metres. 

The margin area extends fran the continent to the island arcs in the East which fonn an almost 
continuous chain of islands or shallows stretching fran New Zealand, through Tonga, the Solomon 
Islands, the Bismarck Archipelago, Palau and the Marianas to Japan. This is the area of such 
adjacent seas as the Tasman Sea, the Coral Sea, the Solomon Sea and the Philippine Sea. Inside the 
margin area seamounts support archipelagos such as Fiji, Vanuatu, New Caledonia and the Loyalty 
Islands, while ridges more than 2,000 metres deep (Lord How Rise, Norfolk Island Ridge and Lau 
Ridge) isolate plateaux where the depth exceeds 2,000 metres (Northern Fiji and Chesterfield) and 
even 4,000 metres (New Guinea Basin, Solomons Basin, New Hebrides Basin, Fiji Basin and Coral Sea 
Basin). 

The island arcs are bounded on the East by deep trenches, the most distinctive of which are 
the Marianas Trench (10,915 metres), the Palau Trench (8,050 metres), the Bougainville Trench 
(9,103 metres), the New Hebrides Trench (9,165 metres), the Tonga Trench (10,882 metres) and the 
Kermadec Trench (10,047 metres); in many cases the walls of these trenches are in the fonn of 
steps. 

To the East of the island arcs, the relief is less accentuated. Average depth is greater than 
4,000 metres; seamounts in the fonn of ocean ridges stretch over considerable distances. Their 
width varies from 200 km to 500 km; they are more or less parallel, running in a NW-SE direction, 
and they sometimes fonn basements of atolls (Carolines, Marshalls, Kiribaki and Tuvalu, 
Tokelau-Cook, Line Islands and Tuamotu-Ganmier). In conjunction with a nlllt>er of East-west 
transverse plateaux, they demarcate basins of various sizes (Carolines Basin, Marshalls Basin, 
South-west Pacific Basin, Central Basin, North-west Basin) and a nlllt>er of deep trenches. Other 
less extensive relief features created by volcanic activity fonn the basements of more isolated 
island groups (Society Islands, Samoa, Marquesas, Hawaii). 

The bathymetry illustrated in Figure 2 shows the Coral and Solomon Seas to be relatively 
isolated: 

To the West by the continental land mass of Australia and New Guinea which fonn a virtually 
continuous barrier; to the East and North by the island arcs of the New Hebrides, the Santa Cruz, 
the Solomons and New Britain; to the South by shoals between New Caledonia, the Chesterfield 
Plateau and the Great Barrier Reef which render virtually iq,ossible any exchange with the Tasman 
Sea at depths greater than 3,000 metres. 
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Table 1: AREAS AND DEGREE OF ·INSULARITY· IN THE SPC AREA 

LAND (m2) OCEAN ( 1o6m,2) INSULARITY 

Marianas 404 

Marshall 181 
Palau 478 
Ponape 334 

taro lines 
Yap 216 
Truk 104 
Guam 549 
Nauru 21 
Kiribati 931 

IIUCRONESIA 3 218 8,8 0,0361 

Tuvalu 26 
Wallis and Futuna 255 
Western Samoa 2 842 
American Samoa 197 
Tonga 699 
Tokelau 10. 
Cook 455 
Niue 259 
Society 1 647 
Marquesas 1 274 
Tubuais 164 
Tuamotu-Gant,ier 915 

POLYNESIA 8 733 13,2 0,0661 

New Britain 36 519 
New Ireland 8 651 
Manus-Amii ra 1 ty 2 072 
Bougainville-Buka 10 500 
Solomons 28 446 
Fiji 18 272 
Vanuatu 14 763 
New caledonia 19 058 

MLANESIA 138 281 5,5 2,51 I 

Papua New Guinea 403 950 

Total MLANESIA 542 231 ~.5 9,85 I 

TOTAL SPC AREA 554 182 27,5 2,01 I 
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PIETEOROLOGY 

Abnospheric circulation 

Abnospheric pressure at ground level and low-level wind regime 

Pressure distribution at sea level (Figure 3 - Queeney, 1974) is detennined by the different 
reactions of the continents and oceans to the seasonal thennal factor of solar radiation. 

In the Southern Hemisphere, the dominant influence is that of latitude. Isobars are 
approximately zonal; the sub-tropical high pressure belts are practically continuous, although 
there is some increase in pressure over Australia during the southern winter, while in s11111er, the 
North of the continent is invaded by the ·1ndonesian equatorial low pressure zones.· 

In the Northern Hemisphere, the dominant influence in the extreme seasons is the continental 
effect. In the northern s111111er, the lndo-Asiatic continental thennal depression deepens, while the 
whole of the northern Pacific is covered by an anticyclone. In winter, on the other hand, a vast 
and powerful anticyclone fonns over Asia, centred over the Himalaya massif, - while the vast 
Aleutian depression zone pushes back the sub-tropical ocean anticyclone to the eastern part of the 
northern Pacific. 

This pressure field determines the low level wind patterns. In the Central Pacific, the 
constancy of the sub-tropical high pressure belts (Hawaii anticyclone, Easter Island anticyclone) 
sustains a year-round regime of trade winds which blow steadily in the direction of the near 
equatorial low-pressure zone. 

In the western Pacific, the influence of Asia results in a seasonal pattern of monsoons which 
blow from the high-pressure zones in the winter hemisphere towards the continental low-pressure 
zones in the st11111er hemisphere. In the Philippines, New Guinea and northern Australia, for 
exaq,le, there is an alternation of winds in the North to North-west sector during the northern 
winter, and of winds in the South to South-east sector during the southern winter. 

Throughout a "nonnal year•, the equatorial zone including Indonesia is covered by troughs of 
relatively low pressure, with ihe result that there is usually a decrease in the pressure gradient 
along the equator between the eastern and western Pacific, resulting in a zonal circulation known 
as the "Walker cell", consisting of a lower branch in the form of the trade winds, a rising branch 
over Indonesia and an upper return branch feeding subsident air into a descending branch over the 
eastern Pacific. 

Low level wind field 

An understanding of the wind field at the ocean surface is of paramount iq,ortance for 
sailors, oceanologists and climatologists. 

Since the agitation of the ocean surface is due essentially to the wind stress on the surface, 
the average wind field (speed, direction) is used by oceanographers to calculate a nlld>er of 
derived values (wind stress, curl of the wind) needed for ocean circulation models. 

Ocean-abnosphere exchanges, which determine weather to a large extent, also depend on wind 
speed. 

Wind field can be described on the basis of observations made at weather stations established 
on the islands or of observations made by vessels at sea. 
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Winds observed on land, particularly fl"OIII high islands, NY be only 1111rginally representative 
of the wind on the open sea (Wyrtki and tteyers, 1975·); _the speeds of geostrophic winds calculated 
on the basis of differences in atmospheric pressure from one island to another in the 20°N to 20°S 
belt do not give an accurate estimate of the force of the trade winds. Consequently, the wind 
field is usually determined on the basis of observations made from vessels (Hidaka, 1985; 
Hellennan, 1967; Wyrtki and l'leyers, 1975; Kutsuwada and Sakurai, 1982). 

The wind field fo the Pacific inter-tropical zone is characterized by the trade winds. The 
stability of these winds makes it possible to calculate an average value for the wind stress (in 
N.nr2) of the wind at the ocean surface, using the fonoola T = Pa CD wZ, where p~ is the air 
density (more or less constant at· about 1.Z kg-ffl-3), co is a friction coefficient and W the wind 
speed in m. s-1 . 

After processing approximately 5 million wind observations collected at the Environmental Data 
Centre, Ashville, N.C. in Plarine Deck (Tape Data Family - 11), Wyrtki and fteyers published monthly 
maps for the inter-tropical Pacific showing a mean wind vector (speed and direction) and a mean 
wind stress vector (Fig. 4), and bimonthly charts of derived values such as the curl of the wind 
stress or the wind divergence (grid 2° latitude x 10° longitude) (Fig. 5). 

The consistency of the trade winds system is clearly illustrated in Figure 4. 

N o r t h - e a s t e r 1 y t r a d e w i n d s • 

The North-easterly trade winds are strong from Novenner to Play; they blow all the way across 
the Pacific to Asia where they strengthen the North-easterly winter monsoon over the China Sea. 
They reach as far as 5°N in the western Pacific. 

The North-easterly trade winds are light from June to October, particularly in the western 
Pacific, where the wind stress diminishes by half. The South-westerly monsoon, which blows close 
to Asia in smmer affects the direction of the winds as far as 170°E. 

South - e·a st er 1 y trade winds 

The South-easterly trade winds are strong from June to October, reaching their peak in ·July. 
They. are lighter from Decenner to Play, particularly in the western Pacific which is then 
experiencing the doldnms. 

To the South of a line from the So1omon Islands to the Society Islands, the direction of the 
trade winds is determined by high pressure zones centred near the Kennadec Islands and caused by 
mobile anticyclones which do not appear on-mean pressure charts but represent a constant factor in 
day to day atmospheric dynamics in this region. 

W i n d - f i e 1 d d i v e r g e n c e 

The divergence or convergence of horizontal winds at the surface are the cause of vertical 
movements in the lower troposphere. Divergence is calculated on the basis of the average wind 
field by the fonoola: 

div W = 81Wx 
8x 

-where Wx and Wy are the components of the average wind-speed vector W in a system of rectangular 
co-ordinates, and counted positively eastwards and northwards respectively. 

The average· annual distribution of this property is illustrated in Figure. SA, where the 
isolines represent intervals of 4 x 10-6s-l. The noticeable features are: 
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A transpacific zonal belt between S°N and lO°N in which convergence is at its inaxina. This is 
the Inter-tropical Convergence Zone (ITCZ) between the Northern Hemisphere trade winds and the 
Southern Hemisphere trade winds which have crossed the equator; 

A slanting belt stretching from the equator in the western Pacific to the southern tropic in 
the Central Pacific, where the convergence takes place between the ENE trade wind, fed by the 
tropical air from the Easter Island anticyclone, and the ESE trade wind, fed by the polar air 
driven by the high-Pressure belts in the region of the Kennadec Islands. This is the South 
Pacific Convergence Zone (SPCZ) (G. Cauchard and J. lnchauspe, 1976); 

A region where the divergence is positive between these two convergence zones, covering the 
whole eastern Pacific from 30°S to 5°N and following the equator as far as 120°E. 

The vertical circulation in the troposphere (rising in convergence belts and subsiding in 
divergence areas) is directly linked with the rain-cloud fonnations. 

W i n d s t r e s s c u r l 

This factor is iq,ortant in calculating ocean transport in circulation models and also in 
detennining the topography of the thermocline in the equatorial current system, since wind 
vorticity is directly -linked to the divergence of surface currents, and thus to vertical ocean 
circulation. 

It is calculated on the basis of the COOl)Oflents T,X and T:Y (counted positively eastwards and 
northwards respectively) of the frictional drag using the fonoola: 

curl -r = 3T~ - 8Tix 
g,x g Y 

and its average annual distribution is. illustrated in Figure SB in which the isolines represent 
intervals of 4 x 10-8N_m-3. 

In the Northern Hemisphere, the North-easterly trade winds region is divided into two zonal 
belts, one with negative curl, the other with positive curl, to the North and South of 15°N, 
respectively. Their maxinun positive values are found in the Central Pacific, in the Inter­
Tropical Convergence Zone, and at the northern edge of the doldrum zone in the western Pacific. 

In the Southern Hemisphere, the eastern Pacific South-easterly trade winds region is also 
divided into two belts, one with negative values and the other with positive values, to the North 
and South of l8°S respectively. In the western Pacific, maxinun negative curl values extend from 
New Guinea to the Society Islands, which corresponds to the South Pacific Convergence Zone. 

It should be clearly understood that the divergence of surface waters and the upwelling of 
subsurface water are associated with the positive values of wind curl in the Northern Hemisphere 
and negative values in the Southern Hemisphere. 

None of the annual average distributions illustrated in Figure 5 gives a very realistic idea 
of the actual substantial variations in· tenns of time and space, which can be found in the 
bimonthly illustrations in the reference publication (Wyrtki and Meyers, 1974). 

Cloud cover 

The rising vertical circulation in the ITCZ and SPCZ maxinun convergence belts carries up the 
wann and humid air from the lower levels. This air cools as a result of adiabatic expansion and 
its initial water-vapour content condenses in the fonn of fine visible droplets which remain in 
suspension and consitute cloud fonnations. In certain conditions, they may become larger and fall 
as precipitation. 
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Satellites are a revolutionary tool for observing the distribution of these ephemeral cloud 
fonnations over the vast expanse of the ocean. Since the . launching of TIROS I in 1960, cloud 
analyses have provided infonnation of interest to environmental specialists and, from TIROS IX 
(1965), a view of the cloud structure over the whole surface of the Earth was obtained. 

In 1976, Sadler and others used the nebulosity code categories of the National Environmental 
Satellite Service (NESS) of the National Oceanic and Atmospheric Administration (~). us 
Department of Conmerce, washington O.C., USA, for the 1966-1973 period (satellites TIROS IX and X; 
ESSA 1,3,S and 7; ITOS 1; NOAA 1 and 2). Using a table of equivalence between these categories and 
cloud cover expressed in •octas•, they were able to integrate values for each mesh of a 2.5° 
(latitude and longitude) grid. The end product i-s presented in the form of monthly cloud-cover 
maps for the Pacific ocean from 30°S to 60°N. The maps for February and August are reproduced in 
Fig. 6. 

Clouds are not distributed at random, but are organiz~ into highly coherent fonnations linked 
with low-level winds and ocean teq,erature. Their persistence throughout the year and their very 
limited seasonal movement reveal how space is organized into clearly defined minhrun cloud...;cover 
and maximum cloud-cover geographical areas. 

ttaxi .. cloud cover areas 

In the 30°N to 30°s belt, the noticeable features are: 

The stratifonn accllll.llations in the eastern Pacific off the Californian and Peruvian coasts. 
These are "low" clouds produced by the trade wind inversion that occurs at the eastern edge of 
the anticyclonic cells of Hawaii and Easter Island. They comprise stratus and strato-cllll.llus 
fonnations which are not rain-bearing; 

A near equatorial transoceanic_ zonal belt between 5°N and 10°N. This consists mainly of 
Cllll.llo-nimbus - clouds of considerable vertical dimensions generating heavy precipitation -
linked with the ITCZ. At the extremities of this belt, variations occur as a result of 
continental influences: 

East of 120°W, it expands from a minimum of approximately 5°N from Decent>er to l'larch, to a 
maximum of approximately 10°N from June to August; 

West of 1S0°E, it .is found from June to October when the low-level flow is an extension of 
the Asian st11111er monsoon, and varies in phase with this monsoon. It expands from a narrow 
belt extending from S0 N to 10°N in June to as far as 20°N in July and August, subsequently 
receding back to 5°N by October; 

In the central portion, between 1S0°E and 120°W, it is very pronounced throughout the year 
between S0 N and 10°N (between 12S°W and 140°W, cloud cover exceeds five octas for every 
month except April); 

A belt in the South-west Pacific consisting of ctm.110-nimbus generated by deep convection. It 
extends throughout the year from New Guinea to the Solomon Islands, with values of more than 
4. S octas and areas of fi ve-octas over re 1 i ef features (orographic effect). Ouri ng the 
Southern Hemisphere st11111er, it intensifies and spreads South-eastwards in association with the 
Asian winter monsoon (Oecent>er - February) and can reach as far as the Society Islands, where 
it links up in the South with an area of maxinun cloud cover resulting from an accllll.llation of 
stratifonns on the eastern edge of the sub-tropical high pressure zones of the Kennadec 
Islands. This belt is linked with the SPCZ. 

,.;n, .. cloud cover areas 

These are areas where the air is subsident and thus precludes virtually all precipitation. 
This is the case in: 



- 8 -

The Australian continent in the southern winter, where, from July to Septed>er, there is less 
than two-octas cloud cover between 25°S and 5°s; 

The sub-tropical high-pressure belts where the salinity of surface water is at its highest; 

The equatorial belt cooled by upwelling centred on 2°S between 130°W and 160°W, which 
corresponds to the subsident branch of the "walker cell"; the extension westwards of this 
mininun cloud cover is clearly discernible in August, Septent>er and October, when values of 
less than four-octas reach 145°E, in association with the regime of easterly winds. The 
Central Pacific arid zone corresponds to this cooled equatorial belt, where the air is 
subsident. 

Precipitation at sea 

Direct measurements of rainfall at sea over a given period are very difficult to make from 
vessels because of the instability of the platfonn, spray interference and turbulence caused by 
superstructures. Consequently, they are extremely seldom undertaken (Reed and Elliot, 1977), and 
it is necessary to rely on indirect methods in order to estimate this parameter. 

Extrapolation of rainfall on land 

The simplest and longest standing method is to extrapolate from measurements made by the 
direct method at weather observation stations on land in bordering coastal regions, or, better 
still, on islands. Taking advantage of the high number of islands in the Central and western 
Pacific, Taylor, 1973, published monthly rainfall distribution charts for the inter-tropical 
Pacific, based on observations from 200 selected weather stations. The charts for February and 
August, and for the annual average are reproduced in Figure 7. 

Two maxinun precipitation zones are identifiable throughout the year: 

One East-west zone between 5°N and 10°N; 
A belt stretching from the Solomons to Pitcairn. 

Separating these two zones is the equatorial arid zone. Low precipitation zones are also 
identifiable within the subtropical high-pressure belts (subsident air). 

Estimates based on weather observations at sea 

This is the Tucker method (1961). It entails assigning given quantities of precipitation to 
some 100 weather conditions taken from the International Synoptic Code List and calculating the 
sum of these quantities on the basis of observations by vessels over a given area and during a 
given period. Donnan and Bourke (1979), prepared quarterly rainfall maps for the Pacific between 
30°S and 60°N by applying this method to areas extending over 2° latitude and 5° longitude, with a 
correction to allow for local air t~rature. 

The two maxinun precipitation belts corresponding to the convergence zones (ITCZ and SPCZ) are 
clearly shown, as is the extension of the arid equatorial zone to 180°. In the Southern 
Hemisphere, the heavy rainfall in the western portion contrasts with the relative aridity of the 
eastern portion. 

The fllarch-April-fllay quarter is the least rainy throughout the inter-tropical zone. In the 
Southern Hemisphere, the Oeced>er-January-February quarter is the wettest, while, in the Northern 
Hemisphere, between the equator and the tropic, the June-July-August and Septed>er-October­
Novent>er quarters are those with the heaviest rainfall. 
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Estimates based on satellite observations 

Analyses of cloud cover are routinely carried out on the basis of satellite observations in 
various channels. 

The judicious use of cloud cover observed in detail by satellite can be of great assistance in 
detennining the major climatological features and relative rainfalls over the tropical and 
equatorial regions, where they are mainly of convective origin (Taylor, 1973). 

A correlation between monthly rainfall measured on atolls and cloud cover over the 
corresponding 2.5° area was calculated by Sadler et al. (1976). The resulting coefficient of 0.54 
is highly significant at the l per cent level. This is an excellent result in view of the fact 
that clouds are observed at a specific instant and averaged over 57,000 ian2, whereas rainfall 
due mainly to convection within ct1111lus clouds, is measured at one point only, once every 24 hours. 

Precipitation in the SPCZ 

The maps reproduced in Figure 7 (from Taylor, 1973) illustrate a nlllt>er of climatic facts: 

Throughout the year, the abundance of the rainfall in the western area (Plicronesia and 
Plelanesia) contrasts with the relative lack of rainfall in the eastern portion (Polynesia) which 
becomes increasingly pronounced towards the East. The equatorial arid belt extends to 180° and 
thus directly affects the Line and Gilbert Islands. 

The rainfall pattern is quite nonnal, with the heaviest precipitation during the stmner in 
each hemisphere and minion precipitation in winter. This cycle is not very pronounced in the 
western Pacific between 15°S and 10°N, except in the area West of 135°E, where the alternation of 
the monsoons is a major factor. The cycle is more pronounced near the tropics (Plarianas, New 
Caledonia, Fiji); in the Central . Pacific, the strengthening of the sub-tropical high-pressure 
belts in winter results in a very pronounced minion rainfall, except in a zonal belt centred on 
10°S, where there is a relative maxion in June (e.g. the Plarquesas). The aridity of the Central 
Pacific equatorial belt is typified in particular by the lack of rainfall from August to Oecentler, 
which is connected with the force of the South-easterly trade winds and the intensity of upwelling. 

Year-to-year variability 

The picture given thus far of the geographical distribution and timing of 
precipitation-producing meteorological factors may give an iqiression of imootability in the 
climatic features of the inter-tropical Pacific regions, particularly since seasonal variations 
are not very pronounced in the equatorial belt, with the exception of the western portion, which 
is subject to the alternation of monsoons. However, in reality, the situation is quite different, 
since yearly variations are very substantial. In some years, the sub-tropical high pressure of the 
Easter Island anticyclone collapses, the South-easterly trade winds moderate, equatorial upwelling 
ceases, the temperature of the eastern Pacific rises, the Walker circulation shifts eastwards, the 
ITCZ crosses the equator, the SPCZ moves eastwards, low-pressure areas moves into the Central 
Pacific, and there is torrential rain in the equatorial "arid zone", while exceptional drought 
conditions prevail in Australia and Indonesia and Peru is deluged. 

All these factors in the interaction between ocean and atmosphere are taken into account in 
research into the "hydroclimate•, which we shall discuss after describing the characteristics of 
the surface layer of the ocean environment. 
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OCEANOLOGY 

The geographical description given of the SPC Area shows that it is essentially a large 
portion of the inter-tropical Pacific. How, then, should we set about describing the ocean 
environment? 

A detailed presentation of existing knowledge would be an encyclopaedic undertaking which is 
beyond the scope of this paper. An explanation of the results in oceanographic jargon would be 
indigestible to the uninitiated; and the preparation of a bibliography of scientific writings on 
the area, as defined in strict topographical tenns, without having direct access to Japanese and 
Russian publications would favour unfairly the role of other nationalities. 

We have chosen, therefore, the atten.,t to answer a n.-er of simple questions, namely: 

What type of water can one expect to find at a given site fran the surface to the ocean floor? 

Where does this water come from? 

What influence do the physical and chemical characteristics of the surface layer exert on the 
biological and atmospheric environment? 

The ocean is a continuous and moving environment, without frontiers and never at rest. Its 
mobility is organized in a coherent fashion within a stratyfied structure, so that it is possible 
to follow a body of water in its trajectory through contiguous regions. 

The surface waters move rapidly under the influence of atmospheric circulation and thus were 
recently to be found in neighbouring regions, where specific meteorological conditions may have 
left their mark on them. 

Deep water moves more slowly; the water found in the inter-tropical belt originates in distant 
regions and, by the time it reaches the point of observation, it may have undergone changes in its 
long journey across other regions where special phenomena occur. 

Consequently, the ocean environment of the SPC Area cannot be considered in isolation. The 
surface water will be described as a part of the Pacific inter-tropical belt and the deep water 
will be considered in the cont~xt of the Pacific basin as a whole. 

We shall begin by explaining a few oceanographic ideas concerning data-gathering at sea and 
the physical processes which drive ocean circulation. 

We shall then deal with the hydrology of surface water, intermediate water and deep water. 

Thirdly, we shall consider infonnation relating in particular to the SPC Area, such as the 
level of the ocean, equatorial upwelling and the movement of equatorial currents. 

Finally, we shall consider two ways in which the characteristics of surface water in the SPC 
area play a dominant role, namely: 

productivity related to nutrient salt content; 
hydroclimate linked with the high heat content of the western portion. 
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Oceanographic concepts 

Data gathering 

The execution of oceanographic stations remains the bas.ic procedure for the collection of data 
on the characteristics of the ocean envirorwnent. The resources necessary for the success of this 
operation are: 

A vessel suited to sea conditions encountered in travelling to the geographic location of the 
station (length, displacement, autonany, sea-going characteristics, means of navigation) and 
to the work to be carried out (stability, manoeuvrability, lack of vibration, functional 
laboratories, etc.); 

• Winches with the thousands of metres of flexible, corrosion-resistant, non-contaminating steel 
wire ropes needed to lower and raise equipment for sampling and measurement at the desired 
depths or on the bottm, while under way or on station; 

The equipment itself (samplers, nets, dredges, drag nets, PllllPS, measuring apparatus, etc.). 

Hydrological station 

This can be defined as the series of operations culminating in the in-place measurement of 
temperature and the collection of seawater samples (for subsequent physical and chemical analyses) 
at precise depths between the surface and the bott(!III at a specific geographical point in the ocean. 

In carrying out these operations, a winch and crane are used to pay out, at a rate of 100-200 
metres per minute, several thousand metres of steel cable four to five nm in diameter pulled by a 
25 kg to 50 kg weight, after passing through a pulley which records the length lowered and a 
device for damping and taking up slack. The paying out of the cable is interrupted to enable 
sampling bottles in the open posHion and fitted with thermometers to be clamped to it at 
specified intervals. The bottles are long, hollow cylinders held in a vertical position through 
which the water flows freely as long as the movable valves do not close the openings at either 
end. When the last bottle clamped to the cable is inmersed just below the surface (approximately 1 
metre), the "cast" of bottles resembles an inmense necklace suspended under the vessel, which is 
manoeuvred to counteract the action of wind and currents and to keep the cable as vertical as 
possible. After a few minutes delay to pennit proper thennal adjustment of the thermometers with 
in situ temperatures at the lower depths, a "messenger" weight weighing 300 - 500 grams is 
released. This is a streamlined weight which can slide easily along the cable to which it is 
attached and which reaches a maximum underwater speed in free fall of between 100 and 200 metres 
per minute, depending on the shape and mass of the messenger, the state of the cable and the angle 
of inclination. The messenger strikes the mechanical device of the first bottle, which triggers 
the closing of the valves, inverts the thennometers and releases another messenger, held until 
then under the bottle, which in turn descends along the cable and strikes the triggering device of 
the next lower bottle.· In this way, frm one bottle to the next beginning at the surface, water 
samples and temperature measurements are taken at each preselected depth. When raised, the closed 
bottles are removed frm the cable and placed on a rack in a wet laboratory where water samples 
for the various physical and chemical analyses can be drawn off and the thermometers read under 
proper conditions. The analyses are often carried out inmediately on board in appropriately 
equipped dry laboratories. Sme may be postponed and conducted on land using stored samples. The 
most conmon analyses are to detect dissolved gases (oxygen, carbon dioxide, nitrogen) pH, 
turbidity and dissolved nutrient salts (phosphorous, nitrogen c001p0unds, silicon). 

The duration of a hydrological station naturally depends on the depth reached and on the 
n11mer of samples taken. For example, a station reaching 1,000 metres with 24 bottles on the cable 
lasts approximately one hour. However, for great depths, the time needed to lower and raise the 
cable becmes considerable, particularly since it is necessary also to send a messenger weight and 
wait until it has cmpleted its descent. 
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This modus operandi for a hydrological station has remained virtually unchanged for a century, 
with improvements being made only to materials (rust-proof alloys, non-corrosive plastic 
materials, etc.). For some 10 years now, oceanographic vessels have been equipped with CTDO 
(conductivity, teq>erature, depth, oxygen) probes, with rosettes. This is a remote measuring and 
sampling unit suspended on a carrier-conductor cable, which can be lowered in situ. Sensors give a 
continuous flow of information on salinity, temperature, depth and oxygen content. Real-time 
processing by on-board computer permits this information to be used during the descent so that, 
within the ocean structure thus described, the mst interesting depths can be selected for the 
taking of water samples by means of coupled bottles which can be closed by a signal when being 
raised. 

Other station operations 

We shall make only passing reference to the various operations calling for ocean-floor 
sampling (by coring, sediment buckets, nodule samplers, etc.) or the lowering of equipment near to 
the ocean floor. The difficulties that arise with cables are such that use is frequently made of 
"free" devices which are weighted, sink to the ocean floor, perform the sampling or measurement, 
release the weight (which is not recoverable) and return to the surface, where they are located 
and recovered by the vessel. Whether performed with or without cable, these operations are always 
very time-consuming at great depths. 

It is worth noting, however, how information on the distribution of living organisms is 
obtained at sea. The main problem is in catching them, and the means used differ depending on 
their size and agility. 

Small organisms which drift with the current and are known as plankton can be sampled by the 
bottle method at the same time as their sea-water environment. This is the method used for 
phytoplankton cells (fran 1 to 100µ), the mass of which can be assessed by measuring chlorophyll 
pi!Jllents after filtration. It may also be used in the case of sma·ll zooplankton (0.2 to. 2 nm), the 
weight or volume of which can be measured after filtration. 

For larger organisms capable of "swinming" and known as "nekton", it is necessary to use 
catching equipment fran which they cannot escape. The most comronly used are filtering devices 
dragged at the end of a cable by the vessel. The smallest are known as nets and the largest as 
trawls. The size of the opening, the mesh of the filter net and the towing speed increase with the 
size and agi 1 ity of the organism. Such devices are manoeuvred by means of special winches and 
lowering gear. Apparatus is used to check the depths prospected and the vol1111es filtered (sounding 
devices, depth meters, volt111e ·meters). The capture of the largest nekton organisms, which are 
often marketable species, calls for the use of professional fishing methods. 

Numerous other measurements, including optical, acoustical and magnetic measurements, can be 
carried out at such stations using suspended or free apparatus. This calls for large crews and 
sophisticated equipment, and thus sizeable vessels. This has been the approach adopted for major 
exploration projects; for mre routine operations, the tendency is towards specialization as 
regards the type of vessel or, at least, the type of operation using a lft.llti-purpose vessel. 

In any event, the time spent at the station reduces the distance travelled and thus the area 
of ocean that can be studied within a given time. 

Measurement under way 

Under certain conditions (military vessels engaged in operations, merchant shipping, etc.), it 
may be essential or advantageous not to interrupt the progress of the vessel to gather samples or 
take measurements at surface level. Among the many devices developed for this purpose, the mst 
comronly used for routine operations are bathythennographs (BT) which enable the temperature to be 
measured as a function of depth. Fran 1940 to 1970, they were "mechanical• torpedo-shaped devices, 
which were dragged along at the end of a cable and lowered or raised with a winch. Since then, an 
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expendable BT (XBT) has been developed; it is linked to the vessel by a fine copper wire the 
thickness of a hunan hair which transmits the information to the vessel for recording until it is 
broken. Some XBTs can be released from aircraft and the information is picked up by radio from a 
small transmitter-buoy which remains on the surface and is also expendable (AXBT, airborne XBT). 

After this brief description of the manner in which an oceanographic station, and particularly 
a hydrological station, is operated, let us now ex•ine how the three main paraeters physically 
identifying-~ seawater saq,le - teq,erature, depth and salinity - are measured. The iq,ortance of 
these paraeters is due to the fact that they make it possible to calculate the density of the 
water in situ, which detemines the hydrological structure of the oceans and, to a large extent, 
their circulation. 

Tenperature 

The teq,erature at a point in the ocean and at an approximately selected depth is obtained 
with a special mercury thermometer which is lowered ·in situ inside a frae attached to the 
sapling bottles. Using this •protected• thermometer, which is isolated from pressure-induced 
c~ression by a glass envelope, it is possible to measure the volume of mercury occupying in situ 
the reservoir which is of a known capacity and has been isolated by breaking the mercury col11111 at 
a specific point following the unit's inversion triggered by the arrival of the messenger. This 
volume is a function of the in situ teq,erature and the differing heat-expansion coefficients of 
mercury and glass. It is detennined by reading a graduated colt1111 after the raising of the 
thermometer. The degree of accuracy achieved with a well made and properly calibrated thermometer 
of this type is 0.01°c. 

Depth 

The depth of the water saq,le and the in situ measurement of t~rature is calculated from 
the readings given by another- ther.mometer lowered sirooltaneously w.ith the first thernuneter, to 
which it is similar in construction and operation, with the exception that it is unprotected, i.e. 
exposed to the effects of hydrostatic pressure. The c~ression of its reservoir causes it to 
indicate an apparent teq,erature higher than the in situ teq,erature, the difference being a 
function of the depth, which can thus be detennined accurately to within± 5 mat depths of up to 
1,000 m and± 0.5 per cent at greater depths. 

Salinity 

Seawater is a c~lex solution of various salts. The main ions are found in relatively 
consistent proportions to one another, but the total quantity of dissolved salts varies fran one 
place to another in the oceans, the average being 34.7 grasper litre. 

Although all known elements are believed to be present in solution in seawater, six of them, 
known as major constituents, account for 99.3 per cent of the total. These are chlorine, sodium, 
magnesium, sulphur (in the fom of sulphates), calcium and potassium. The remainder consists of 
minor constituents such as branine, carbon, strontium, borium, silica and fluorine, at 
concentrations -of more than one part per million, and trace elements such as nitrogen, 
phosphorous, iodine or iron at ·1ower concentrations. 

-The accepted tem used to describe this state of known solids in solution is •salinity", 
reflecting the fact that kitchen salt, Na Cl, represents the main constituent (85 per cent of the 
total dissolved quantity). 

Salinity is defined as the total quantity of solid matter dissolved in a kilogram of seawater. 
Naturally, there is no question of determining the quantities of all constituents; as the relative 
proportions remain constant, the amount of chlorine only, as the main constituent, is detennined. 
consequently, the "chlorinity• is measured by silver nitrate titration and the salinity calculated: 

Salinity %o = 1.80655 x chlorinity %o 
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At least, this was for a long time the established procedure until technology made it possible 
(about 1960) to measure directly the electric conductivity of this saline solution ushlg a 
salinaneter which determined salinity to within less than 0.01 ~-

Density of seawater 

This is defined as mass per unit of vol1.111e (g/anl). This gives a quantity, ('S,t,p which ,is 
a function of salinity, teq,erature and pressure. It increases when pressure and salinity rise and 
teq,erature falls, according to relationships which have been calculated and the results of which 
are published in the form of tables, such as the •Tables for seawater density•, us Naval 
Hydrographic Office, Pub. 615 (1952); :e s,t,p is the in situ density and may vary fnn 1.022 to 
1.028. A quantity o, which is easier to express, has been introduced: 

d = <:t s,t,p - l) x 1ol and, in particular, dt = (p s,t,o -1) x 1ol, giving values to 
atmospheric pressure expressed in g/1 (grams per litre). 

The reciprocal of the density is the specific vol1.111e in situ 

tits,t,p = _1 __ 
,s,t,p 

It can be broken down into two coq,onents «s, t,p = at 35,o,p + S , where 8 is an anomaly of 
specific vol1.111e in relation to an ocean standard salinity of 35 ~ at 0°C. A value close to8 ,S 
T, is used which is a direct function of dt and is expressed as cl/t (centilitres per tonne). 

Thus, if teq,erature in situ, salinity and. depth of a seawater sample are known, it is 
possible to calculate its density and to express it in tenns of its ot as g/1 or in tenns of itsS 
T as cl/t. 

Table II gives the equivalences between these two expressions for selected values. 

Isentropic analysis 

In the ocean, all water samples having the same density in situ (or the same dt, or the same 
thermosteric anomaly8T) may be considered as identifying an isanosteric surface on which movements 
of the various masses of water and their mixing take place easily with a minimum of exchange of 
potential energy or entropy. Such surfaces are known as •quasi isentropic•. 

On an isanosteric surface, the geostrophic flow can be calculated from the potential 
acceleration gradient in relation to a deeper reference surface (Montgomery, 1937, 1938), and by 
following the distributions of the characteristic parameters of a mass of water, it is possible to 
obtain an idea of the way in which it moves from its source and the changes or mixing which it 
undergoes during that movement. 

On an isanosteric surface, teq,erature and salinity are connected variables. Table II shows 
for selected surfaces the teq,erature values corresponding to the isolines of salinity 
distribution, which are frequently represented, since masses of water are identified by the 
extremes of this parameter. 
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Table II 

TEMPERATURE° C 
s~ 

80 125 160 200 300 400 8T cl/t 

27,28 26,81 26,44 26,02 24,97 23,92 d't g/1 

34,0 0,72 5,82 16, 1 
34,2 2,86 7,02 9,5 11,8 16,8 
34,3 3,71 7,58 9,9 21,2 
34,4 4,47 8, 14 10,4 12,6 17,5 21,5 
34,5 5, 16 8,62 10,8 
34,6 9, 11 11,2 13,4 18, l 22, 1 
34,7 9,52 11, 7 
34,8 10,05 12, 1 14,2 18,7 22,6 
34,9 12,5 19,0 
35,0 12,9 14,9 19,3 23, l 
35,2 15,6 19,9 23,7 
35,4 20,5 24,2 
35,6 21,0 24,7 
35,8 21,6 25,2 
36,0 22, 1 25,7 
36,2 22,6 26, 1 
36,4 23,2 

Oceank circulation 

Oceanic circulation depends on the currents represented by moving water masses. This movement 
may be due to the entrainment force of the wind (drift currents) or to readjustments in the 
density field (thermohaline circulation). 

Horizontal circulation 

Ekman s pi r a 1 (Fig. SA) 

By- surface friction, the wind exerts an •entrainment force• which initiates movement of the 
surface layer at a velocity some per cent belo., its own, in a direction 45° [to the right (or 
left) in the Northern (Southern) Hemisphere] of the wind direction - this deviation being an 
effect of the Coriolis force due to the Earth's rotation; by viscosity, the first layer entrains 
the subjacent layer, at a lesser velocity and with an additional deviation; thus, the movement is 
transmitted downwards, from layer to layer to a depth D of about 100 m (50-200 m), where it 
becomes negligible; the transport of water embodied in the entire thickness of the layer between 
the surface and this depth is at right angles to the wind direction. This finding, obtained 
theoretically by the physicist Ekman, is fairly well substantiated in the open sea, in deep water, 
in an ocean without too pronounced stratification (no discontinuity layer very close to the 
surface); in most cases, the deviations observed are below the theoretical values, particularly 
in coastal regions, where the direction of the current may be very close to that of the wind and 
its rotation with increasing depth barely perceptible. 
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OCeank gyre - GeostropMc flow (Fig. 88) 

The prevailing South-easterly or North-easterly trade winds generate East-west equatorial 
currents which, on encountering the continents, are deflected in the direction of the poles, to 
join, between 40° and 60° latitude, the circulating system generated by the westerlies; the latter 
cause the surface waters to drift eastwards where they are deflected towards the equator, along 
the continents and feed the equatorial currents; the ocean basins thus contain a vast closed 
anticyclonic circulating system for each hemisphere which is tenned •gyre•; the Earth's rotation 
causes the water to move towards the centre of the gyre where its acc11111lation raises the level by 
fanning an inmense gently-sloping "hill• (the apex may be one metre higher than the periphery in a 
gyre whose largest dimension is several thousand km); the water acc11111lates until the force of 
gravity, which tends to make the water particles descend by the steepest slope, is exactly offset 
by the Coriolis force which makes them rise; at this stage, the movement without acceleration of 
the particles, follows •hillside" trajectories along contour lines perpendicular to the slope, 
thereby producing a "geostrophic• current. 

The "hill• fanned inside a "gyre" does not have its apex at the centre; owing to the direction 
of the Earth's rotation, it is displaced near the western edge where the steeper slope produces a 
higher geostrophic current velocity. 

Dynamic topography 

An indirect method of detennining the velocity of currents in the surface layers is to 
detennine the pressure field from density measurements of sc1111)les taken at hydrological stations; 
calculations are made of the mean densities of water colllllrts at various stations between the 
surface and a deep reference level where it is assumed that there is neither current nor 
horizontal pressure gradient. If this ass1111>tion is correct, all the water colllllrts of stations 
above the reference depth should have the same mass. However, for this to be the case, a water 
colllllrt with a low mean density must have a greater volume, and hence be higher than a colllllrt with 
a high mean density; by calculating the ·colllllrt height necessary at each station to obtain a zero 
horizontal pressure gradient at the reference depth, a topography may be detennined for the ocean 
surface (or for any other intennediate isobaric surface); this topography is called •dynamic", for 
it is related to the vectors of geostrophic currents. The steeper the slope, the higher their 
velocity, and their direction in general is parallel to the lines of equal height in relation to 
the zero movement reference depth. Figure 8C presents a siq,le case of five stations; the surface 
topography shows that the apex of the "hill• should be near station 2. 

Vertical circulation 

In the surface layer, the horizontal wind-driven circulation may generate a local vertical 
circulation, which is then said to be "wind-induced". 

At an e!ltirely different scale, atmospheric conditions peculiar to certain oceanic regions 
affect the temperature and/or salinity of surface waters to such an extent that their sharply 
increased density makes them sink: this vertical circulation is tenned •thermohaline•. 

Wind-induced circulation 

When the horizontal flow of the wind-induced surface circulation is divergent, it is 
c001pensated for by vertical circulation of deep water towards the surface called •upwelling•. 

Equatorial upwelling (Fig. 80) 

Due to the effect of the Earth's rotation, the westbound part of the flow of a current in the 
surface layer of an equatorial zonal belt in the Northern Hemisphere is deflected towards the 
North (to the right), while the part in the Southern Hemisphere is deflected towards the South (to 
the left); the surface water moving away from the Equator is replaced by an upwelling of deep 
water towards the surface. 
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coastal upwelling (Fig. 8E) 

In ocean regions where a coastal current flows at the surface towards the Equator, along the 
western edge of a continent, the deflection of the flow by the Coriolis force causes the surface 
coastal water to flow towards the open sea and be replaced by an upwelling at the coast. 

lang111.1ir circulation (Fig. 8F) 

The centres of large subtropkal ocean gyres are high-pressure zones where the winds are 
generally light but stable in direction; in such conditions, large parallel narrow strips are 
observed at the ocean surface, more or less in the wind's path, where the flow is alternately 
convergent and divergent, so that circulation cells fonn, transverse to the current, with 
ascending and descending vertical branches. These cells have been given the name of lang111.1ir, who 
was the first to observe in 1938, in the Sargasso Sea, accllll.llations of algae along the 
convergence lines. 

This vertical circulation induced by the local wind affects only the surface layer of the 
ocean to a maxinun depth of 200 m (Ekman layer). 

Thennohaline circulation 

Vertical circulation in the oceans is the result of considerable density changes in the 
surface waters of certain regions with extreme climatic conditions. 

On the Antarctic continental shelf, in the Weddell Sea, the teq,erature of the surface water 
drops as a result of winter cooling, and its salinity increases due to ice fonnation, factors 
which give it a very high density (-1.9°C; 34,62 %o; ot = 27,89) the water then descends along 
the continental slope, mixing with the wanner Circ~lar Antarctic Water (O.5°C; 34.68 %o; ot = 
27 .84) to fonn, towards 4,000 m ~he Antarctic Bottom Water (- O.4°C; 34,66 %o; ot = 27 ,86), 
which spreads along the bottom over the greater part of the oceans where it can be identified, 
mixed with North-Atlantic Bottom Water, itself fonned in winter at the surface, off Greenland, 
where it sinks and flows southward. 

In the central regions of large subtropical oceanic gyres, evaporation far exceeds 
precipitation, so that the surface salinity of the trapped water gradually increases, as does its 
density. This dense, very saline water, which is produced continuously at the surface, tends to 
sink and accllll.llate in the pycnocline, where it spreads at a level corresponding to the density 
acquired at the surface. • 

Stratification of the ocean environment 

In the zonal belt between latitudes 3O°N - 3O°S, the energy balance at the ocean surface shows 
an overall surplus; that is to say, the solar energy absorbed exceeds losses due to radiation and 
to conduction and evaporation; the teq>erature of the surface layer therefore tends to rise, and 
the highest teq,eratures are, in fact, found near the equator, where the seasonal variations in 
solar radiation are least pronounced. However, this rise in teq>erature is limited by oceanic 
circulation which transfers heat to high latitudes with an energy deficit. 

Only the surface layer is directly affected by this heating; the turbulence generated by waves 
and wind-driven currents then gradually mixes this wanner water with that of the subjacent layer, 
thereby increasing the thickness of the heated surface layer. However, the higher teq,erature 
reduces the density, and the gravitational stability of the balance of the layers becomes 
increasingly pronounced; turbulence, which itself decreases with depth, is thus less and less 
effective for propagating heat downwards. 

The same applies in the intertropical zone as regards the considerable changes in salinity 
which may be brought about by abundant precipitation or high evaporation in wann surface water; 
they affect only a relatively limited "mixing layer". 
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An ent;rely d;fferent s;tuat;on ;s obta;ned ;n h;gh lat;tudes w;th an energy def;c;t; 
contfouous cooling of the surface layer by radfatfon produces water of Mgh density w;th a 
tendency to sfok due to the hydrostatic instabiHty thus created: the •cold• may thus spread 
downwards fo the absence of any turbulence caused by external forces; consequently, the 
t~rattire vades very Httle fran the surface to the bottan, and variatfons in the saHnity of 
the surface water (reduction through precip;tation, melt;ng of ice or, on the other hand, increase 
fran ic;ng up) may have an appreciable effect on the dens;ty. These cold, dense waters s;nk and 
spread to low latitudes, where they reappear deep down below the wann Hght waters of the surface 
layer. 

F;gure 8G shows the vert;cal prof;les of dens;ty, t~rature and salin;ty for three oceanic 
reg;ons, by lat;tude: 

1. Equator 
2. Tropks (20-25°) . 
3. H;gh lat;tudes (~0

) 

For reasons of stabil;ty, density generally increases w;th depth; in the ;ntertrop;cal belt, a 
th;n layer of low-dens;ty surface water ;s separated fran the deep h;gh-dens;ty water by a layer 
whose dens;ty rapidly increases w;th depth - the •pycnocline"; the pycnocl;ne ;s barely not;ceable 
fo Mgher latitudes and may even be canpletely absent fo sane of these regions where vertical 
mixing is then poss;ble. 

A "pycnocline" is mainly the result of the rapid fall ;n t~rature with increasing depth in 
a "thennocline", which ;s particularly marked in low latitudes; the rapid variat;on in salin;ty in 
a "halocl;ne" may also affect the dens;ty; a halocline generally means a decrease in salinity with 
increasing depth in low latitudes, but may also correspond to increasing salinity in sane 
high-latitude areas. 

Thus the action of the thermal factor results in the very pronounced vertical structuring of 
the intertropical marine environment, which appears as a superposition in quas;-horizontal layers 
of different water masses whose density increases with depth; this density gradient lends a high 
degree of stab;lity to this structure by making vertical exchanges between these different waters 
difficult and slow, so that they long retafo, in the course of their horizontal movements, the 
characteristics acquired when formed at the surface. 

The following water masses ~re identifiable in the Pacific zone 30°N - 30°S: 

The waters of the upper layer formed ;nside this zone; this layer canprises the mixed surface 
layer as well as the upper part of the thennocline; 

The intermediate waters formed towards 50° - 60° in each hemisphere, which occupy the lower 
part of the thennocline; 

The deep waters formed mainly in high latitudes near the Antarctic continent: they are 
situated under the thennocline, as far as the bottan, and are extremely hanogeneous. 

Hydrology of the intertropical Pacific 

Knowledge of the mar;ne environment 

Our present knowledge of the oceans is the result of a slow and patient accumulation of 
observations, measurements and discoveries by vessels fitted out by the principal maritime 
nations; it is the result of efforts by the international scientific conmunity as a whole, despite 
the rival ani>itions which often motivated the early expeditions; at a very early date a desire for 
knowledge and a need to conmunicate emerged which have persisted to the present day. 



- 19 -

The vastness of the oceans calls, indeed, for the collaboration of several vessels to carry 
out an exploration progranme; thus prestigious transoceanic expeditions like those of HPtS 
Challenger (1872-187~) around the world, and the Meteor (1925-1927) in the Atlantic, were followed 
by joint international expeditions or regional surveys. 

As regards the Pacific, international efforts in the oceanographic field, which developed 
particularly after the Second World War, were known by the name of NORPAC (USA - Japan 
collaboration in 1955, 20 ships, transpacific survey North of 20°N) and EQUAPAC (USA - Japan -
USSR - Australia - France collaboration in 1956, 10 ships, survey of the equatorial zone 15°S -
20°N, West of 135°W). 

Similarly, the Pacific Oceanic Fishery Investigations (POFI) of the US Fish and Wildlife 
Service, which had been studying the Central Equatorial Pacific since 1950, organized EASTROPIC in 
1955 (USA - Peru collaboration, five ships, survey of the zone 20°N - 10°W to the American coast). 

The oceanographic activity of each nation is exercised preferably in bordering oceanic 
regions; in the case of the United States, the eastern Pacific as a whole has seen cruises by 
vessels belonging to the US Navy Oceanographic Office, the US Coast Guard and the two major 
oceanographic centres, the Scripps Institution of Oceanography (based at La Jolla, California) and 
the Woods Hole Oceanographic Institution (based in Massachusetts); on the other side of the 
Pacific, Japan operates an iq,ressive fleet fitted out by the lllaritime Safety Agency, the 
Meterological Agency and several universities, which cruises between the Kuril Islands (50°N) and 
the equator; the Coral Sea and the Tasman Sea are part of the adjacent seas of Australia, where 
the CSIRO (Conmonwealth Scientific and Industrial Research Organization of Australia) has long 
been active, particularly on ships of the Australian Navy; New Zealand is, of course, represented 
in its neighbouring oceanic zone through the activities of the New Zealand Oceanographic Institute 
(Wellington) and the Defence Scientific Establishment (Auckland) conducted on board vessels of the 
New Zealand Navy. Fran the French territories of the Pacific, mainly New Caledonia and, to a 
lesser degree French Polynesia, ORSTOPI (Office for Overseas Scientific and Technical Research) 
organized a n11mer of surveys from· 1956 onwards, but particularly between 1966 and 1976, using 
vessels of the Navy and CNEXO (National Centre for Ocean Exploitation); the USSR has maintained a 
tradition of large-scale transoceanic surveys using vessels like the "Vityaz" or "Ob", and carried 
out by the Institute of Oceanology or the Academy of Sciences. 

The hydrological data derived fran all these surveys have been stored in "banks" at the world 
level (World Data Center A and World Data Center B), or at the national level (National 
Oceanographic Data Centre, Washington, USA, National Oceanographic Data Bank, Brest, France, for 
ex~le) where they are freely available. 

These data formed the basis for establishing the charts and profiles presented by Reid (1965) 
and Tsuchiya (1968), which are used to describe ocean hydrology. 

As regards the SPC Area, the illustrations have been selected with a view to stressing 
international efforts in this field: the profile along 160°W, mainly the result of research by the 
US ships "H.M. Smith", •stranger" and •s.F. Baird", inter alia, bears witness to the preponderance 
of that nation's activities in the Central Pacific; the profile along 137°E fran the equator to 
30°N of •Ryofu lllaru• is a tribute to the numerous surveys by all Japanese vessels between Japan 
and New Guinea, to which we owe nost of our knowlege of the Micronesian zone; the profile along 
170°E fran the equator to 20°S of the N.O. Coriolis testifies the iq,ortant contribution made by 
France to exploration of the Tropical South Pacific fran Melanesia to Polynesia (cf. annex). 

waters of the upper layer 

Surface layer 

Circulation 
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P i 1 o t c h a r t s 

lllost of our knowledge of surface marine currents derives from observations made by merchant 
and naval vessels; the differences between their dead reckoning positions and the actual positions 
readjusted on the basis of geographical reference points are attributed to the action of currents. 
This information is collected and presented by specialized services of the major maritime nations 
in the fonn of current charts, for the use of seafarers: e.g. the Pilot charts published by the 
United Kingdom Air Ministry (1939), those of the Japanese Hydrographic Department (data for 1924 -
1934), those of the Koninklijk Nederlands Meteorologisch Institut (Royal Netherlands 
Meteorological Institute) (1949), those of the Instructions Nautiques of the Naval Hydrographic 
and Oceanographic Service (SHOM), Paris, or - the latest - the US Pilot Charts for the Pacific 
Ocean (US Defense Mapping Agency Hydrographic Center, (1966, 1974), which may be seen in Tabata 
(1975). These charts have two drawbacks: they do not make a very clear distinction between the 
effects of the wind and currents on ships' courses and they provide satisfactory coverage of only 
the most frequented sealanes. 

Consequently, it is not surprising to find, in the US Pilot Charts, the broad characteristics 
of surface wind circulation which fonns, in each hemisphere, and "anticyclonic gyre" entrained by 
a cooi>ination of trade winds and westerly winds. The anticyclonic gyre of the Northern Hemisphere 
is represented as being divided throughout the year into two cells centred on 25°N, one set about 
150°E, the other at about 150°W. The anticyclonic gyre of the Southern Hemisphere is itself 
coq>0sed of a stable cell around Easter Island and of variable cells in the western part of the 
Subtropical High Pressure Belts, one of which, in the austral winter, is centred in general on the 
Kermadec Islands. 

As regards the SPC Area, a reference to the_ Instructions Nautiques, series K, Vol. VIII and 
Vol. IX of SHOM, Paris, shows just how far currents in the archipelagos depend on local weather, 
hydrographic peculiarities (filling of lagoons by swells and tides) and relief. Without going into 
detail,_ we shall merely point out, the_refore, that these Pilot Charts show essentially two 
westbound zonal equatorial currents - the North Equatorial Current North of 10°N, and the South 
Equatorial Current South of 5°N - encircling an eastbound current, the North Equatorial 
Counter-Current, between 5°N and 10°N. However, the current North of New Guinea and the Solomon 
Islands turns round and travels South-east in the northern winter. 

The information on the currents described is more reliable and more detailed near coasts by 
virtue of the numerous visual landmarks. 

G e o s t r o p h i c c u r r e n t s 

These currents are calculated by the "dynamic method" established in 1898 by the Norwegian 
Bjerknes in the meteorological sphere, and applied to oceanography by B. Helland, Hansen and 
Sandstrom in 1903. The method takes account of the distribution of densities and the Coriolis 
force only. The current is assumed to be continuous, horizontal and without acceleration; with 
these ass~tions, the general hydrodynamic equations are siq>lified and express, for a particle 
of water, a balance between the horizontal component of the pressure force and the Coriolis force 
produced by the movement itself. Continuous movement is possible only according to the contour 
lines of the isobaric surface; the current velocity is proportional to the slope of the isobaric 
surface. 

We have seen how it was possible, merely on the basis of temperature and salinity 
measurements, to detennine the dynamic distances between the isobaric surfaces on the verticals of 
• various hydrological stations and, consequently, the "topographies" of any isobaric surface, in 
relation to a reference isobaric surface - where currents are assumed to be zero - which is 
selected as far down as possible, for there are many reasons to believe that currents are 
extremely weak at great depths. 
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In the Pacific, the geostrophic currents have been calculated in relation to the 1,000 decibar 
reference surface (corresponcUng roughly to a depth of 990 m), as most of the oceanographic 
stations used do not go beyond this depth. Reid (1961), Reid and Arthur (1975) and Wyrtki (1975) 
have coq,iled charts of the surface dynamic topography (Fig. 9). 

The units eq>loyed are the dynamic metre or cm-dyn, or again the Joule/kilogram; 1 J/kg = 0.1 
dyn-m; the isolines are current lines and the velocities of these currents are proportional to the 
slopes_ of the topography, in a ratio which varies with latitude; velocities increase with 
proximity to the equator; a slope of 0.1 dyn-m for 1° latitude will give geostrophic velocities of 
8, 10, 12, 18, 36 and 72 cm/sec in latitudes 50°, 40°, 30°, 20°, 10° and 5°, respectively. 

As in the case of drift currents, the geostrophic circulation, too, fonns around a large 
anticyclonic gyre for each hemisphere. The main equatorial currents appear clearly; the North 
Equatorial Current, the South Equatorial Current and the North Equatorial Counter-Current. 

New counter-currents are described: 

The South-Equatorial Counter-Current at about 10°S, North of the Solomon Islands, particularly 
strong in Plarch-April (Wyrtki, 1975), which flows eastward fran December to April and may 
reach Tahiti; 

The North Subtropical Counter-Current (Wyrtki, 1975; Yoshida and Kidokoro, 1967), which flows 
eastward, just North of 20°N; 

The South Subtropical Counter-Current, between New Zealand and New Caledonia, mainly flowing 
East and seemingly fed, by the East Australia Current which turns North in the Tasman Sea. 

Direct .measurements 

Direct measurements of ocean currents are carried out by two main methods: 

In the first, the water mass is •marked" by an object inmersed in it which "passively" follows 
its movements; the path of the object is detennined in relation to geographical or 
astronanical reference points; 

In the second, measurements are made of the quantity of water •streaming" along a platfonn 
which is more or les~ stationary in relation to the bottan (absolute measurements) or in 
relation to deep layers of insignificant or known movement. 

A good example of the first method is the use of the log books of fishing vessels eq>loying 
"long lines". These inmense (several kilometres long) drop lines floating in the surface layer are 
excellent markers, and a study of their drift during fishing provides the key to the surface 
oceanic circulation on the open seas. The discovery of the Equatorial Subsurface Current (Cronwell 
Current) at the beginning of the 1950s in the Equatorial Pacific is attributable to this method. 
Fran data provided by Japanese fishennen covering the period 1949-1969, Yamanaka (1973) studied 
the surface circulation of the West Pacific in different seasons. Figure 10 reproduces his pattern 
of equatorial seasonal circulation in the SPC Area West of 180°; the iq>ortance of the North 
Equatorial Counter-Current.emerges clearly. 

Examples of the second method, i.e. of measurements made by current metres fran an 
oceanographic vessel which manoeuvres in order to remain more or less stationary in relation to 
the deep layers, will be given later (Fig. 27 and Fig. 30). 

A current metre may be fixed to a cable and lowered to various depths where it is imnobilized 
for the time taken to carry out the measurements or else left free to descend slowly along the 
cable while continuously measuring the profile of the current as a function of the depth 
(current-profiler). 
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C i r c u l a t i o n p a t t e r n 

Figure 11 shows a circulation pattern for the surface layer of the Pacific Ocean adapted fran 
Tabata (1975). The continuous arrows indicate the direction of general surface currents identified 
by ntll'lbers. Broken arrows indicate subsurface currents (at the equator - the Crani,ell Current 
running from the North of New Guinea to the Galapagos Islands; and along the American continent -
the california Subsurface Current towards the North, and the Peru Subsurface Current towards the 
South). The surface currents shown are: 

1. North Equatorial Current (NEC) 
2. Kuroshio 
3. North Pacific Current 
4. California Current 
5. Subarctic Gyre Currents 
6. North Equatorial Counter-current (NECC) 
7. Equatorial Current (EC) 
8. South Equatorial Current (SEC) 
9. East Australia Current 

10. Tasman Current 
11. South Pacific Current 
12. Peru Current 
13. Antarctic Circ~lar Current 
14. South Equatorial Counter-Current (SECC) 

Properties of the surface layer 

A. Ten.,erature, Salinity and Density of the Surface Layer 

The properties of the ocean surface layer directly in contact with the abnosphere are subject 
to substantial variations, both annual a·nd inter-annual. 

M e a n s e a s o n a l d i s t r i b u t i o n s 

To illustrate the mean winter and surnner distributions for a "nonnal" year, we have borrowed 
from Reid (1969) charts established on the basis of data collected at more than 2,500 hydrographic 
stations, for each season between 1875 and 1968, by scores of vessels operated by the leading 
maritime nations (Reid, 1965). 

Temper at u re (Figs. 12 and 13) 

The SPC Area is characterized by very warm surface waters of low annual thermal amplitude. The 
teq,erature on the southern boundary descends to only 22°C in the austral winter South of New 
Caledonia and near Australia, and remains above 24°C in the northern winter North of the Marianas. 
It is above 28°C throughout the area in the Northern Hemisphere in the northern surnner and above 
26°C South of the equator in the southern surnner. Teq,eratures higher than 29°c are found over 
almost half the SPC Area in each hemisphere during the respective surnners, which given an average 
mixed layer thickness of around 100 m, represents the most formidable reservoir of heat stored at 
the surface of the planet. 

Cooling takes place throughout the year in an equatorial belt East of the dateline, due mainly 
to equatorial upwelling and, to a lesser extent, to westward advection by the Equatorial Current 
of the colder waters of the Eastern Pacific. 

According to Wyrtki (1965), who subjected data provided by merchant vessels between 1947 and 
1960 in the Pacific North of 20°S to harmonic analysis, the amplitude of the annual variation is 
minimal in the warmest part of the West Pacific, corresponding roughly to the SPC Area (less than 
0.5°C between 5°N and 5°S, below 1°C between 10°N and 10°S, less than 2°c between 20°N and 20°S), 
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and the ~litude of the semi-annual variation is negligible. This low annual variability is 
confinned by White, Pleyers and Hasunooia (1982) for the North-west Pacific. In the SPC Area, they 
used the hydrological stations along 137°E occupied each winter from 1967 to 1974, between Japan 
and the Equator, by the R. V. "Ryofu Maru", of the Japan Pleteorological Agency and nmerous 
meridional profiles between 30°N and the Equator from 125°E to 180° made between 1968 and 1973, 
with mechanical bathythennographs (MST) by ships of the Japanese Far Seas Fisheries. As White and 
Wylie (1977) had already shown, the annual variation from the Equator to 17°N is very slight. 

Sa 1 in it y (Figs. 12 and 13) 

On the other hand, the surface waters of the SPC Area present sharp contrasts in salinity: 

In the central part, the South Tropical Water is characterized throughout the year by maxinun 
salinity higher than 36 %o, which fonns in the NE quadrant of the subtropical gyre where intense 
evaporation exceeds the moderate precipitation. This water tends to acct111Ulate in the axis of the 
gyre, just East of French Polynesia (Rougerie, Maree, Picard, 1982). 

In the western part, on the other hand, abundant precipitation, well in excess of evaporation, 
is responsible for the fonnation throughout the year of desalted water - the Equatorial Water. The 
lowest salinity, less than 34 %o, is found in the northern sunmer in Micronesia. Values below 
34.5 %o are usual in the southern sunmer in a zone exteriding from the North of New Guinea and 
the Solomon Islands as far as the Fiji Islands. These low salinities correspond to the convergence 
zones and precipitation described above in the context of meteorological features. Desalination in 
the West Pacific is mainly due to local rainfall (Donguy and Henin, 1976) and secondarily to 
advection by counter-currents (Jarrige, 1968). 

Salinities higher than 35 %o are found in winter in the North of the SPC Area, in the region 
of the Marianas Islands, for this archipelago is located in the part closest to the axis of the 
North subtropical gyre where the NQrth Tropical Water, - which is characterized by a maxinun 
salinity exceeding 35,5 %o in this season - acct111Ulates; this figure is reached in the low 
precipitation zone centred on 20°N, 170°E (cf. Fig. 7). 

The influence of the South Tropical Water extends into the Northern Hemisphere. The 35 %o 
isoline crosses the equator between 140°W and 140°E; this extension is related to the equatorial 
circulation (advection and upwelling). 

Dens i t y (Figs. 12 and 13) 

The parameter used in the charts is dt = 1o3 (ps,t,o -1). 

The lightest water (d't = 21.5) resulting from a cori>ination of high teq>erature and extreme 
desalination is found in the oceanic regions of the intertropical belt covered by the ITCZ and the 
SPCZ. Along the equator, density decreases steadily from East to West from ot = 25.0 to dt = 22.0. 

In the SPC Area, light water (o't < 23.0) occupies the West part in all seasons, the lowest 
densities being observed in each hemisphere during the respective sunmers. Increasingly dense 
water is encountered towards the East in the Central Pacific. The seasonal variation is slight. 

Inter-annual variability 

Southem oscillation and El Nino 

The mean distributions just described for the intertropical Pacific represent the c0111110nest 
meteorological conditions, namely a situation where a powerful Easter Island anticyclone and 
well-defined equatorial low pressure over Indonesia produce a pronounced Walker cell; the wann, 
light waters are held in the West by well-established trade winds, where their salinity is diluted 
by abundant precipitation. 
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In some years, however, a different situation obtains, when the high pressure of the Easter 
Island anticyclone weakens or subsides, while the Indonesian low pressure rises. This alternance 
of the two relative pressure situations between the South Pacific and Indonesia is known as the 
Hsouthern Oscillation" (SO); its periodicity - about three years - is irregular. 

In situations where the Easter Island anticyclone is relatively weak, the South-east trade 
winds abate and can no longer hold the wann light waters in the west where the ocean level falls. 
These waters tend to return eastward, where the level rises. The walker cell is less pronounced 
and less extensive. The convergence zones are shifted; ITCZ closer to the equator and SPCZ towards 
the Central Pacific. The heavy precipitation moves fran Indonesia to the Central Pacific. In Peru, 
the highly productive cold waters produced by the usual coastal upwelling are replaced by 
impoverished wann waters of equatorial origin which extend far southward, with disastrous 
consequences for the fauna (high mortality rate) fisheries (destruction of anchovy stocks) and the 
national econCJlbl as a whole (torrential rains, landslides, floods ... ). This phenomenon is known 
locally by the name of El Nino (EN) (Wyrtki, 1982). J. 8erknes (1966) was the first to realize 
that this local Peruvian phenomenon was linked" with the meteorological anomalies observed 
throughout the Pacific in connection with the Southern Oscillation. 

Although it was long the habit to refer to El Nino years (eg 1957-1958, 1965, 1972, 1976, ... ) 
to denote the main climatic anomalies in the Tropical Pacific, the present tendency is to study 
the phenomenon on a Pacific-wide, or even global scale within the context of the full c~lexity 
of ocean atmosphere exchanges, which phenomenon is known as ENSO (El Nino, Southern Oscillation). 

Inter-annual variability in the SPC area 

In the North-west Pacific, the observations made by the Nakai Regional Fisheries Research 
Laboratory on board the HShunyo MaruH between 1958 and 1964 (Yamanaka, Anraku and Morita, 1965), 
those of the "Kagoshima--Maru" in 1958 for the International Geophysical Year (Takahashi, Chaen and 
Ueda, 1960), those of the Japan Meteorological Agency fran 1967 to 1974 on board the •Ryofu l"laru• 
along 137°E (l"lasuzawa and Nagasaka, 1975), those of the Japanese Far Seas Fisheries fran 1968 to 
1973, together with the observations of the Japanese ore ships between Japan and New Caledonia 
fran 1969 to 1978 (C. Henin and J.R. Oonguy, 1979), provide material for describing annual 
situations more or less confonning to •nonnal• or widely diverging therefran. 

In the South-west and Central Pacific, the surveys carried out by the Not.mea ORSTOM Centre 
since 1956, and particulary the collecting network observations made by merchant vessels fran 
Not.mea, made it increasingly easy to follow the ten1)erature and salinity variations over a given 
period. Half-yearly salinity c·harts were succeeded by quarterly charts and, in 1975, by monthly 
charts (J.R. Oonguy, C. Henin, 1978, 1976). 

All the analyses establish a very sharp inter-annual variability, depending on the weather, 
and particularly striking anomalies in 1957-1958, 1965-1966, 1972-1973 and 1976-1977, which were 
El Nino years. 

In particular, the maxinun thennal content nonnally encountered west of 170°E moves towards 
the South Central Pacific after an El Nino; this shift is presumably attributable to variations in 
the depth of the mixed layer which diminishes in the West, to an increase in the teq,erature at 
the centre due to the cessation of equatorial upwelling and to the advection of wann waters fran 
the West towards the ocean centre (C. Henin and J.R. Oonguy, 1980), (Oonguy et al., 1982) 

Sharp anomalies also occur in the salinity distribution in El Nino years. The advent of winds 
fran the western quadrant West of 160°W produces a convergence at the equator of desalinated 
waters which replace the saline water of the nonnal equatorial upwelling. The shift in 
precipitation towards the Central Pacific cancels out the nonnal desalination North of the SolOIIOn 
Islands and Vanuatu, which are invaded by the tropical saline water entrained by the 
South-easterlies driven by the still relatively strong Australian anticyclone (J.R. Oonguy and c. 
Henin, 1976). 
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B. Dissolved oxygen and nutrient salts in the surface layer 

All the gas coq,onents of the air are found in solution in the ocean layer in contact with the 
atmosphere. At a first estimate, they are dissolved in quantities such that the corresponding 
partial pressure is in equilibrillll with their partial pressure in the air; ocean-atmosphere 
exchanges may occur in the direction necessary to restore this equilibrillll. 

Of these gases, the ones most studied are oxygen and carbon dioxide, for they participate in 
the physiological cycles of living organisms. In photosynthesis, the dissolved carbon dioxide is 
used and oxygen produced. All living organisms continuously cons1111e oxygen and emit COi in 
respiration. The 111ineralization of all inert organic matter constnes oxygen and produces COz. 

C y c 1 e o f o r g a n i c • a t t e r 

The phenomenon of photosynthesis is the basis of primary production. It enables plants to use 
solar energy to synthesize their living matter from the mineral elements available in the aimient 
environnent: carbon comes from carbon dioxide, hydrogen from water, phosphorus from a phosphate, 
nitrogen from its various oxidized forms, chiefly nitrate, silicon from a silicate; synthesis is 
effected through a ~lex organic molecule - chlorophyll - which is specific to the plant kingdom. 

In the ocean, the essential factor in primary production is the presence of phytoplankton, 
coq,osed of microscopic algae which utilize nutrients (nutritive mineral salts) in the surface 
layer where solar energy is sufficient (euphotic layer); they are autotrophic. The fate of living 
plant matter thus synthesized is to be constned by herbivores (secondary production) which 
themselves may serve as food for carnivores (tertiary production), etc. In this way, it enters a 
coq,lex network known as the •trophic web•, coq,osed of heterotrophic organisms, that is to say, 
organisms whose metabolism depends on the use of pre-synthesized organic matter. 

Organic matter in the ocean is _found in three forms: living (living organisms, from whales to 
bacteria), detritus (dead remains or the remains of organisms excreted after partial digestion) 
and dissolved (particles less than 0.45µ ). 

The utilization of organic matter by heterotrophic organisms leads to a progressive 
degradation of the molecules and finally, at the end of the process, to the most oxidized forms of 
the constituent elements: the water, carbon dioxide and nutrient salts used during photosynthesis. 

This process of mineralization of organic matter is very largely the result of bacterial 
activity and culminates in the restoration of the elements to the environnent in ratios which are 
fairly constant in relation to the oxygen constned (ate111 ratios 276/106/16/1 for 0/C/N/P). 

Photosynthesis is restricted to the euphotic surface layer, where the light energy is 
sufficient. 

Respiration takes place at all depths except for anoxic waters, where the higher living 
organisms cannot live. 

The mineralization of detrital organic matter which takes place during sedimentation is widely 
distributed from the surface to the botte111; in the euphotic layer, the products of mineralization 
are reused for photosynthesis, while in the intennediate and deep layers, the products acc1111.1late. 

0 i s s o 1 v e d o x y g e n 

Surface concentrations in the intertropical zone correspond in general to the maxinun 
solubility in water in contact with standard water-vapour-saturated air at a pressure close to one 
atmosphere, for the local temperature and salinity. 
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Temperature is more i!llpOrtant than any other parameter for deter11ining this solubility. The 
concentrations in the mixing layer will vary little within the limits 34-36 1o and will range 
from 5.0 ml/1 at 23°c to 4.5 ml/1 at 30°c. 

The mixing layer, which is more or less isothermal, contains water at all depths, which has 
recently been in contact with the atmosphere. "°reover, the oxygen produced by photosynthesis 
exceeds the oxygen consumed in situ. The concentrations of dissolved oxygen are therefore 
generally at saturation or even -;jightly over-saturated in the most productive waters. ' 

Below the mixing layer and thus below the euphotic layer, there is a net cons~tion of oxygen 
and the concentrations are below the saturation corresponding to the in situ temperature. 

In the SPC Area, the oxygen ooncentrations of the surface layer correspond to the foregoing 
description. 

N u t r i e n t s 

Figure 14, borrowed from Reid (1962), shows the distribution of phosphate for the Pacific, at 
the surface and at 100 m. As may be seen at once from a ce111parison with Fig. 9, this distribution 
is controlled by the circulation. In the North and South subtropical anticyclonk gyre, the 
surface layer is practically devoid of nutrients at depths exceeding 100 m. In the Intertropical 
Pacific, the richness of the eastern part contrasts with the lack of nutrients in the western part 
where surface concentrations exceeding 0.25 fl'lll)le/m3 are found only in an equatorial belt 
narrowing towards the West. This relative enrichment is due to equatorial upwelling, whose 
efficiency diminishes West of 160°W. The West-east rise of the thennocline in the equatorial belt 
is reflected in the fact that concentrations at 100 m increase towards the East. Counter-currents 
are responsible for relative minima in the higher concentrations at 100 min the eastern part. 

Nutrients of the mixing layer in Jhe ~PC Area 

The lack of nutrients in the mixing layer throughout most of the SPC Area has been attested by 
all the oceanographic surveys. This is illustrated: 

For the Central Pacific, by the P04-P section along 160°W (Fig. 16); 

For the West Pacific: in the North, by sections PO ,tP, NO~ and Si. along 137°E (Fig. 
32) (Yoshimura, 1972, fllasuzawa et al., 1970), and 
in the South, by the sections along 170°E (Fig. 29) (Rotschi, Hisard, 
Jarrige, 1972). 

At the surface and over an average thickness of 100 m we may expect to find, throughout the 
SPC Area, fl'lll)le/m3 concentrations below 0.25 for phosphate, 0.5 for nitrate and 2.0 for 
silicate. In_ a narrow 3°N-3°S equatorial belt, equatorial upwelling may enrich the surface water 
(e.g. at 170°E: 0.40, 2.0 and 2.5 for P, N and Si, respectively). 

Various authors have drawn attention to this depletion of nutrient salts (Rotschi and wauthy, 
1973; Donguy, Henin, Jarrige, Rougerie, 1974). 

Variability 

Outside coastal waters, where continental silt may lead to teq,orary local enrichment, 
equatorial upwelling is the most in.,ortant mechanism for bringing richer subsurface water to the 
surface. The variability of equatorial enrictment is bound up with that of the local winds. In the 
case of winds from the eastern sector between April and October, upwelling is present West of 180° 
and particularly pronounced in June, July and August (Fig. 28 and 29), while in the case of light 
winds or winds from the western sector (North-west monsoon) from Novent>er to Plarch, the warm, poor 
waters with low salinity are found in a thick layer (100 m) at the equator itself (Figs. 31 and 
32). 
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waters of the upper therlllocline 

The distribution of water masses in the upper thennocline of the SPC Area is illustrated by 
charts borrowed from Tsuchiya (1968), which cover the Pacific intertropical belt 20°N-20°S. These 
charts show the distributions of depth, acceleration potential, salinity and oxygen concentration 
for four surfaces of constant thennosteric ananaly, as well as the distribution of the layer 
thickness corresponding to 5 cl/t above and below the oominal value. 

The selected surfaces are 160, 200, 300 and 400 cl/t. Their positions in the thennocline may 
be seen in the sections contained in Figs. 15 and 28; 625 oceanographic stations operated between 
1952 and 1961 by the international c0111111nity in various seasons have been used (Figs. 17, 18, 19 
and 20). 

Depth 

The absence of a 400 cl/t surface at the surface in the East of the SPC Area South of the 
equator clearly shows the contrast in the Southern Hemisphere between the light waters of the West 
Pacific and the dense waters of the eastern part. The thickness of these light surface waters is 
about 100 m. 

For all the surfaces, the growing depth from East to West in the equatorial belt reflects the 
eastward rise of the thennocline. 

The increasing depth of the 300 cl/t, 200 cl/t and 160 cl/t surfaces from the equator to the 
tropics in the western part indicates the sinking of the thennocline within the subtropical gyres. 

In the equatorial belt, the topography of each surface shows alternating crest lines (mininun 
depths) and thalwegs (maxinun depths) due to readjustments of the density field as a function of 
the juxtaposed currents and counter-:eurrents of the equatorial system. 

G e O S t r O p h i C f 1 0 W 

The distribution of the acceleration potential calculated in relation to 500 db (1,000 db for 
the 160 cl/t surface) clearly shows the equatorial currents. 

The IIIOSt obvious are the westbound currents of the equatorial margins of subtropical gyres: 

The North Equatorial Current (NEC) is present on all surfaces West of 120°W; its southern 
boundary, close to lO°N at 120°W, approaches the equator in the western part and is found towards 
5°N North of New Guinea; 

South of the equator, the main flow sets to the West on all surfaces; here is the danain of 
the South Equatorial Current; 

Counter-currents are identifiable by eastward -flows in the belt 10°N - 10°S; 

The North Equatorial Counter-Current (NECC) is the most obvious. It is found on all surfaces. 
Bounded to the North by the NEC, it flows all the way across the Pacific from Halmahera to the 
Gulf of Panama; 

The South Equatorial Counter-Current (SECC) is less obvious. It chiefly ass111es the form of 
small eddy circulations towards lOOS in the West Pacific and is fairly well defined North of the 
Solamn Islands; 

The Equatorial Undercurrent is a strictly subsurface counter-current and appears here as a 
narrow flow, no mre than a few degrees wide, centred exactly on the equator and mainly evident in 
the Central Pacific between 180°W and 140°W. 
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The most iq,ortant water mass is undoubtedly the South Tropical water, which has the highest 
salinities in the entire Pacific. It covers, at subsurface, the whole of the Southern Hemisphere 
in the belt 30°S - equator and its influence extends into the western part of the Northern 
Hemisphere. 

_ In the area of 20°S - 130°W, East of French Polynesia, the surface water which acc1111.1lates in 
the axis of the South Subtropical anticyclonic gyre is subject to evaporation which exceeds the 
scant precipitation. The salinity increases and may reach more than 36.5 %o. The resultant 
increase in density generates circulation by convection in places, whereby the denser water sinks 
and acc1111.1lates at the depth corresponding to its new density, thus giving rise to the continuous 
fonnation of an inmense lens of highly saline, oxygen-saturated water deficient in nutrients and 
constituting the South Tropical water. • 

On· the 400 cl/t and 300 cl/t surfaces, the South Tropical water is seen to participate, at 
subsurface, in the circulation of the anticyclonic gyre corresponding to the SEC. It is entrained 
westward and gradually approaches the equator, which it reaches North of the Solomon Islands and 
New Guinea. 

In the central part of the North subtropical gyre, another saline water mass is fonned at the 
surface in less extreme meteorological conditions than in the South. This is the North Tropical 
water, with a salinity of up to 35.5 %o. It sinks, acct111.1lates at subsurface and participates in 
the anticyclonic circulation. Its intrusion in the NEC East of 20°N - lSO°W is very plain on 300 
cl/t and particularly on 400 cl/t, where salinities exceeding 35 %o reach the Philippines at 
about 10°N. 

In contrast to the high salinities of tropical waters, a third iq,ortant water mass is 
identifiable in the upper thermocline:Nor-th of the equator. This is the desalinated surface water 
found off California and entrained by the California Current, which joins the NEC. It is clearly 
identified on 400 and 300 cl/t surfaces, where it constitutes the equatorial edge of the NEC, by a 
mininun salinity which extends westward as far as the "°luccan Passage just South of 10°N. 

The NECC is fed at its western extremity mainly by the NEC (Plindanao Current). Nevertheless, 
the fairly extensive participation of the South Tropical water which extends well beyond the 
equator on 400 cl/t, West of 180°, gives the NECC average salinities in the western part, which 
appear, however, as maxinun salinity on the southern edge, East of 160°W. On the other isanosteric 
surfaces, the NECC is not marked by an extreme of salinity. 

The Equatorial Undercurrent or Cromwell Current, on the other hand, is shown clearly on all 
the surfaces as having maxil'IIII salinity in a narrow belt very close to the equator, reflected by a 
succession of small eastward-pointing tongues in the isohalines. South Tropical water is, in fact, 
injected into this subsurface current North of New Guinea and, transported eastward, appears as 
maxinun salinity in the relatively desalinated waters of the eastern part; this continuous 
transport of saline water by the Cromwell Current is responsible for the maximum subsurface 
salinity found at 100 m and 200 m throughout the eastern intertropical zone between lllexico and 
Peru. 

0 i S S O 1 V e d O X y g e n 

The extremely oxygen-deficient waters of the eastern part and the relatively oxygen-rich 
waters of the western part are in striking contrast. 

The waters below 100 m between 20°N and lOOS along the Allerican coasts in the Central Pacific 
are virtually anoxic; 200 and 300 cl/t surfaces clearly show that this very poor zone corresponds 
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to the oceanic region not affected by the North and South subtropical gyre circulations. Due to 
the relative positions of the gyres and continents, the •bypassed• surface North of the equator is 
larger than to the South. 

The oxygen in the thermocline is conslllled by the respiration of organisms and particularly by 
the mineralization of organic particles (excreta, waste products, dead matter) which acc1111.1late by 
sedimentation from the highly productive surface layer of this part of the ocean; the oxygen is 
rerroved by lateral mixing with richer, i.e. more •recent• waters, which were at the surface not so 
long ago. 

On all the surfaces, the equatorial currents appear as oxygen maxima, particularly the NEC fed 
by the talifornia Current. They are the suppliers of oxygen to the thennocline. Thus, an oxygen 
gradient positive from East to West is established in the equatorial zone. 

The counter-currents transporting counter-gradient waters are marked by relative maxima which, 
at the end of their course, penetrate the eastern anoxic mass. • 

The NECC appears thus more or less clearly on all the isanosteric surfaces. 

The SECC can be detected North of the Sol(ffl)fl Islands on surfaces 400 cl/t and 300 cl/t. 

The CronMell Current is perfectly identified on 200 cl/t and 160 cl/t by a narrow maxinun 
oxygen belt at the equator stretching continuously from New Guinea to the American coasts. On 160 
cl/t, it is clear that the CronMell Current is fed through the arc of the SolCIIIOn Islands and the 
Bismarck Archipelago by the South Tropical water which has crossed the Coral Sea. 

T h i c k n e s s o f 1 a y e r s 

This may first be interpreted in_tems of thennocline intensity: 

The high values found in the areas of 20°N and 20°S show that the thennocline close to 
subtropical gyre centres is less marked than that of the neighbouring equatorial zone where 
minimum values are encountered. 

On 400 cl/t and 300 cl/t, the thicknesses tend to diminish from West to East in the equatorial 
zone; the thennocline is therefore more marked in the eastern part. 

A relative maximum thickness is found on each surface in a narrow belt centred on the equator; 
on 400 cl/t, this belt reflects the upward spreading of the thermocline in the upper part of the 
velocity core of the Equatorial Subsurface Current; conversely, on 200 cl/t and 160 cl/t, West of 
150°W, it shows a downward spreading of the thermocline in the lower part of that same current. 

The very high values found on 400 cl/t at the Equator between 135°W and 140°W show that the 
mixing layer has been reached. 

Layer thickness can also be interpreted in tems of the vol1111e of water having certain 
• characteristics. Thus the high values found in the equatorial belt East of 150°W and in the 

eastern part on 160 cl/t indicate the accumulation there of a considerable quantity of water with 
characteristics close to 12.5°C and 34.9 %ct, produced by the Cronwell Current at the end of its 
course (Plontgomery and Stroup, 1962). 

Interadiate waters (Reid, 1965) 

Surface waters in the high latitudes of the Pacific are cold and their dissolved oxygen 
concentrations high. Precipitation exceeds evaporation and salinity is low. Consequently, these 
properties - low temperature, low salinity and high oxygen concentration - characterize the waters 
of the entire mixing layer at these high latitudes. 
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In view of the fact that this minimal salinity is found everywhere in ■iddle and low latitudes 
at intennediate depths, the water 111asses possessing extreme such values have been called 
Intennediate waters. 

Thus, the meridional sections along 160°W (Figs. 15 and 16) show that the extension of the 
miniffllll surface salinity around 60°S in the intennediate layers of the South Pacific is situated 
just above the 80 cl/t isanostere; the evolution of the Intennediate water of the South Pacific 
(IWSP) in its course is best followed on the surface identified by this value. 

Similarly, the extension of low salinity values identified in the mixing layer at about 150 m 
at 50°N in the intennediate layers of the North Pacific is in accordance with 125 cl/t isanostere. 
The evolution of the Intennediate water of the North Pacific (!Wt.IP) can best be followed on the 
surface identified by this value. 

C i r c u 1 a t i o n 

The geostrophic currents on surfaces 125 cl/t and 80 cl/t (Figs. 22 and 24) indicate the 
presence at intennediate depth, of the major anticyclonic gyres resulting fran wind-induced 
circulation in the layers nearer the surface. Their major axes shift towards the poles with 
increasing depth. Also, on surface 125 cl/t, are found the North and South equatorial currents, 
the NECC fran one end of the Pacifk to the other, the SECC in ~he western part near 10°S and 
between the two, straddling the Equator, a westbound current (lntennediate Equatorial Current, 
Rual, 1969) 

Sa 1 in it i es and depths (Figs. 21, 22, 23 and 24) 

Two large tongues of low salinity originating in high latitudes are entrained by this 
circulation at intennediate depths in the direction of the equator. 

The Intennediate water of the North Pacific 

The IWNP is fanned at the subsurface, at about 1~200 m, between 45 and 50°N, off the 
Aleutian Islands, by lateral mixing in the pycnocline with the waters of the subarctic cyclonic 
gyre. This lateral mixing reduces the salinity and temperature and increases the oxygen 
concentration of the water on 125 cl/t of the subtropical anticyclonic gyre of the North Pacific 
(IWNP: 33.80 lo; 4.5°C; 4 ml/1 02). 

The IWNP thus fonned is entrained in the subtropical gyre. By vertical mixing with the more 
saline waters of the surface layers and deep layers, its salinity increases during its journey 
towards the equator following the North Equatorial Current. It is identified by minin111 salinity 
in the Western Tropical Pacific at depths varying fran 300 min the NECC to 700 m near 2S°N (Fig. 
22). 

On 125 cl/t, a transpacific zonal belt centred on S0 S is marked by a relative maxinun salinity 
attaining 34.75 lo (Fig. 21). This is thought to be the result of intense vertical mixing at the 
level of a subsurface counter-current. 

On 80 cl/t, the extension of Iwi.lP is clearly visible in the North subtropical gyre (Fig. 23). 

The Intennediate water of the South Pacific 

The IWSP is fonned at the surface near 60°S. Because of climatic conditions, its 
characteristics vary according to the season (ice obstruction, breaking up of drift ice, 
precipitation, winter, stmner, .... ) and depending on longitude, within a range above freezing 
point (33,87 lo; -1.845°C to 34.20 lo; +3°C). This water sinks at the Antarctic Convergence 
(near 55°S), as is shown in Fig 24 which gives the depths, and is entrained in the anticyclonic 
circulation of the South Pacific. There, on 80 cl/t surface, it is possible to trace its 
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characteristic mininun salinity which, near 55°S - 90°W penetrates the subtropical gyre (Fig. 23). 
Identified at increasing depths, fran the surface to 1,000 m on the eastern edge, where it attains 
34.40 %ct, this mininun salinity is then entrained westward. It is found again at 20°S, South of 
the Fiji Islands, ~nd enters the Coral Sea (34.50 %o; 5.2°C at 1,000 m) at the level of New 
Caledonia. The IWSP flow then divides into two branches (see Fig. 24 showing geostrophic 
currents), one towards the South along the Australian continent, and the other northwards through 
the arc of the Sola110n Islands as far as the equator, which it reaches with the characte.ristics 
5.3°C and 34.52 %o at a depth of 800 m. On surface 80 cl/t, in the mainly zonal flow of the 
intertropical zone, the salinity and teq,erature isolines run from East to West. In the zonal belt 
5°S - 12°N in the West and 15°S - 20°N in the East, these parameters have relatively unifonn 
values, close to 34.55 %o and 5.5. 0 c which characterize the mininun salinity of the equatorial 
water of the Pacific (Sverdrup et al., 1942). 

On 125 cl/t, the progression of mininun salinity of IWSP is as easy to follow as on 80 cl/t. 
The same penetration of the gyre on the meridional 90°W, the same sinking in the Eastem Pacific 
to almost 500 m and the same westward course at this depth to eoter the Coral Sea between the 
Sola110n Islands and Vanuatu. 

Oxygen con cent rations (Figs. 21 and 23) 

In its source region, IWSP becomes saturated with oxygen on contact with the atmosphere, with 
a concentration close to 7 ml/1. 

Ihtff> is not fonned directly at the surface, but by lateral m1x1ng with the waters of the 
subarctic cyclonic gyre, which leaves its mark on the subtropical anticyclonic gyre South of the 
Aleutian Islands. Desalination to 33.80 %o is accoq:,anied by oxygen enrichment to 4.0 ml/1 (Fig. 
21) on 125 cl/t. 

Thus, these intennediate waters_start out by being rich in oxygen. But as they move about, the 
oxygen will be consumed by the respiration of living organisms and particularly by the 
mineralization of organic matter, whether carril!d along at the time of the original sinking or 
acquired on the way by the sedimentation of particles originating from surface layer production. 
Consequently, the longer the route of the intennediate waters, the smaller the oxygen 
concentration. We have seen (Figs. 22 and 24) how these waters first follow the subtropical gyres 
to the equator in the westem part and only then reach the eastern part via an equatorial 
transpacific route. The minimum oxygen concentrations (less than 0.25 ml/1) are therefore found in 
regions reached only at tl\e end of their journey, that is in the eastem part of the Intertropical 
Pacific which is •by..passed• by subtropical anticyclonic gyres and which, moreover, includes 
regions with the highest primary production in the euphotic layer (Califomia coastal upwelling in 
the North, Costa Rica dane near the equator, Peru coastal upwelling in the South). As may be seen 
from Fig. 23, on 80 cl/t, the IhWP plays little part in the oxygen renewal of this layer, the main 
influence being that of the IWSP, which crosses the equator after passing through the Coral Sea 
and joins the circulation of the Northern Hemisphere along the island arcs fonned by the 
Philippines, Fonnosa and Japan. 

In the equatorial system, the counter-currents transport waters which are relatively richer in 
oxygen, in an easterly direction and their course is marked by relative maxima which penetrate the 
virtually anoxic eastem mass whose lowest concentrations are found throughout the layer between 
125 cl/t and 80 cl/t off the Plexican coast. 

Con cent rations of nutrients (Figs. 21 and 23) 

Phosphate concentrations 

The IWSP has a concentration of about 2 111110le/ml when it enters the South subtropical 
anticyclonic gyre, where it becomes iq,overished by vertical mixing with the surface waters. The 
concentration tends to increase slightly towards the equator, which is crossed North of the 
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Solonon Islands. The intrusion of IWSP into the richer Northern Hemisphere is nevertheless marked 
by a relative mininun which can be traced in the northern gyre as far as 170°W. Plaxinun values 
above 3 nmole/m3 are found in the eastern part of the hemisphere. 

Taken as a whole, the phosphate distribution is the reverse of dissolved oxygen distribution. 

Nitrate concentrations 

There is a very significant correlation, in a water mass, between phosphate concentrations and 
nitrate concentrations, both of which originate from the mineralization of organic matter, whose 
coq>0sition is relatively constant. The atom-to-atom ratio for NIP is thus between 12 and 15. 
Nitrate distributions may therefore be said to be virtually the same as for phosphate. 

Silicate concentrations 

Silica is a constituent of the skeletons of certain small forms of plankton, diatoms and 
radiolaria. However, most organisms contain very little or none at all. The siliceous parts of 
these skeletons are subject to more rapid sedimentation than other organic waste matter, so that 
the reappearance of the silica in solution occurs at different depths and in different places from 
those where nitrogen and phosphorus are mineralized. A maxinun silica concentration of 180 
nmole/m3 is thus found in the deeper layers, between 2,000 and 3,000 m, in the eastern part of 
the Pacific. In the intermediate waters, the concentrations accordingly increase with depth, and 
one may expect to find fairly uniform values ranging from 40 - 50 nmole/m3 on 125 cl/t, to 120 -
140 nmole/m3 on 80 cl/t. 

Characteristics of intermediate waters in the SPC Area 

In the SPC Area, the Intermediate waters occupy the lower part of the thermocline. On the 
basis of the various charts presented and of the foregoing conments on nutrients, the following 
characteristics may be produced: 

On 125 cl/t On 80 cl/t 

T°C 7 - 10 4, 15 - 5, 15 
s %o 34,20 - 34,80 34,35 - 34,50 
02 ml/1 0,5 - 4,0 1,0 4,0 
P04-P nmole/ml 1,0 - 2,5 1,5 3,0 
NO]-N nmole/ml 12 30 18 - 36 
SiO]-Si nmole/ml 40 - 50 120 - 140 

Deep waters 

These fill the entire Pacific basin underneath the Intermediate waters which, as we have-seen, 
occupy the lower part of the thermocline. 

c i r c u 1 a t i o n 

The figures of the Antarctic-Alaska transpacific section (Figs. 15 and 16) already show that 
the source of the higlH>xygen content bottom water (below 3,000 - 4,00011) has to be sought in the 
Antarctic, whereas lower oxygen contents are, of course, connected with conditions obtained in the 
Northern Hemisphere. But it is difficult to draw any major inference as regards circulation. 



- 33 -

A 111ap of the entire basin, showing the in situ teq,erature distribution at 4,500 m and taken 
from Knauss (1962), is mch more explicit (Fig. 25). The teq,erature rises slowly and steadily 
from South to North; the coldest water enters the basin from the South and mves towards the North 
along its western edge, not next to Australia since the Tasman Sea is closed to the North but next 
to New Zealand and the Tonga-Kennadec chain. 

The transpacific hydrographical sections along parallels 43°S and 28°S drawn up by the 
U.S.N.S. Eltanin during the Scorpio expedition in 1967, have shed fresh light on the real 'nature 
of this deep current predicted by theory. 

The teq,erature and salinity profiles along the 28°S parallel, taken from warren (1970) (Fig. 
26), illustrate the intrusion between 3,000 m and 4,000 m along the Tonga-Kennadec ridge of 
saltier water (salinity greater than 34. 72 %o with core at 34. 73 %a), moving towards the North 
(with isothenns sinking towards the East by a few hundred metres over a width of approximately 900 
1cm): this water is the last vestige of the deep water of the North Atlantic transported eastwards 
around the Antarctic by the circ~lar current at the same time as the Antarctic bottom water 
("'1ntyla and Reid, 1983). It can be located on the profile at 43°S, between 3,000 and 4,000 m, 
from 160°W to 170°W, against the Chatham ridge, by a maxinun salinity of 34.73%0. 

At 28°S, using these data, a geostrophic estimate of this deep current, in relation to the 
horizontal surface at 2,500 m which is assumed to be imnobile, gives a transport of 17 Sv for the 
total distance from 2,500 m to the bottom (the unit of transport is the Sverdrup: 1 Sv. = 106 
m3 s-1). 

This northwards transport of deep water, characterized by maxinun salinity and maxinun 
oxygen-content, must reach the Northern Hemisphere by a fairly direct route, since traces of these 
extremes were found in the Marianas Trench near 12°N - 144°E ("'1ntyla and Reid, 1978) and on a 
Japan-California section along 35°N around 16S0 E (Kenyon, 1983) during the INOOPAC expedition 
carried out by the S.S. "Thomas washington" of SCRIPPS between 1976 and 1977. The passage to the 
North-east of the Samoa rslands is relatively narrow (200 1cm at 4,000 m and SO km at 5,000 m) and 
a mean current of 15 cm per second, with peaks up to 20 cm per second, bearing North-North-East, 
has been measured there at 4,800 m (Reid, 1969). 

Characteristics of deep waters in the SPC Area 

The deep waters are relatively homogeneous since they are situated below the thermocline and 
the extremes of the Intermediate waters. 

Between 2,000 m and the bottom, the gradients are very gradual, both horizontally and 
vertically. flloreover, they are virtually unvarying, the saline cold oxygenated source being deep 
in the Southern Hemisphere and the low-salinity source, poor in oxygen and rich in nutrients, 
being subsuperficial in the Northern Hemisphere. 

The characteristics will therefore come within the following ranges (between 2,000 m and 6,000 
m): 

In situ teq,erature 
Salinity 
Oxygen 
Phosphate 
Nitrate 
Silicate 

2,S°C 
34,60%o 
2,0 ml/1 -

3,0 nmole/m3 -
43 nmole/m3 -

180 nmole/m3 -

1°c 
34,72% 
4,0 ml/1 
2,2 nmole/m3 

33 nmole/m3 
140 nmole/m3 
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Circulation in the SPC Area 

Having given an account in qualitative tenns of the masses of water to be found at various 
levels and of their respective movements, we should now like to turn to oceanic circulation in the 
SPC Area, viewed from the quantitative standpoint. 

We shall deal briefly with ocean level, which enables currents in the upper layer of the oce~n 
to be nonito~. We shall dwell at sanewhat nore length on the measurement of currents in the 
equatorial belt at lSO°W and 170°E; and lastly, we shall provide a short st1111ary of equatorial 
circulation in the SPC Area. 

Ocean level 

Ten.,erature of the surface mixing layer and atmospheric pressure are the two parameters that 
have most influence on the annual variation of the average ocean level. Throughout the whole of 
the SPC Area, the extent of the annual variation is modest, generally less than SO 11111, ·except in 
the Coral Sea and Eastern Micronesia, where it exceeds that figure owing to seasonal variations in 
pressure over the continents. The maxinun level is reached at the end of s111111er in each 
hemisphere; on the equator, between 160°W and 170°E, the maxinun level is reached in Septent>er and 
October when upwelling is less pronounced. 

In the West Pacific, signifkant ananalies in the ocean level have been noted in connection 
with occurrences of El Nino (Wyrtki and Leslie, 1980). In a study of the level at Truk Island, 
Meyers (1982) showed that significant declines in level of up to 20 cm had been noted in the 
northern West Pacific, in phase with occurences of El Nino in the East Pacific in 1953, 1957, 
1963, 1965, 1969, 1972 and 1976. The period of decline lasts for a year, from April to April, the 
minimum level being reached in Oecent>er, in phase with the occurrence of El Nino on the coasts of 
Ecuador and Peru. The drop in level is cont>ined with a rise in the thermocline following an 
oscillation related to the wind field. 

In a comparison of the seasonal variations of the dynamic topography of the surface, relative 
to 500 db in the western Pacific, with the seasonal fluctuations of the ocean level measured in a 
dozen islands, Wyrtki (1974) showed that there was a close relationship. The real-time monitoring 
of differences in level between these archipelagos makes it possible to track the transports by 
the currents and to evaluate the advection of the thermal content of the upper layer of the 
tropical ocean (Wyrtki, 1978). The ocean level is currently nonitored by a whole network of tide 
gauges installed on several islands in the Central and West Pacific (nost since 1974 as part of 
the North Pacific experiment of the International Decade of Ocean Exploration (NORPAX), funded by 
the National Science Foundation). 

Equatorial circulation 

Ce n t.r al Pacific 

In the eastern part of the SPC Area equatorial circulation has been under study since 1950. 

During Eastropic in 1955 (Austin 1960), sections made by Hugh M. Smith along 140°W and 155°W 
showed that, on the equator and around 10°N, the thermocline was nearer the surface. 

On the equator, the divergence in the westward surface flow of the Equatorial Current causes 
an "upwelling• or rise of the subsurface water, colder and richer in nutrients, which mixes with 
the surface water. Ten.,eratures lower than 24°C and P04-P contents higher than 1.2 mmle/m3 
have been observed at the surface (see also Fig. 15 and 16). There is an upward spreading of the 
uppermost part of the thermocline (above isotherm 20°, which remains virtually horizontal), this 
being an indication of vertical circulation in the surface layer (Fig. 27). 
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Near 10°N, the circulatfon entails a barocline structure (the isanosteric surfaces are 
inclined relative to the horizontal surfaces), so that, at the boundary between the NEC and the 
NECC, the thennocline rises and the 22°C isothenn is found at less than 50 m below the surface 
where the ten.,erature, however, is 27°C and the P04-P content low, 0.4 nmole/m3 or less. This 
crest-like structure is known as •ridging•. It differs fran upwelling in that there is no upward 
spreading of the thennocline. All the isothenns rise, but no significant cooling or lasting 
enrictment are discernible at the surface; vertical circulation in the surface layer is Yer)'. weak. 

Upwelling is related to meridional circulation (Crmwell, 1953). There is equatorial 
convergence at the subsurface which feeds the upwelling of water towards the surface. At the 
surface, the •upwelled" water moves away fran the equator as far as 2° - 3°N or S, where it sinks 
below the wanner lateral waters along zonal "convergence" lines. The convergence line to the North 
is very marked and often assumes the aspect of a "front" separating waters having very different 
characteristics. 

The most original feature of equatorial circulation is the Equatorial Undercurrent, or 
Crom.iell Current. This is an eastward counter-current in the fonn of a thin strip (400 km wide, 
200 m thick) found at the sub-surface, synmetrical with the equator, where velocities are greater 
than 25 cm per second, and may reach 150 cm per second in the central stream. Transport is of the 
order of 40 Sv. This counter-current is ed>edded in the thennocline, within the Equatorial Current 
flowing towards the West; it follows the rise in the thermocline fran West to East. It may be 
caused by geostrophic flows converging towards the equator in the upper part of the thennocline, 
due to the pressure of the upward East-west slope of the ocean surface (Knauss, 1963). 

In a quantitative study of equatorial upwelling in the Pacific, Wyrtki (1981) estimates the 
vertical transport due to upwelling between lOO°W and 170°E to be 50 Sv., which corresponds to an 
average vertical velocity of the order of one meter a day. The thermal budget shows that, while 
the horizontal advection by the Equatorial Current does indeed help to maintain the tongue of cold 
equatorial water which is particularly marked fran August to October, the main contribution is 
attributable to upwelling. • 

The Hawaii to Tahiti Shuttle Experiment was carried out, as part of NORPAX, in the Central 
Pacific fran 1979 to 1980. The purpose was to study the variability in the equatorial upwelling in 
tenns of time and space. It consisted of a group of joint operations comprising 15 hydrological 
sections, as well as current measurements using a profiler (Firing et al., 1981) along meridians 
150°, 153° and 158°W (Taft and Koval a, 1981), 35 thermal sections between Honolulu and Papeete 
carried out by aeroplane _(AXBT) (Stroup et al., 1981) and continuous recordings of ten.,erature, 
salinity and current at the equator using three deep anchorages in the vicinity of 153°W (Knox and 
Halpern, 1981). At the same time, winds were recorded at these anchorages and at Jarvis Island 
(160°W on the equator). Wyrtki and Eldin (1982) report that five major upwelling incidents were 
identified in 18 months. Each was caused by a freshening of the trade wind for a period of 10 to 
20 days and was reflected in a drop in the ocean level (of the order of 10 cm), surface cooling 
(from _28°C to 26°C) and a rise in isothenns of several dozen metres. In such cases, the vertical 
velocity at the equator is of the order of 3 ma day. When the wind abates, upwelling ceases, the 
thermal structure collapses and the raised isothenns again sink. Upwelling incidents are therefore 
regarded as the localized response to winds of limited duration. In climatic tenns, equatorial 
cooling appears to occur over a belt 400 - 500 km wide, to be highly consistent in its 
longitudinal expansion over thousands of km in the Central Pacific, but to diminish rapidly 
towards the West as fran 180°, consequent upon the increase in thickness of the mixing layer. 

Current measurements usfog a profiler fran 5°S to 5°N (Firing et al., 1981) revealed a 
Croni,ell Current centred on the equator with an average velocity core of 80 cm/second, rising to 
140 cm/second near 120°. Identifiable by a velocity greater than 20 cm/second, the thickness is 
200 m on average and the width fran 1°30 N to 1°30 S. The transport varies from 20 to 65 Sv., the 
average being very close to 40 Sv (Fig. 27). 
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W e s t e r n P a c i f i c 

In this part of the SPC Area, equatorial circulation has been studied in particular by ORST(III 
in the course of 10 expeditions (Bora and Cyclone) along 170°E, from 20°S to 4°N, between 1965 and 
1968 on board N.0. Coriolis (Rotschi, Hisard and Jarrige, 1972). On each expedition, a 
hydrological section and measurements of dissolved oxygen, nutrients and chlorophyll were made 
between 20°S and 4°N. Between 4°S and 4°N direct current measurements were carried out at various 
depths using recording current metres with Savonius rotors (Hydro-Products) suspended from a cable 
kept vertical by continuous manoeuvring of the vessel against the surface current. The 
measurements were taken in the 0-500 m layer by comparison with the readings of a current metre 
fixed 1,000 m down (so that the 1,000 m - 1,500 m layer was the reference point) (l'lagnier et al., 
1973). Figures 28, 29 and 30 give the results obtained during the Cyclone 6 expedition (18 - 27 
August 1967). 

Upwelling 

These expeditions showed that for most of the time there was upwelling at 170°E when the wind 
came from the sector East on the equator: that there was an upward and a downward spreading of the 
thennocline over significant thickness (from the surface to a depth of 400 m); that the rise 
towards the surface was accompanied by a modest cooling of the order of 1°C by c~rison with the 
adjacent waters to the North and South; and that an enrichment in nutrients and chlorophyll in the 
3°N - 3°S belt was then discernible. 

With the wind from the West, there was a convergence of wann waters towards the equator where 
a layer of isothermal water depleted of nutrient salts and over 100 m thick could be found; the 
spreading of the thennocline then disappeared in its upper part. 

An exaq,le of such convergence was found at 137°E in January 1970 by the Ryofu l'laru (Figs. 31 
and 32). No rise of isothenns towards the surface is to be observed at the equator, where wann, 
comparatively desalinated and nutrient-depleted water is to be found. This is normal at this 
longitude and in this s~ason given the North-west monsoon. 

The CrarMell Current 

The expeditions established that the Cnn,,ell Current was in fact present at 170°E. It was 
found at the subsurface from 50 m to 300 mover a width of the order of 2°30N - 2°30S. It consists 
of two cells of current, one centred at about 100 m (30-40 cm a second), the other at 200 m (50 cm 
a second) separated by a layer where the flow has a strong meridional coq,onent. Deep extensions 
of the counter-current towards the East were present at about 3°N and 3°S. The CrarMell Current 
was connected to the NECC by a bridge at about 200 mat 3 - 4°N. 

With a wind from the West sector, an easterly surface equatorial current was observed (Cyclone 
3 expedition, April 1967) between 2°N and 2°S over a 60 m thickness. The upper cell of the 
Crc:n,ell Current disappeared and was replaced by a westerly cell. The lower cell remained 
unchanged. 

The expeditions along 170°E therefore showed that the circulation on the equator (and hence 
the thermal structure) in the 0 - 100 m layer depended on the wind regime. 

From 1970 to 1976, the Eponite and Plinepo expeditions advanced the understanding of the role 
of upwelling in the meridional circulation of the 160-175°E equatorial zone (Oudot and Wauthy, 
1976) (Oudot et al., 1979). The validity of the circulation pattern of T. Cnllllfell (1953) in the 
Central Pacific was established for this western part. Intensity of upwelling depends upon the 
strength of the East-sector winds at the equator. With the wind from the SoutlH!ast, the surface 
divergence appears slightly to the South of the equator and the •upwelled• water - cold, saline 
and rich in nutrients - is advected northwards as far as 3°N, where it sinks under the thick, warm 
and desalinated surface layer and then spreads and accumulates in the thermocline at a depth 
corresponding to its density. With the wind from the North-east, the divergence appears to the 
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North of the equator and the frontal zone to the South. With the wind from the East, a 110re 
synnetrical situation IIIY be encountered, with divergence at the equator and sinking at about 3°N 
and 3°S. The upwelling is fed by a convergence at the equator of waters from the crest of the 
thel"IIIOCline with contributions from the aeridional circulation cells that enable the organic 
1111tter to be recycled. The cycle is as follows: upwelled water, photosynthesis in the euphotic 
layer during the advection phase, sinking along the front, storage in the thel"IIIOCline and 
111ineralization of the entrained planktonic organic matter, supply of nutrients to the upwelling. 
The Eponite and "inepo expeditions also showed that at about 10°S, at the southern limit of the 
SECC, the thermocline rose and enabled richer waters to reach the euphotic zone. under a wara 
desalinated surface layer, depleted of nutrients, but of reduced thickness, an acc11111.1lation of 
plant biomass was to be found in the upper part of the thennocline, which is an indication of 
stinulated primary production. This structural feature is entirely c~rable to that found at 
10°N, at the northern limit of the NECC. 

Zone of formation of CNJ1111el1 Current 

The study of the waters of the upper thennocline revealed that for the most part, the CNJ1111el1 
current is fed by South Tropical water via the Coral Sea (Fig. 18). On the meridional sections 
along 137°E of the Ryofu Naru (Fig. 31) the entry at the equator, at about 200 m beneath the 
surface of oxygen-rich (Oz > 3,5 1111/1) saline water (S > 35,5%.) from the Southern Hemisphere, 
and more specifically from the Coral Sea, is clearly visible. Its presence to the North of New 
Guinea suggests a passage through the Solomon Islands. 

Transports of equatorial currents 

The North Equatorial current (velocity 5 - 15 an.s-1). Fed in the East by the California 
Current and the return flow of the North Equatorial Counter-Current, it is strengthened in the 
Central Pacific by a branch of the North Pacific Current. It is a broad and powerful current which 
covers a zonal band between 8 -- lO~N and the Tropic of Cancer to the West of 180° and transports 
over 100 Sv. when it arrives off the Philippines (Nasuzawa, 1964). 

The south Equatorial current (velocity 5 - 10 an.s-1). This, too, is a broad current 
between the Tropic of Capricorn and 10°S. Very little is known about its transport but, on the 
basis of a c~rison with the NEC, it could reach 60 Sv. 

The Equatorial current (velocity 20-40 an.s-1). This flows between 5°N and 5°S and would 
appear to transport up to 63 Sv. westward (Nontgomery and Stroup, 1962; Hisard et al., 1970; 
Nagnier et al., 1973). It is due to the entrainnent force of the East winds that come from the 
Southern Hemisphere and reach the equator (mainly the trade-wind of the Easter anti-cyclone). 
Included in this westward flow and centred on the equator and flowing towards the East there is 
the subsurface jet-stream which was discovered in 1952 and is known as the CronMell Current or 
Equatorial Undercurrent. 

West of 180°, its core lies at a depth of about 200 m. With a width of Z0 N to Z0 S and a 
thickness of over 200 11, it achieves velocities of 40 to 50 an.s-1 (Fig. 30). At 170°E, its 
transport varies from 12 to 43 Sv. (Rotschi, Hisard and Jarrige, 1972). 

At 150-W, its core lies at about 120 m, where its velocity can reach 180 an.s-1. With 200 111 

thickness, the velocity may exceed 40 an.s-1 (Wyrtki and Kilonsky, 1982). Its transport varies 
from 20 to 65 Sv., estimated on the basis of profiler measurements between 5°N and 5°S (Firing et 
!!.:.., 1981). 

In addition to this subsurface eastward transport, there are those of the two equatorial 
counter-currents, observable at the surface. 
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The North Equatorial Counter-Current (velocity 20-40 an.s-1). This is the more iq,ortant, 
given that it is permanent and extends from one end of the Pacific basin to the other. It covers a 
relatively nal"f'CM zonal band between l°N and 8°N and its transport varies from 12 to 61 Sv. 
(Montgomery and Stroup, 1962; Knauss, 1961; Wyrtki and Kendall, 1967). 

The South Equatorial Counter-Current (velocity S - 10 an.s-1). This is of more limited 
significance and was observed for the first time only in 19S9 (Reid, 19S9; Wooster, 1961). I.ts 
existence was confirmed by several expeditions of the N.0. Coriolis from Nollnea. It is permanently 
identifiable to the North of the Sol0111>ns. Its transport is very variable, ranging from 2 to 20 
Sv. at 170°E (Jarrige, 1968). Its eastward extension has been studied (Donguy, Henin and Rougerie, 
1976) and its transport at 140°W is believed to be 10 Sv. It is doubtful whether it exists East of 
130°W, so that, in the Eastern Pacific, the SEC and EC could fonn a single current from 20°S to 
4°N. 

Figure 33 gives a siq,lified circulation pattern and the possible maxinun transport balance in 
the SPC Area. The arrows indicate the direction of the flows and the nlld>ers the quantities 
transported, in Sv. The probable exchanges with the inland seas of South-east Asia via the 
Philippines archipelago, which can be taken to be small (Soegiarto and Birowo, 197S), have been 
disregarded. Thus, in the SPC Area, the equatorial currents are believed to bring 220 Sv. from the 
East (100 NEC + 60 EC + 60 SEC). The counter-currents are believed to return 120 Sv. to the East 
(60 NECC + 40 Cf'Ollllell Current + 20 SECC). The difference, 100 Sv., feeds in equal parts the 
Kuroshio (Worthington and Kawai, 1972) via the Luzon current (Nitani, 1972) and the East Australia 
Current (Hamon, 1970) via a coq,lex circulation in the Coral Sea. The Southern Hemisphere 
contribution to the NECC appears to be small with the Cf'Ollllell Subsurface Current transporting 
mainly waters from the Southern Hemisphere. 

This orderly arrangement of transport balance should not conceal the fact that these currents 
are very variable and as yet little known, and that only the Cf'Ollllell Current has been subjected 
to direct measurement by current-ffletre~. the others having been estimated by the geostrophic 
method. To make the position quite clear, we would point out that, prior to the discovery of the 
Crt:lllMell Current in 1952, the balance shown for the equatorial system was just as satisfactory! ... 

Arrows without specific transport have been added to Figure 33 at about 20°-25° latitude in 
each hemisphere. These indicate the flows of the Sub-Tropical Counter-Currents whose existence 
Yoshida and Kidokoro (1967) predicted on the basis of the wind stress curl. These currents have 
since been observed in the Northern Hemisphere (Uda and Hasuntma, 1969) and in the Southern 
Hemisphere (Plerle, Rotschi and. Voituriez, 1969; Rotschi, 1973; Denham et al., 1981), but their 
pennanence has still to be confirmed. 

CONCLUSION: THE OCEAN ENVIROtfilENT IN THE SPC AREA 

We have seen above what kind of water is to be found, at all depths, in the SPC Area. As 
regards deep waters, the consistently extreme climatic conditions in the high-latitude regions 
where they are formed, the slowness with which they move, and the thickness of the layer which 
isolates them from surface influences in the rest of the basin, explain their homogeneity and 
their perenniality. Observations made decades apart have identified the same characteristics in 
the same region. 

In the case of the waters of the upper layer in direct contact with the atmosphere, the 
position is entirely different. Ocean-atmosphere exchanges do, of course, take place according to 
known processes in geographically defined regions, but the meteorological variability is such that 
they are subject to anomalies in space and time that have repercussions on the characteristics of 
the surface water. Under the effect of oceanic inertfa, these abnonnal characteristics can last 
for a long time over relatively large areas and can be transported by the currents to relatively 
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far-off regions where they will, in turn, influence climatic conditions. Furthermore, it is in 
these surface waters that man engages in 1110st of his fishing, cOl'lllllnication and leisure activities 
and which essentially constitute his inmediate environment. 

We have seen that, in the SPC Area, the ocean appears, at the surface, as a thick layer of 
warm very infertile westward~ving water. These characteristics have a direct influence on the 
biological and climatic envirornent on which we wish to conant in conclusion of the present.paper. 

Inpoveristment of waters 

The waters to be found in the surface layer of the SPC Area entered the vast noria of 
transpacific intertropical circulation at the eastern frontages of the two subtropical 
anticyclonic gyres where the coastal upwellings of talifomia and Peru provide a degree of 
enrictment through injection of subsurface water (Figs. 11 and 14). A fairly significant primary 
production by photosynthesis then takes place in these waters at the source of the North and South 
Equatorial Currents. These waters will gradually grow warmer as they move from East to West and 
will always remain on the surface, since they are consistently the lightest in the colllll"I of water 
at any given place. With the tendency of this warming process to spread downwards, although with 
difficulty, a warm mixing layer forms and thickens, and is increasingly isolated from the deeper 
layers by a well-established thennocline. The surface layer very quickly becomes impoverished as 
the nutrient elements are consumed by photosynthesis and the removal of particulated organic 
matter as a result of sedimentation. Soon there remains only an increasingly small primary 
production which operates on the basis of the partial remineralization in situ in the isolated 
layer. Towards the centre of the gyres, the residence time increases and the depleted waters tend 
to accumulate and sink as a body. In this •subsidence• zone, no upwelling of the richer subsurface 
water is possible and the most extreme conditions of •oligotrophy• can be found (oligotrophy being 
the environment in which the nutrient concentrations are low and organic production small). This 
is the area of •ocean deserts•, that is very clear water resulting from the dearth of suspended 
particles (A.P. Lisitzin, 1970) and hence very blue (deep ultramarine) water, where living 
organisms are few and far between. Virtually only highly migratory animals, most often in the 
reproductive phase, are found there. 

The highly saline tropical water which, formed in the centre of a gyre, penetrates and becomes 
part of the circulation at the top of the thennocline, forms throughout the intertropical zone a 
•floor• where the density gradient is very pronounced. It is a very effective device for curbing 
the sedimentation of organic particles and •trapping•, as it were, the nutrients produced by their 
mineralization. Thus, as they are transported, the tropical waters at the subsurface retrieve 
nutrients and carry than towards the equator where upwelling can take them to the surface for 
recycling by photosynthesis. 

Upwelling is one of the mechanisms whereby the inherent poverty of tropical waters can be 
counteracted. In the SPC Area, as has been seen, it can be found at the equator. Another 
transoceanic extension mechanism is the rise in the thennocline at near 10°N and 10°S, at the edge 
of the equatorial counter-currents, which makes nutrients available to the phytoplankton in the 
euphotic layer (Fig. 14 gives the relative maxima of P04-P at 100 m in the vicinity of 10°N, 
10°S). lastly, a third mechanism for the input of nutritive elements in ocean surface waters 
results from the process of rock weathering/leaching by rain/collection by drainage basin, which 
plays a very localized role around the small, high isolated islands of Polynesia but only has any 
effective significance on an ocean-wide scale in the Plelanesian region where highlands are 
numerous and rainfall is very heavy. Figure 34 reflects very clearly the predominance of physical 
factors (therml balance, circulation) over the organic production of the Pacific. The two huge 
subtropical gyres are deserts. The 10°N - 10°s equatorial belt has a higher production which, 
however, decreases from East to West. The coastal waters, including those which wash the 
Plelanesian archipelago, are more productive than those of the open sea. This distribution of 
production persists, of course, throughout the next links in the food chain, as is apparent from 
Figure 35 which gives the distribution of zooplankton netted in the 0 - 150 m layer (Reid, 1962). 
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Plost of the hauls (1335 out of a total of 2005 hauls) were made between 1950 and 1960 with a net 
with a 1 m opening, 5 m long and 0.25 nm and 0.55 nm meshes, during the NORPAC, TRANSPAC, EQUAPAC 
and EASTROPAC expeditions. In the SPC Area, only the equatorial region, particularly to the North 
of New Guinea, escapes the general poverty of the subtropical gyres. 

High thennal content 

Physical factors (thennal balance, atmospheric and ocean circulation) are responsible for the 
accllll.llation, in the SPC Area to the West of 180°, of a large quantity of wann water in a thick 
surface layer. We have already noted that this provides the largest reservoir of heat on the 
planet. 

A large quantity of heat is transferred continuously to the atmosphere in this region, 
sustaining an ascending vertical circulation fed, to a large extent, by the Pacific trade winds 
(walker circulation). Here we have an excellent illustration of ocean-atmosphere interaction. The 
ocean surface thennal field sustains the pressure field in the lower atmospheric layers, while the 
pressure field controls the wind field. The trade winds detennine partially the ocean thennal 
field in the intertropical zone (cooling by equatorial upwelling in the eastern part, entrainment 
force of the wind on the surface holding the accllll.llated wann water in the western part). No one 
has yet succeeded in unravelling the intricacies of these interactions, even asst111ing it were 
possible to do so, so as to arrive at a continuous and clear line of perfectly defined 
cause-and-effect relationships. We shall therefore siq:,ly say that the high thermal content of the 
surface layer in the western part of the SPC Area is one of the constituents of the climatic 
system of the intertropical Pacific •in a normal year•, the broad outline of which we have already 
described. 

This high thermal content of the ocean layer explains in particular why the SPC Area is one of 
the most notorious regions for the. frequency and violence of the disturbances known as tropical 
cyclones. It is the first of the essential conditions that nst obtain simultaneously in order for 
these devastating meteorological phenomena to form or, at any rate, to develop. It is acknowledged 
that an ocean temperature greater than 27°C at the surface is necessary for a tropical cyclone to 
occur. The effect of the ocean thermal content has been confinned by the nt111erous studies on the 
most const11111ate of this kind of meteoric condition, the RD (rapidly deepening) cyclones, which are 
identified by the very high speed at which the depression deepens, exceeding 42 nt, in less than 24 
hours. They led to the conclusion that the presence of a layer of ocean water of at least 30 mat 
over 28°C was a precondition. for their formation (Holliday and Thoq:>son, 1979). The second 
precondition for the formation of tropical cyclones could be the existence of a cyclonic-like 
convergence in the lower layers, a condition to be found in the West Tropical Pacific on the shear 
line between the equatorial winds from the West (monsoon) and the trade winds (Gray, 1977) in each 
hemisphere during the st11111er. 

For instance, according to the Annual Typhoon Report published by the Joint Typhoon warning 
Centre (JTWC) in Guam from 1956 to 1976, 385 cyclones were recorded in the North-west Pacific, an 
average of 18 a year. They occur mainly from June to Novamer, and are most frequent in 
August/Septent>er. They form in "icronesia, in particular North of 10°N, and West of 170°E. They 
develop in the Philippine Sea and can reach the coasts of Asia, from Vietnam to Japan. 

In the South-west Pacific, cyclones occur from Decent>er to ~rch, less frequently, on average 
4 a year (Ramage, 1970), mainly South of 10°S. Plost of them develop in the Coral Sea. The eastern 
edge of the cyclone formation can be said, in a •normal year•, to be 160°W, the COOk Islands 
longitude, and Polynesia"s exposure is then limited to its most southerly islands which lie in the 
paths of these disturbances where they join the turbulent current of the middle latitudes to the 
South-east. 

In years when the ENSO phenomenon occurs, the maxinun thennal content zone moves towards the 
Central Pacific, East of 180°. At the same time, there is an eastward movement of the cyclone 
formation zone. Thus, in the South Pacific, between 1956 and 1978, during the 17 wann seasons 
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regarded as •non111• (presence of equatorial upwelling West of 1W) only 16 per cent of the 176 
tropical cyclones and depressions recorded originated East of 1W, ~reel with 31 per cent of 
the 51 during the five •abftol"lllll• seasons (57-58; 65-66; 72-73; 76-77; 77-78) (Donguy et al., 
1979). It should be noted then, that cyclone frequency does not see111 to be higher in the El NHio 
years (Haage and Hori, 1981). 

This extension of the cyclone-risk zone to the South Central Pacific in an •abftonul year• was 
unfortunately ex911Plified during the 1982-'83 warm season (Toan - No. 16, Februa~ 1983). Five 
cyclones which originated near 10-S, East of the ftarquesas (14QOW), devastated French Polynesia, 
where it is necessa~ to go back to the period 1903-1906 to find c~rable disasters. It is a 
fact that the positive ocean thermal anomalies of this exceptional ENSO attained record values 
(5•c in the equatorial zone in the vicinity of 140-W, 10°c on the coasts of Pena) disrupting 
entirely the pressure and wind fields in the lntertropical Pacific and causing throughout the 
tropical belt climatic iimalances that subsequently extended even to the t-.,erate latitudes. 

It is precisely for the purpose of mnitoring the ocean thennal field that the Tropical Ocean 
and Global Atmsphere (TOGA) programe was launched. For this nmitoring, only satellites are 
capable of taking aeasuranents •in real ti•• over the vast expanses of the ocean (for instance, 
the weekly world charts of GOSSTaJIP (Global Operational Sea Surface T-.,erature ~tation) of 
NESS of HOM) but these measurements are confined for .the 110111ent to the surface and are 
handicapped by atmospheric absorption constraints (Barnett et al., 1979). Such ineasurements fran 
space are quality enhanced by those taken by vessels, which provide the •sea truth• for 
calibration and resetting and are also capable of recording, while under way, the thel"llll profile 
at a given point down to significant depths (500 m) by means of expendable bathythenqraphs (XBT). 

Under an ORST(JVCNEXO/SI0 agreement since 1980 a dozen ships of the network organised by the 
Nolllea ORSTCII Centre have been fitted out. The Centre has been taking tneasurements and s~les 
since 1969 on the transocean lines to the South~st Pacific (Australia and New Zealand), Asia 
(Singapore and Japan) and Merica .(talifomia and Panama) via the Central Pacific (Tahiti and 
Hawaii). As a result, the Pacific Tropical Plonitoring (SURTROPAC) and Tropical flonitoring in 
Polynesja (SURTROPOL) progr.-s of the ORSTCII network in the Pacific have becane an in.,artant 
part of the TOGA programne. 
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Bathymetric chart of West Pacific 

Plean pressure at sea level (in m) and nonnal winds for January and 
February, according to Queney (1974). 

Wind stress at ocean surface (in N.m-2) for November, February, Play and 
August, according to Wyrtki and Pleyers (1975). 

Divergence of the annual mean wind; interval between isolines = 4 x 
lo-6. s-1. 
Curl of the annual mean wind stress; interval between isolines = 4 x 
1o-8. N.nr-3, according to Wyrtki and Pleyers (1975). 

Plean monthly cloudiness (in octa) for February and August, according to 
Sadler et al., (1976). 

Precipitation (in nm); mean for February; mean for August; annual mean; 
according to Taylor (1973). 

Ocean circulation; adapted from Thunnan (1973). 

Ekman spiral 
Geostroptiic current in a gyre 
Dynamic topography of ocean surface 
Equatorial upwelling 
Coastal upwe 11 i ng 
Langmuir ce 11 s 
Density, telll)erature and salinity as a function of depth: 
1: at the equator; 2. in tropical zones (20° - 25°); 3. at high latitudes 
(500 - 600). 

Plean dynamic topographies of ocean surface in relation to 1,000 db; for 
Plarch--April; for November-Deceooer; for the year; according to Wyrtki 
( 1975). 

Diagram of equatorial currents in the western SPC Area (long-line drifts) 
- The NECC limits are shown 
- The dotted line marks the limit of the eddying transition zone 
- The large arrows indicate currents greater than 1.6 knots, according to 

Yamanaka (1973) . 

Diagram of surface circulation (see text for the identifying numers); 
adapted fran Tabata (1975). 

Surface telll)erature, salinity and density in the Pacific in winter 
(December, January, February); according to Reid (1969). 

Surface telll)erature, salinity and density in the Pacific in sunmer (June, 
July, August); according to Reid (1969). 

Phosphate at the surface and at 100 min the Pacific; according to Reid 
(1962). 
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Transpacific sections along 160°W; thennosteric ananaly, ten.,erature, 
salinity; according to Reid (1965). 

Transpacific sections along 160°W; oxygen; phosphate; according to Reid 
(1965). 

Depth, potential acceleration, salinity, oxygen and thickness of the 
layer between 395 cl/t and 405 cl/t for the Intertropical Pacific; 
according to Tsuchiya (1968). 

Depth, potential acceleration, salinity, oxygen and thickness of the 
layer between 295 cl/t and 305 cl/t for the Intertropical Pacific; 
according to Tsuchiya (1968). 

Depth, potential acceleration, salinity, oxygen and thickness of the 
layer -between. 195 cl/t and 205 cl/t for the Intertropical Pacific; 
according to Tsuchiya (1968). 

Depth, potential acceleration, salinity, oxygen and thickness of the 
layer between 155 cl/t and 165 cl/t for the Intertropical Pacific; 
according to Tsuchiya (1968). 

Salinity, oxygen, phosphate in the Pacific on 125 cl/t; according to Reid 
(1965). 

Depth and dynamic topography in the Pacific on 125 cl/t; according to 
Reid (1965). 

Salinity, oxyge~, phosphate in the Pacific on 80 cl/t; according to Reid 
(1965). 

Depth and dynamic topography in the Pacific on 80 cl/t; according to Reid 
(1965). 

In situ ten.,erature at 4,500 min the Pacific; according to Knauss (1962). 

Salinity and teq>erature sections along 28°S in the Pacific, East of 
180°; ·according to warren (1970). 

Equatorial sections at 150°W of teq>erature and currents in July/August 
1979 (NORPAX). 

Sections from 20°S to 5°N at 170°E of thennosteric anomaly, ten.,erature 
and salinity in August 1967 (Cyclone 6). 

Sections from 20°S to 5°N at 170°E of oxygen, phosphate and nitrate in 
August 1967 (Cyclone 6). 

Equatorial sections at 170°E of currents between O and 500 m in August 
1967 (Cyclone 6). 

Sections from 30°N to 2°S at 137°E of ten.,erature, salinity and oxygen in 
January 1970 (Ryofu Maru); according to Masuzawa et al., (1970). 

Sections from 30°N to the equator of phosphate, nitrate and silicate at 
137°E in January 1970 (Ryofu Maru); according to Masuzawa et al., (1970). 
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Diagrc111 of possible transports, in Sverdrups (1 Sv. = 1o6m3.s-1) of 
currents in the SPC Area. 

Primary production in the Pacific (gt/ml/year). 

Zooplankton distribution in the Pacific (0 - 150 m; nm 3tm3>; 
according to Reid (1962). 
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