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Abstract
The southwest Pacific Ocean represents a unique region in the world due to the presence of the only
intertropical atmospheric convergence zone in the southern hemisphere. Near the northwest bounda
ry of Australia the effect of the monsoon regime is also felt and both the Coral and Solomon Seas are
under its influence. Despite such a strong seasonal forcing the main signals at seasonal to interannual
timescales are linked to the variability of the ENSO phenomenon. Since the time of the TOGA pro
gram, an observing system in the equatorial band of the Pacific Ocean has provided sufficient obser
vations to allow models to predict ENSO events with certain accuracy and useful lead times. At lon
ger time-scales the influence of the subtropical regions must be also considered because of their
potential modulation of the equatorial mean state. Whatever their origin, extra-tropical events in the
Southern Hemisphere must transit the southwest Pacific region to reach the equatorial belt. However
the circulation of this region is less well understood than its northern counterpart due to its high varia
bility in time and its strong interaction with the complex bathymetry of the region. The presence of
several archipelagos represents indeed a specific feature of the southwest Pacific region. More preci
sely, the processes influencing the general conditions around New Caledonia, including meteorolo
gical forcing and regional ocean dynamics, are shortly presented and discussed. Finally, it is argued
that ongoing efforts to enlarge the present observing strategy in the region will result in a better
understanding of the variability of the southwest Pacific from large-scale ocean dynamics to
small-scale near-island dynamics.

Introduction
Tropical Oceans strongly influence the Earth's climate due to their capacity to store locally and to
export poleward the heat provided by the sun. Studies of several El Nifio-Southern Oscillation events
in the 1970s pointed out the great influence of the equatorial Pacific Ocean. It became evident that it
would be necessary to monitor continuously the thermal state of the equatorial band in order to bene
fit from forecasts at seasonal time scales. This objective was almost achieved during the 1984-1994
decade by the international program Tropical Ocean-Global Atmosphere (TOGA). Understanding the
importance of the ocean-atmosphere coupling over the Pacific in the context of short-term climate
predictions enlarges our view not only toward the Atlantic and Indian tropical sectors but also toward
the extratropical oceans.
This review deals with the southwest Pacific, a vast, largely oceanic, area extending from 1500 E to
the dateline and from 50 S to 300 S (~1O millions of km2). Other authors have described other parts of
the tropical Pacific. The hydroclimatic environment of the Tuamotu Archipelago of French Polynesia
in the central Pacific has been reviewed by Rougerie & Rancher (1994). A more recent review, focu
sing on the eastern tropical Pacific, has been published in a special volume of Progress in
Oceanography by Lavin et al. (2006). Here, with a much more modest ambition in mind, we propo
se a brief review of the hydroclimatic conditions that characterized the southwest Pacific. In the fol
lowing, we do not intend to provide a full description of the whole oceanographic state; such a view
is already available in general surveys published in books such as the ones by Pickard & Emery
(1990) or by Tomczak & Godfrey (1994). Building on these descriptions of the mean ocean circula
tion the principal focus of this review is on the seasonal, interannual and longer time-scale variabili
ty of the main parameters involved in air-sea exchanges. This does not mean that we are concerned
only with the ocean surface. For example, atmospheric winds drive the ocean circulation of the upper



layers, typically down to depths of about 1000 m. Although there is a growing recognition of the
importance of interconnections between climate variations in the southwest Pacific and parts of the
globe well outside that region, we are adopting a more closely focused point of view in order to
underline the major impacts, at the different scales of variability, of the atmospheric and oceanic cir
culations around the reef of New Caledonia.

The climate of the southwest Pacific region is controlled by its oceanic nature and large-scale extra
tropical atmospheric circulation features as shown in Fig. 1. These features include the trade wind
regimes, the Hadley and Walker circulations, the seasonally varying tropical convergence zones, the
semi-permanent subtropical high-pressure belt and the zonal westerly winds to the south. In January,
the prominent feature is the trough of low pressure that extends eastward from the monsoonal low
centred over northern Australia across the Pacific Ocean to a location near the equator and l700 W. In
July, in contrast to January, there is a high pressure dome located over southern Australia. Following
the strict definition of a monsoon regime (Le., a 180° reversal in the wind direction), only the nor
thern part of the present region of interest is under the influence of such a regime. However, the effect
of the Australian summer low is felt west of l700 W throughout the Vanuatu archipelago and the nor
thern part of New Caledonia. Another very important feature of the atmospheric circulation in this
region is the South Pacific Convergence Zone (SPCZ) that extends from east of Papua New Guinea
southeastward toward 1200 W, 300 S. The SPCZ maintains one of the most expansive and persistent
cloud bands on earth and plays a major role in the crossequatorial flow. Interactions between the
SPCZ and the other locations occur on a variety of timescales from synoptic to interannual as revie
wed by Vincent (1994). In the annual mean, the signature of the SPCZ must be seen not as a wind
speed minimum but more as a convergence in wind direction. Completely calm conditions are
encountered during not more than 30% of the time during the course of the year (Tomczak &
Godfrey, 1994). South of 300 S the atmospheric circulation is characterized by the presence of an anti
cyclonic belt associated with the high pressure of the Kermadec islands.
The present paper is organized as follows. Section 2 reviews the climate conditions of the southwest
Pacific region at timescales ranging from seasonal to long-term variations and trends. A brief sum
mary of the meteorological impacts around New Caledonia is also included. Section 3 addresses more
specifically the ocean circulation at both large and regional scales and concludes with a closer look
at the circulation around New Caledonia. Some points on the ongoing activities from a physical ocea
nographic point of view within the southwest Pacific region are discussed in the last section.

Climate variability
Seasonal and interannual variations

Within the equatorial region, seasonal and interannual variations of the fundamental parameters invol
ved in climate (including the surface wind stress, the sea surface temperature, rainfalls, solar radiation
and turbulent heat fluxes) have been studied with the focus of understanding and forecasting the ENSO
phenomenon (e.g., Delcroix, 1998). The southwest Pacific Ocean lies, however, in a transition zone bet
ween the equatorial band and the extra-tropical region. Usingrepeated tracks between New Zealand and
Hawaii, Morris et al. (1996) documented the variability of the subtropical gyre in the southwest Pacific
Ocean. Proceeding southward from lOOS the most important feature is the spreading and outcropping
of the thermocline around the mean position of the 20°C isotherm that is located around 200 m near
l8°S. At these extratropicallatitudes, the thermocline exhibits some seasonal variations that are main
ly confined to the upper 100 m column (Delcroix & Henin, 1989). The most important seasonal varia
bility in the regional ocean dynamics is linked to the displacement of the SPCZ which is more active in
southern summer than at other periods of the year. The amplitude of the interannual signal is an order
ofmagnitude less than the amplitude of the seasonal signal for SST and precipitation, whereas it is twice
the amplitude of the seasonal signal for sea surface salinity (Gouriou & Delcroix, 2002).
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Figure 1. The southwest Pacific hydroclimatic conditions showing the main features of the seasonal atmospheric circula
tion in the region (extracted from Salinger et al., 1995). In addition of the main pressure highs, the seasonal positions of the
atmospheric convergence zones are represented by dashed lines. The figures are representatives for mean conditions in
January (top) and in July (bottom).
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In the western Pacific Ocean, the interannual variations are usually connected to the appearance of
the El Niiio phenomenon and, consequently, to the Southern Oscillation. Both processes are closely
linked and could be indexed by the SST anomaly in the eastern equatorial Pacific and/or the atmos
pheric pressure difference between Tahiti and Darwin. There have been many attempts to list El Niiio
and La Niiia years going back to the seminal papers by Quinn et al. (1987). The most recognized ver
sion using modem observations is described by Trenberth (1997). Classifying the years in terms of
ENSO conditions is not a simple problem (Hanley et al., 2003). In the last decade, several processes
have been proposed to explain the observed variability in ENSO, ranging from the importance of high
frequency disturbances to decadal variations and global warming (Federov & Philander, 2000).
Another example of such difficulties, as applied to the southwest Pacific, is illustrated by the conjoint
influence of the Indian Ocean Dipole (Saji et al., 1999), IOD hereafter, with ENSO. Using a statisti
cal approach Meyers et al. (2006) have recently shown that most of the El Niiio years could be asso
ciated with a positive Indian dipole, and conversely, most of the La Niiia years with a negative dipo
le (Table 1). Nevertheless, caution is required when multiyear data sets collected in a regional context
are to be analyzed in terms of climate variability. For instance, composite maps of SST around New
Caledonia averaged for June to November and calculated for the categories of pure IOD (no event in
the Pacific Ocean) and of pure ENSO events (no event in the Indian Ocean) are shown in Fig. 2 (plate
4/1. Despite lower amplitude for the first category, the region is characterized by negative anomalies
in SST that have resulted from two distinct type of remote variability. If the climatic consequences
over New Caledonia during El Niiio years are relatively well known (see below) the specific impacts
of the pure IOD variability on global rainfall patterns and local climate remain to be explored.

Table 1. Classification of years when El Nifio or La Nifia and/or positive or negative Indian Ocean Dipole occurred. Bold
print (normal print) indicates a higher (lower) level of certainty in the classification as discussed by Meyers et al. (2006).
The top three boxes show all the El Nifio years and when they occur with negative, positive, or no laD-event. And so forth
for the other rows. This classification shows that an approximately equal number of positive laD events occurred during
an El Nifio event as without. Note also that a positive dipole with La Nifia event never occurred, and a negative dipole with
El Nifio occurred only once.

NEGATIVE IOD NO EVENT

ELNINO 1930 1877 1888 1899 1911
19141918 19251940 1957196319721982
1941 1965 1986 1987 19911997

1880 1956 1958 1968 1974 1881 1882 1883 1884
1980 1985 1989 1992 1890 1895 1898 1900

19011904 1907 1908
1912 1913 1915 1920
1921192719291931
1932 1934 1936 1937

NO EVENT 1939 1943 1947 1948
1951 195219531959
1960196219661969
1971197619791990
19931995

LANINA 190619091910 1916 1878 1879 1886 1889
1917 1928 1933 1942 1892 1893 1897 1903
1950 1975 1981 1922 1924 1938 1949

1954195519641970
1973197819841988
19961998

POSITIVE IOD

1896 1902 1905 1923

1885 1887 18911894
1919 1926 1935 1944
1945 1946 19611967
1977 1983 1994



Long term changes and global warming trends
Connections between the tropical and subtropical i;oceans through the wind-driven meridional over
turning ocean circulation are believed to be of pritnary importance for decadal and longer tempera
ture fluctuations in the Pacific Ocean (McPhaden & Zhang, 2002). Due to the north-south asymme
try in the amount of available data, most of the analyses of historical observations have focused on
the North Pacific where this variability is called the Pacific Decadal Oscillation (Mantua et al., 1997).
In the South Pacific, this variability is known as the Interdecadal Pacific Oscillation (IPO) and is cha
racterized by low frequency fluctuations with -15~ to -30-year time-scales. During the 20th century
three phases of the IPO have been identified: a positive phase (1922-1944), a negative phase (1946
1977) and another positive phase (1978-1998). Spatial patterns of these decadal trends are strongly
affected by the SPCZ, especially the changes in the mid 1970s (Salinger et al., 1995, 2001).
According to Folland et al. (2002), the shifts in the position of the SPCZ are related to ENSO varia
bility on interannual time-scales and to the IPO variability on decadal time-scales. The variations at
the two time-scales appear to be of similar magnitude and are linearly independent. However, the
physical processes implied in these different fluctuations are still the objects of an open debate as
reviewed by Wang & Picaut (2002) that depends in part on the tropical or extratropical origin of the
particular phenomenon. Among the different theories, the importance of the South Pacific in sustai
ning tropical decadal variability through the atmospheric circulation has been especially emphasised
by Luo & Yamagata (2001). More recently, an increase at decadal time-scales in the circulation of the
subtropical gyre, extending from the sea surface to mid-depth, has been described through direct
observations by Roemmich et al. (2006).
Superimposed on the decadal variability that may be inferred from modem observations there is an
acceleration of the warming trend over the last 50 years as illustrated for the ocean surface in Fig. 3;
in the deep ocean such a warming tendency is also described by Bindoff & Church (1992). These cli
matic changes and their future projections over the next 50 years are very important to consider for
coral reefs (Hughes et al., 2003). Although it may be tempting to link this warming to the enhanced
greenhouse effect (Barnett et al., 2005), the response of the entire Pacific to El Niiio - or La Nina
like conditions remains uncertain (Collins, 2005). Coupled models as well as historical reconstruc
tions based on sparse observations such as those most often used for the SST field (e.g., Kaplan et
al., 1998) have their own flaws and caution is required in using them as evidence of the present cli
mate variability. Similar conclusions have been drawn from the different paleoclimate proxies that
describe the variability during the last millennia. A great advantage of these last data is that they faci
litate separating the natural from the anthropogenic effects (Cobb et al., 2003; Correge et al., 2004).
Recently, Linsley et al. (2006) reported that expansion of the SPCZ implies a gradual change in the
South Pacific to more La Niiia-like conditions in the long term mean.
Sea level tendencies suffer from the same uncertainties as the surface temperature variations with
regard to the possible influence of decadal fluctuations (e.g., Cazenave & Nerem, 2004). A recent
detailed analysis of the sea-level rise at tropical Pacific and Indian Ocean islands may be found in
Church et al. (2006). If there is some evidence that the sea level rise observed over the last decade is
largely due to thermal expansion (Lombard et al., 2005; Ishii et al., 2006), present estimates are still
sufficiently uncertain to exclude some contributions from other sources.

Meteorological impacts around New Caledonia
The manifestations of ENSO changes in the atmospheric circulation are felt throughout the tropics
and the global atmosphere via the so-called teleconnections. The links between ENSO and large scale
precipitation patterns have been thoroughly explored beginning with the pioneering work by Sir
Gilbert Walker in the 1920s. In more recent studies, these relationships have been studied using data
from meteorological stations (Ropelewski & Halpert, 1987) or a combination of in situ observations
and satellite products (Dai & Wigley, 2000). A schematic diagram illustrating the underlying pro
cesses associated with the atmospheric bridge linking tropical SST anomalies to changes in the extra-
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Figure 3. Timeseries of the sea surface temperature observed at the Anse Vata Bay in Noumea, New Caledonia (lRD data
source). A linear trend has been superimposed that roughly correspond to a warming of 2°C per century.

tropical oceans is discussed with some details by Trenberth et al. (1998). More specifically, the signa
ture of El Nifio events in the oceanic region around New Caledonia is characterized by cold tempe
rature anomalies over the top 50 m (Delcroix & Lenormand, 1997), by a 20-50% decrease in preci
pitation (Nicet & Delcroix, 2000) associated with saltier-than-averaged anomalies in sea surface sali
nity. The latter effects result mainly from the equatorward displacement of the SPCZ in response to
ENSO anomalies in the eastern Pacific. This relationship suggests that there is a potential for useful
rainfall predictions over New Caledonia (Fischer et al., 2004). Conversely, the signature of La Nifia
events is characterised by anomalies of same amplitude but of opposite sign. Some other examples
ofthe ENSO signature within the Caledonian lagoon are analyzed by Ouillon et al. (2005). These dif
ferent studies appear to be consistent with the robust relationship between El Nifio strength and the
spatial extent of droughts established by Lyon (2004).
Atmospheric and oceanic conditions in the southwest Pacific are nearly always favourable for inten
se tropical cyclone activity. Consequently, the relationship between ENSO and enhanced cyclone
activity is weak, although the primary influence on tropical cyclone incidence has been associated
with local SST conditions (Basher & Zheng, 1995). This point is also illustrated by the 2002-03
cyclone season that had a below average number of tropical cyclones just below the average and a
shift toward the east of the activity, both points that are consistent and an eastward shift in the center
of the cyclone activity, both points that are consistent with the prevailing moderate warm ENSO
conditions (Courtney, 2005). A summary of each cyclonic season as well as climatic surveys of the
South-west Pacific islands are available from the Island Climatic Update
(www.niwascience.co.nz/ncc/icul) .



Regional ocean circulation
The equatorial band received most of the attention during the TOGA program, but more recently,
attention has shifted to the southwest Pacific where the circulation represents a major pathway for
water masses arriving in the equatorial band from the subtropics (Tsuchiya et al., 1989; Fine et al.,
1994). The properties of these water masses have the potential to modulate the ENSO variability at
decadal time scales (Gu & Philander, 1997). In addition to these climatic objectives there is an increa
sing interest in regional and coastal ocean circulation studies in response to societal demands.

Open ocean circulation of the southwest Pacific
An overview of the total geostrophic circulation of the Pacific Ocean from the surface to abyssal
depths is reported by Reid (1997). A closer examination of geostrophic circulation patterns near the
western boundary of the South Pacific is presented by Sokolov & Rintoul (2000). Only the upper part
of the ocean under the influence of the wind and the subtropical southwest part of the basin will be
considered here. The most prominent feature of the ocean circulation in the South Pacific is the sub
tropical gyre, consisting of the South Equatorial Current (SEC) at around 15°S, the East Australian
Current, and the eastward return current and the Peru/Chile current in the eastern Pacific Ocean.
Gouriou & Toole (1993) estimate the total transport of the SEC at 165°E as 25 to 41 Sv (1 Sv= 106

m3/s) between 15°S and 3°N. Using indirect computations based on the thermal structure observed
by XBT casts, Donguy & Meyers (1996) find a: similar transport of 20 Sv that is confined to the top
400 db layer and is characterized by a weak seasonal variability. However, the traditional view of the
SEC as a broad westward flow begins to break down with the advent of high resolution modelling
studies (Webb, 2000). The presence of a shallow and complex topography associated with islands and
reefs is conducive to the formation of narrow zonal jets at the southern and northern tips of the lar
ger islands such as Fiji, Vanuatu and New Caledonia. Recent direct observations of these jets using
an autonomous buoyancy-driven underwater glider reveal a narrower and more vigorous North
Caledonian Jet (Fig. 4, plate 4/2) than was previously imagined, but whose characteristics are other
wise poorly understood. A more careful consideration of the influence of the topography in updated
analyses based on historical hydrographic data sets has led to the recognition of these zonal structures
in the ocean circulation of the southwest Pacific (Qu & Lindstrom, 2002; Ridgway & Dunn, 2003).
The extension of such studies with numerical models has allowed a more complete explanation of
dynamical processes such as the bifurcation of the SEC near the Great Barrier Reef (Kessler &
Gourdeau, 2006b) and the nature of the zonal jets (Richards et al., 2006; Kessler and Gourdeau,
2006a). Complementary studies on the variability of the surface circulation that may be deduced
through satellite products such as sea level anomalies investigate the physical mechanisms at work at
the scale of the entire Pacific basin (Qiu & Chen, 2004; Maharaj et al., 2005). At depth, preliminary
results from direct observations based on autonomous floats reveal a higher level of energy in the
mean currents as compared to currents deduced from hydrological climatologies (Davis, 1998).

Upwelling and ocean dynamics around New Caledonia
In the ocean, upwelling represents a very important process that plays a major role in oceanic pro
ductivity. The equatorial upwelling represents the largest contribution by volume to the total global
upwelled waters (Reverdin, 1995) but regions of coastal upwellings are also very important to consi
der. Near the main island of New Caledonia, trade winds are persistently favorable to upwelling
because of their alignment with the coastline of the western barrier reef. It is quite surprising, howe
ver, that this process had not received much attention until only recently, in particular by Henin &
Cresswell (2005). These authors describe strong seasonal wind-driven upwelling events that appear
in SST and ocean colour satellite images. From a dynamical point of view, upwelling processes
observed off New Caledonia are as intense as the events observed on the eastern boundary of ocean
basins. The events are mostly located along the southern half of the western barrier reef, although
they can occasionally extend to the north of the island. The strong seasonality of the upwelling has
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been related to the seasonal variability of the mixed layer depth and thermocline by Alory et al.
(2006). The biological consequences of upwelling remains uncertain and to address further the
upwelling-driven nutrient enrichment more observations and studies of the vertical reach of the
upwelling cell and the vertical structure of the temperature and nutrient fields are required. An impor
tant aspect of the upwelling along New Caledonia is the strong interaction with the surrounding cir
culation related to the island wake effect. However, careful consideration must also be given to the
processes that interfere in such relationships (Le Borgne et al., 1985; Martinez &
Maamaatuaiahutapu, 2004). Numerical simulations based on regional models show that the island
effect controls the offshore extension of filaments and limits the spatial extention of the events to the
southwest coast (Fig. 5, plate 4/1).
These recent studies emphasize the importance of satellite observations for investigating the variabi
lity at the ocean surface. In addition to upwelling, satellite-derived SST could be used to study varia
tions in diurnal warming. For example, Stuart-Menteth et al. (2003) show that large regions in the
tropics and midlatitudes are frequently characterized by a diurnal warming that is dictated by a com
bination of the wind and the solar insolation. The largest diurnal amplitude in SST is observed all
around New Caledonia in December of each year, but a contrast between the eastern and western
coasts exists in the duration of such warming as shown in Fig. 6 (plate 4/2). Such diurnal effects are
important to consider, for example, in the computation of air-sea heat exchanges and air-sea gas
fluxes. Another important variable that may be deduced from several satellite-derived observations
are the surface currents following an approach similar to Lagerloef et al. (1999). An example of the
surface ocean circulation that may be derived from wind stress and sea surface height observed from
space is given in Fig. 7 (plate 4/3). Snapshots such as these mainly reveal cyclonic and anticyclonic
eddies that are in quasi geostrophic equilibrium with the mass field. Across the domain, the mesos
cale eddy activity appears stronger and more persistent south of 20oS. More detailed studies based on
combined altimetry and currents are required to identify the north-south heat transport of such eddies
activity following the methodology proposed by Morrow et al. (2004). Another application of such
products for biological studies is illustrated by Girard et al. (2006). Finally, it should be noted that
the spatial extension of these currents from the open ocean toward the coast is currently under inves
tigation.

Perspectives and ongoing activities

A growing interest in the western tropical Pacific as a focal point for understanding the dynamics of
low frequency modulation of the equatorial band and of the associated ENSO phenomena, has spur
red research into the ocean circulation in the southwest Pacific as part of the subtropical-tropical
interaction. A careful consideration of the complex topography of the region leads to a description of
a more complex relationship between the subtropical gyre of the South Pacific and its exchanges with
the equatorial and high-latitude oceans. However, there are many issues that are still under debate
regarding, for example, long term changes and these need to be further investigated. In order to
increase our knowledge, and potentially to improve our ability to predict such changes, an internatio
nal research program called South Pacific Ocean Circulation Experiment, SPICE, at the horizon of
the 2008-2010 time period is presently underway (www.ird.nc/UR65/SPICEI). The ambition of this
project is to encompass all the components from the large-scale of the southwest Pacific down to the
island coastal dynamics.
To understand the ocean dynamics and its role in climate, weather and ocean atmosphere interactions,
observations on a basin-wide scale with adequate time and space resolution are required. The com
bined use of satellite-derived and in situ observations will provide some answers and will allow, in
addition, a focus on more regional and coastal scales. The ongoing studies devoted to the upwelling
and the island wake effect along the coasts of New Caledonia represent two good examples. Two
other areas of high potential are observations of large scale ocean circulation and water masses from
autonomous floats deployed in the context of the Argo program (www.argo.ucsd.edu) and ocean state



estimates based on numerical models devoted to operational applications. Both programs are part of
the French national effort in the context of the Corialis and Mercator projects (www.coriolis.eu.org/;
www.mercator-oceanJrl).respectively.Asimilar synergy occurs in the operational ocean prediction
systems that have been developed in > Australia around the Bluelink project
(www.marine.csiro.aulbluelinkl). The synergy that will arise from these different but complementa
ry efforts will certainly result in the progress of our understanding of the southwest Pacific Ocean.
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