
Introduction
The sparsity of data in the southwest Pacific Ocean
has limited our understanding of the effect of
oceanography in regional ocean climate, and on the
role that the ocean plays in ocean-atmosphere interac-

tion.  Consequently, comprehensive climate studies of
the southwest Pacific region have been constrained due
in part to this relatively poor spatial (on regional to large
scales) and temporal (on interannual to climate time
scales) coverage of ocean temperatures.  Nevertheless,
significant improvements in regional scale climate
models, through effective model evaluation, are only
likely to be possible with better use of the available data
in a form that is useful for climate studies.
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A digital atlas of southwest Pacific upper ocean temperatures
(DASPOT) is now available for the period between 1955 and
1988.  This atlas consists of three uniformly-gridded datasets.
The first two datasets are three-monthly (January, April, July
and October) temperature time series over two depth ranges.
The third is a temperature climatology for this 34-year period.
These three datasets are interpolated to a 2° x 2° horizontal
grid, with a 5 m vertical spacing to a maximum depth of 450 m.

The datasets were generated from most of the available
bathythermograph casts collected between 0°–50°S, 140–180°E
using a combination of empirical orthogonal function analysis
and objective mapping.

The first temperature time series covers the 34-year peri-
od, 1955-1988, from the surface to a depth of 100 m.  The sec-
ond time series is for the shorter period from 1973-1988, but
extending to a depth of 450 m.  The climatological dataset
describes the annual cycle to a depth of 450 m for each calen-
dar month.  Objective estimates of the a posteriori (mapping)
error have been calculated in the objective mapping procedure,
and are provided with each gridded temperature estimate.
Analysis of the temperature anomalies from this atlas has
shown it to be suitable for large scale studies of interannual cli-
mate variability and ocean dynamics.
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In meteorological studies, atmospheric profiles are
often collected regularly from meteorological sta-
tions, which are usually on land, using balloons
and/or radiosondes (or rawinsondes).  In this way,
time series observations at these stations are readily
archived.  Despite their irregular distribution in space,
these series of observations provide a time history of
the atmospheric changes at specific locations.
However, compared with atmospheric profiles, ocean
profiles are much more costly and difficult to obtain,
with historical archive data scattered irregularly in
both space and time around the globe.   These profiles
have typically been collected from ships with no
large-scale, long-term climate monitoring program in
mind.  The main exceptions are data collected from
moorings, but these data are typically short in time
and sparse in space.  For ocean climate studies, it is
highly desirable to be able to analyse upper ocean
data at regular intervals in time and space, and to pro-
vide quantitative measures of the uncertainty in the
estimated fields.

A number of important climatological temperature
and salinity atlases have been provided in the past.
Among these, the more well known include the grid-
ded temperature and salinity atlases of the world
oceans by Levitus and collaborators (Levitus 1982;
Levitus and Boyer 1994; Levitus et al. 1994b) and the
classic climatological atlas (ungridded) by Reid (e.g.
Reid 1986) which focuses on the total geostrophic cir-
culation and transports of the South Pacific, North
Pacific, Indian and Atlantic Oceans.  Levitus also pro-
duced an atlas of the interannual variability of the
upper ocean thermal structure for the world oceans
(Levitus et al. 1994a), with annual data being avail-
able in digital form via CD-ROM.  Warren White
(from Scripps Institution of Oceanography) and col-
laborators have also recently generated a global upper
ocean atlas of monthly temperatures between January
1955 and December 1998 on a 5° x 2° longitude-lati-
tude grid for 11 standard levels to 400 m depth (see
http://jedac.ucsd.edu/index_data.html).

This paper describes a new uniformly gridded
upper ocean temperature atlas for the southwest
Pacific generated from most of the available mechan-
ical bathythermograph (MBT) and expendable
bathythermograph (XBT) data collected between
1955 and 1988.  The digital atlas of southwest Pacific
upper ocean temperatures (DASPOT) consists of
three datasets, a monthly climatology and two three-
monthly (January, April, July and October) time
series.  All three of these datasets comprise of upper
ocean temperatures on a uniform 2° x 2° grid with a 5
m vertical spacing. The monthly climatology includes
gridded observations for each month of the annual
cycle to a depth of 450 m. The long time series

includes gridded observations generated from both
MBT and XBT casts, and extends between 1955 and
1988 to 100 m depth.  The shorter time series was
generated from XBT observations between 1973 and
1988 and extends to 450 m depth.   Each of these grid-
ded datasets results from objectively mapped data and
explicitly includes estimates of the a posteriori (map-
ping) errors corresponding to the gridded temperature
estimates.  The two temperature time series together
form a unique resource for studies of the ocean cli-
mate changes in the southwest Pacific region during
the past few decades.

Previous research
Previous studies in the southwest Pacific Ocean
include the analysis of interannual temperature vari-
ability (Roemmich and Cornuelle 1990) and subtrop-
ical mode waters (Roemmich and Cornuelle 1992)
along large-scale repeat expendable bathythermo-
graph (XBT) sections over the time scale of a few
years, the examination of long-term temperature
changes from repeat hydrographic sections separated
by two decades (Bindoff and Church 1992), and the
analysis of interannual temperature variability and
longer term trends in very limited areas or at coastal
stations (Hahn et al. 1977; Edwards 1979; Rochford
1981; Rochford 1986; Harris et al. 1988; Hsieh and
Hamon 1991).  More recently, a database of historical
observations similar to those used to generate the pre-
sent atlas, has been used by Ridgway and Godfrey to
examine the annual mean heat budget in the region
(Ridgway and Godfrey 1994), the seasonal cycle of
the East Australian Current (Ridgway and Godfrey
1997), and longer term temperature and circulation
changes in the southwest Pacific region (Ridgway and
Godfrey 1996). In these studies, the irregularly
spaced observations were averaged into a series of
bins in space and time.  In their study of the longer
term variability, Ridgway and Godfrey (1996)
analysed the observations as data binned spatially
every 5° x 5°, except in the East Australian Current
region where a series of more irregular and subjec-
tively chosen bins were used.  Their data were also
examined as pentads (five-year averages) between
1970 and 1989, and as five-year running means of the
annual mean values between 1968 and 1991.

In the present study, the combined empirical
orthogonal function (EOF) analysis and objective
mapping of the original temperature observations
(Holbrook 1994; Holbrook and Bindoff 1997, 1999,
2000), which was used here to produce the digital
temperature atlas, has enabled the two time series to
have increased resolution in time (three-monthly grid-
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ded temperatures, January, April, July and October)
and space with values gridded spatially every 2° x 2°
and with a vertical spacing of 5 m, over the entire
southwest Pacific domain.  However, the real spatial
resolution of the gridded data is larger than the grid
point separation as discussed below in the section
entitled ‘EOFs and objective mapping’.

Data, errors and quality control
The ocean temperature data used in this study are
from the National Oceanographic Data Center
(NODC), Washington, DC, CD-ROM (National
Oceanographic Data Center 1991) which contains the
most comprehensive compilation of oceanographic
measurements prior to 1990.  Most of the available
mechanical bathythermograph (MBT) and expend-
able bathythermograph (XBT) data, about 40,000
casts, were examined for the southwest Pacific Ocean
region 0°–50°S, 140°–180°E covering the period
between 1955 and 1988.

The MBT (formerly BT) is an instrument that was
used in the southwest Pacific region until the early
1970s for measuring upper ocean temperature as a
function of depth.  The MBT is generally deployed
from a ship by lowering the housed sensor into the sea
on a wire rope, is later retrieved for analysis, and can
be operated whilst the ship is underway. The instru-
ment could be operated whilst the ship is underway up
to speeds of 18 knots (33 km/h).  However, the sensor
was found to work more satisfactorily at cruising
speeds of 12 knots (22 km/h) or less (US Naval
Oceanographic Office 1968; Intergovernmental
Oceanographic Commission 1975).  The instrument
measures a range of temperature from -2° to 32°C
with a resolution of tenths of a degree in temperature
and 1–3 m in depth as a vertical profile, to typical
depths of 63 m, 137.5 m or 275 m (US Naval
Oceanographic Office 1968; Intergovernmental
Oceanographic Commission 1975). 

Possible sources of MBT error include hysteresis,
temperature shifts and depth errors.  If the average
temperature error was greater than 0.3°C or if the
depth error was greater than 1 m as determined by
shipboard calibration tests, then values read from the
trace were corrected accordingly prior to transmission
(Intergovernmental Oceanographic Commission
1975).  The authors are not aware of any systematic
biases associated with the MBT instrument.

The XBT was first implemented as an oceano-
graphic instrument in the late 1960s and superseded
the MBT in the southwest Pacific region in the early
1970s as the primary device used to obtain upper
ocean temperatures from ships underway.  The main

advantages of the XBT have been the low cost to the
user, the continuous temperature profiles and the
greater depth range in comparison with the MBT.
However, there are various model and type-specific
errors associated with XBTs.  For example, Sippican
and TSK T-7 XBTs have been found to have a mean
depth error of 26 m at a terminal depth of 760 m
(Bailey et al. 1993).  Errors in the start of descent of
some versions of the Sippican Mk-9/MS-DOS XBT
system may occur but are mostly equivalent to depth
errors of approximately 2–3 m (Bailey et al. 1993).  A
‘bowing problem’ has been identified in the Bathy
Systems SA-810 XBT which may sometimes cause
temperature errors at the base of the mixed layer of up
to 0.75-1.0°C (Bailey et al. 1993).  This list is not
exhaustive but rather includes the more important
sources of error.  For a more thorough discussion of
the accuracy of XBTs and the errors and quality con-
trol procedures associated with XBT temperatures,
see Bailey et al. (1993, 1994).

Comments on the combined MBT/XBT dataset
Recently, Ridgway (1995) applied a new depth correc-
tion formula (Hanawa et al. 1995) to a similar archive
of historical XBT data collected in the southwest
Pacific region (but not including data south of 45°S).
On average, Ridgway's results indicate significant dif-
ferences between XBT temperatures and hydrology at
depths exceeding about 125 m depth.  However at
shallower depths, particularly depths down to 100 m,
the temperature differences are within the accuracy
limits of the instrument (i.e. ≤ 0.15°C).  This result
indicates that, at least to 100 m depth, there are no sig-
nificant biases which might affect the analysis of any
longer term temperature trends associated with merg-
ing the MBT and XBT data.  Hence, little of the longer
term subsurface information is lost here, since much of
the MBT data were only collected to maximum depths
of 137.5 m.

Quality control
The temperature data were first linearly interpolated
in the vertical onto a 5 m grid between the surface and
a maximum of 450 m depth.  Quality checks were
then made to identify any gross errors in the data.  As
a first check, those casts with obvious gross position-
al errors (cast positions located over land) were
immediately removed from the dataset. Secondly,
outliers were identified as those data greater than
twenty times the a priori noise from the a priori mean
value at the data position.  (Note that both the a pri-
ori noise and the a priori mean are defined in the fol-
lowing section.) This outlier criterion was chosen and
used simply to identify the gross temperature errors
that were apparent in the data.  A search for these out-
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liers was made at each 5 m depth increment and those
that were located were flagged and removed from this
study.  About 0.5 per cent of the data were flagged as
outlying points.  After removal of these data, both the
a priori noise and a priori mean fields were recalcu-
lated as described in the following section.

A high percentage of the data were located close to
the New South Wales coast.  In fact, about 30 per cent
of all of the temperature data for the entire region
were located between 30°S and 37°S and between the
East Australian coast and 154°E.  The main objectives
of the research study were to concentrate on the large-
scale features of the oceanic temperature field
(Holbrook and Bindoff 1997; Holbrook and Bindoff
1999), in particular, the broadscale upper ocean tem-
perature variability within the interior of the south-
west Pacific.  Consequently, the atlas focuses on the
large-scale temperature field of the interior of the
region including the subtropical gyre, the tropical
zone and the mid-latitudes of the southwest Pacific.
The atlas does not aim to provide a highly detailed
description of the temperature variations in the
boundary flow of the East Australian Current (EAC).
Given the large-scale focus, the coastal data were
removed from the dataset, thereby reducing the origi-
nal 56,000 casts to about 40,000 casts for the region.
This 30 per cent reduction in the size of the dataset
considerably improved the computing efficiency of
the objective mapping of the upper ocean tempera-
tures. (See the following section for details of the
objective mapping procedure.)

Data distribution
The historical temperature data have been sampled
irregularly in space and time, due to the many sepa-
rate and often short-term studies performed along dif-
ferent ship routes and during different periods.
Variations in spatial and temporal sampling have been
influenced by factors such as available resources,
shipping route changes and the individual interests of
investigators examining features from subeddy-scale
to those on the gyre-scale or larger.

Given the large number of observations and the
limitations of available computer resources, it was
more convenient to carry out the data analysis on sub-
sets of the original dataset.  Consequently, the region
was divided into four subregions with reference to the
local dynamics. These subregions were also chosen to
contain a 2° overlap at each of the east-west and
north-south boundaries in order to minimise sharp
edges and discontinuities in the final mapped fields.

Despite the irregular sampling of the upper ocean
temperature data, overall the MBT and XBT datasets
complement each other well, providing quite an even-
ly distributed spatial coverage during the selected

period (Fig. 1).  The main variations in coverage
across the study region have mostly resulted from
changes in shipping routes and the establishment of
volunteer observation ships by, for example, the
Australians, French, Japanese and Americans.
Although the MBT data are more sparse than the
XBTs in some regions, notably region 2, they are also
the most comprehensive data in the region south of
New Zealand due particularly to the intensive period
of Southern Ocean cruises between 1956 and 1962.
On the other hand, the more central latitudes within
the region (15°S – 40°S) are both well covered in
space and time over the entire period.  In recent years,
XBT data collection has been more focused in the
tropical regions due to the keen interests in under-
standing the El Niño phenomenon (Wyrtki 1975;
Wyrtki 1985b).

EOFs and objective mapping
A combination of empirical orthogonal function
(EOF) analysis, by the method of singular value
decomposition, and objective mapping has been used
to generate the digital atlas of upper ocean tempera-
tures in the southwest Pacific region on the regular
grid (Holbrook and Bindoff 1997; Holbrook and
Bindoff 1999, 2000).  The technique used here is an
extension of a procedure that has been successfully
applied in the past by Fukumori and Wunsch (1991)
and later by Bindoff and Wunsch (1992) to analyse
hydrographic data including temperature, salinity and
nutrients, obtained from deep sections. In order to
generate the atlas here, which includes temporal vari-
ations in the upper ocean temperature field, we have
included the fourth dimension (time) in the EOF
methodology.  This technique is discussed in much
greater detail in Holbrook and Bindoff (2000).

Before calculating the EOFs, the relative contribu-
tions to the temperature data from both the signal and
the background noise needed to be determined.  The
signal is represented here as the difference between the
point observations of temperature and a first-guess (a
priori) mean temperature at each of the observation
points.  The a priori noise in the data is defined as the
small-scale variability associated with the unresolved
ocean processes such as internal waves and mesoscale
eddies, or errors associated with instrument type
and/or reporting technique. The mathematical descrip-
tion of the signal and noise calculation prior to the
EOF analysis follows the method of Fukumori and
Wunsch (1991), with its current application explained
in Holbrook and Bindoff (2000). For the objective
mapping, the noise variance is calculated in the same
way as the a priori noise but using the expansion coef-
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ficients from the EOF analysis (Holbrook and Bindoff
2000), while the signal variance is simply the auto-
variance of these coefficients.

In generating the monthly climatology, over the
full 12-month cycle, the a priori mean field was mod-
elled as a second-order polynomial in latitude (ϕ) and
depth (z), with annual and semi-annual harmonics in
time.  For the time series, the a priori mean field was
simply the monthly climatology.  The a priori noise
was estimated at each depth based on the mean
squared differences between temperature measure-
ments for close neighbouring casts. ‘Neighbouring’
refers here to the shorter space and time-scales of less
than 100 km and less than one day.  The short time-
scale here ensures that the different casts represent
those deployed from the same ship, or a separate ship
close in time.  Our estimates of the a priori noise are
objective and are used consistently to determine the
number of EOFs to retain and assess the performance
of the interpolation procedure.  It overcomes the prob-
lem of sampling across different seasons and ensures
that noise is represented by mesoscale processes,
rather than the large-scale, longer period, signals that
we wish to resolve.

A feature of the EOF analysis is that it was able to
exploit the vertical data redundancy resulting from
the inherent vertical correlations in the ocean temper-
ature profiles, providing dramatic reductions in the
computational cost associated with the objective map-
ping. Five vertical EOFs were sufficient to explain
about 90 per cent of the overall variance in the data
(Holbrook 1994; Holbrook and Bindoff 1997, 1999,
2000).  Using only these five modes, the typical ver-
tical scales associated with the surface mixed layer
and thermocline were successfully resolved, enabling
the temperature data to be reconstructed to within the
estimate of the a priori noise at most depths.

The objective mapping follows the method of
Bretherton et al. (1976) and is used to map the expan-
sion coefficients for the vertical EOFs, consisting of
the geographic position and time information in the
data. In our study, horizontal length-scales of 4° in
longitude and 2° in latitude and a time-scale of 90
days were chosen. The data density greatly affects the
temporal and spatial resolution that can be achieved
from these data for this region.  As a consequence of
these limitations, we have been both realistic and
pragmatic with our choice of space and time-scales
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Fig. 1 Spatial and temporal distribution of all (a) MBT, and (b) XBT casts retained after quality control of the data.
Individual subregions are numbered accordingly while their boundaries are defined to overlap one degree
beyond their respective marked bounding lines.
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used for mapping the temperature field.  These choic-
es are based largely on (a) a combination of the
observed anisotropy of upper ocean temperatures in
the ocean interior, with longer zonal scales than
meridional scales apparent in the upper ocean, (b)
consideration of the trade-offs in data resolution
between the selection of large length-scales for statis-
tical reliability as opposed to the finer spatial and tem-
poral scales, and (c) spatial and temporal scales in the
tropical-subtropical zone for the South Pacific report-
ed in the literature (Meyers et al. 1991).

A posteriori estimates of the error at each grid-
point arising from the analysis, together with the esti-
mates of the a priori noise, describe the mapping
errors associated with the distribution in space and
time of the MBT and XBT deployments in the region.
In the case of areas with sparsely distributed observa-
tions, the error estimates increase to the estimates of
the a priori noise. In the absence of any observations,
the gridded temperature field relaxes to the a priori
estimate of the monthly climatology.

Major advantages of the combined EOF/objective
mapping technique used in the preparation of this
atlas include: its ability to handle the four-dimension-
al data directly (thus producing smooth, gridded tem-
perature fields in space and time); the provision of
unbiased estimates of these fields; the determination
of a posteriori errors associated with the mapped
fields; and the efficient generation of these fields by
taking advantage of the vertical redundancy in the
temperature data.

The horizontal resolution is defined by the decor-
relation length-scale for latitude and longitude of
respectively 2° and 4° .  The true vertical resolution is
determined by the vertical EOFs and are described by
the resolution matrix of the five vertical EOFs
(Holbrook 1994; Holbrook and Bindoff 2000).  The
vertical resolution is a function of the thermal struc-
ture of the upper ocean and is shortest in the mixed
layer (~ 30 m) and increases with depth to ~ 80 m at
400 m depth.

Spatial and temporal temperature
variability
The two time series respectively consist of quarterly
temperature values for the months of January, April,
July and October between 1955 and 1988 to 100 m
depth and between 1973 and 1988 to 450 m depth.
The seasonal temperature cycle, to 450 m depth, is
provided by the monthly mean climatological dataset,
comprising all months of the annual cycle.

Figure 2 shows the time series at two example
grid-points.  The first is a low latitude (5°S, 171°E)

time series which shows the large amplitude negative
temperature anomalies during the 1982-83 and 1986-
87 El Niños.  These temperature anomalies are asso-
ciated with a cooling at the base of the mixed layer
(100 m depth) due to the upward heave of the ther-
mocline.  The second mid-latitude (43°S, 149°E) time
series shows a long-term warming of the ocean at 100
m depth of about 0.5°C over the 34-year record.  This
warming trend is consistent with sea-surface temper-
ature maps constructed from surface observations
from ships for the same period (Bottomley et al.
1990).  In the upper panels of (a) and (b), the two tem-
perature series are presented together with their cor-
responding a posteriori error estimates from the
objective mapping.  In the case of sparse observa-
tions, the error estimates increase towards the a priori
noise. On average, the errors indicate that the data
coverage was reasonably good in the tropics (errors ~
0.4 – 0.6°C or about half the a priori error).
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Fig. 2 Two example gridded time series of tempera-
tures and temperature anomalies (from the
seasonal cycle) at (a) (5°S, 171°E), and (b)
(43°S, 149°E).  In the upper panels of both (a)
and (b), the temperature time series are shown
with a solid line while the a posteriori (map-
ping) errors, corresponding to these time
series, are indicated with the dashed lines
either side of these temperature series.  The
lower panels of (a) and (b) show the corre-
sponding temperature anomalies from the sea-
sonal cycle.  Temperatures and anomalies are
at 100 m depth and are in °C.
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However, further south in the mid-latitudes (e.g. as in
the case shown in Fig. 2(b)), in particular south of
Australia, the errors become larger due to the sparsity
of available observations (errors > 0.8°C).

We have used a rotated principal components
analysis (RPCA) here to reduce the data and describe,
more efficiently, features of the spatial and temporal
variability in the mapped ocean temperature field.
RPCA is particularly good at examining all time-
scales, thus avoiding aliasing of different physical
phenomena that occur in simple subsampling and fil-
tering techniques of data commonly used to examine
climate change.  Rotation of the PCs was performed
using the orthogonal rotation, varimax (Kaiser 1958).

The varimax rotation of these data only slightly
changed the spatial patterns in the PCs.

An S-mode PCA (see, for example, Richman
(1986)) is used here to examine the spatial distribu-
tion of the fields and how these patterns evolve over
time.  The spatial information comes from the PC
loadings while the time amplitudes are the PC scores.

The PCA is performed using the singular value
decomposition of the correlation matrix.  Each term in
this matrix comprises the cross-correlation between
normalised temperature anomalies, the normalisation
factor being pointwise estimates of the data error esti-
mated from the objective mapping procedure.  Hence,
regions of low data density have lower weight in the
analysis reflecting the smaller number of measure-
ments and greater uncertainty.  Only valid ocean grid-
points with enough data are utilised for the analysis.
Cross-correlations are taken over four vertical levels:
the sea surface, 100 m, 250 m and 450 m depth.

Annual mean temperature field
The annual averaged temperature fields at the sea sur-
face, 50 m, 100 m, 150 m, 200 m, 250 m, 350 m and
450 m depth are shown in Fig. 3.  The annual mean is
calculated as an average of the gridded monthly mean
temperature fields. Sea-surface temperatures in
excess of 29°C are observed in the Western Pacific
Warm Pool region east of Papua New Guinea (PNG),
while isotherms near the eastern coastline of
Australia, at most upper ocean depths, are seen to
push further southwards due to the warmer waters
transported polewards by the East Australian Current.
Below about 150 m depth, the ‘bowl’ of the subtropi-
cal gyre is observed, with the thermocline raised at
the northern boundary of the region due to equatorial
upwelling.

Seasonal temperature variability
The dominant mode from the RPCA of the shorter
period temperature time series extending to 450 m
depth, shows the spatial patterns at four separate

depths, the sea surface, 100 m, 250 m and 450 m
depth associated with the seasonal variability in the
southwest Pacific between 1973 and 1988 (Fig. 4(a)).
The time amplitudes for the first rotated mode shows
a clear seasonal cycle while high negative RPC load-
ings (< -0.8) dominate much of the sea-surface spatial
pattern.  This dominant mode explains about 28 per
cent of the variance and is primarily a seasonal sea-
surface temperature (SST) mode which is in phase
with solar heating over much of the region. The fine
strip of positive loadings apparent near to the equator
may be linked to upwelling changes forced by the sea-
sonal intensification and relaxation of the trade winds.
At 250 m depth, the spatial pattern consists mainly of
positive loadings, with the few coherent patterns of
negative loadings appearing north of 15°S.  These
subsurface temperature anomalies, which are anti-
correlated with the SST anomalies, are due to vertical
movements of the thermocline; most likely the
dynamic response to Ekman pumping and Rossby
wave propagation into the region (Holbrook and
Bindoff 1999).

Interannual temperature variability
RPCA has also been used to identify the primary pat-
tern of interannual upper-ocean temperature variabil-
ity in the region.  RPC 4 is the first interannual mode
of the upper ocean temperature variability for the
southwest Pacific region.  Figure 4(b) shows the spa-
tial patterns and amplitudes for this RPC which is the
primary mode associated with El Niño – Southern
Oscillation (ENSO).

Immediately apparent are the strong peak ampli-
tudes in 1983 and 1987 during the 1982-83 and 1986-
87 El Niño events.  In both cases, the peak amplitudes
occur in July of those years.  The largest loadings asso-
ciated with this mode are in a large-scale zonally ori-
ented pattern extending eastwards from PNG with a
strong centre over the Solomon Islands.  Associated
with this cooling during these ENSO events, lowered
steric sea levels are implied and were observed in sea-
level gauges and steric height studies in this area
(Wyrtki 1985a; Ridgway et al. 1993).  For example, in
May 1983 sea levels were depressed over a wide area
from the Solomon Islands to Tahiti, with the lowest
values of -41 cm observed at Funafuti (Wyrtki 1985a).
During the reportedly weaker ENSO event of 1986-
87, Ridgway et al. (1993) reported the largest depres-
sion at Honiara between December 1986 and April
1987, where sea level fell by approximately 25 cm.
They further suggested that steric sea level appeared to
vary by up to 45 cm south of New Ireland.  The pat-
tern of large negative loadings from the RPCA of our
data (Fig. 4(b)) is consistent with these studies.  A sig-
nificant feature in the spatial patterns is that the RPC
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Fig. 3 Annual mean temperature field at the sea surface, 50 m, 100 m, 150 m, 200 m, 250 m, 350 m and 450 m depth.
Temperatures are in units of °C.
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Fig. 3 Continued.
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Fig. 4 The (a) first and (b) fourth modes from an S-mode varimax RPCA of the data correlation matrix containing
normalised temperature anomalies (from the annual mean) at the sea surface, 100 m, 250 m and 450 m depth.
The spatial patterns are the rotated PC loadings while the time series represents the corresponding amplitudes.

(a)
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Fig. 4 Continued.

(b)
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loadings with the largest magnitude occur at 100 m
and 250 m depth.  This suggests that the largest tem-
perature changes associated with ENSO in the upper
tropical southwest Pacific Ocean are due to large ver-
tical movements of the thermocline.

The zero lag correlation coefficient between the
time series for mode 4 and the five-point filtered
Southern Oscillation Index (SOI) (Troup 1965) is
-0.50.  More interestingly, for the ocean lagging the
atmospheric pressure index, the lag 1 (three-month
lag), lag 2 (six-month lag) and lag 3 (nine-month lag)
correlation coefficients are respectively -0.66, -0.67
and -0.51 (with the three and six-month lagged corre-
lations significant at the 99 per cent level).  This
implies that when the SOI is strongly negative (i.e., the
large-scale pressure difference is such that the pressure
is higher at Darwin and lower over Tahiti), there is a
response of the ocean lagged by three to six months
such that the thermocline in the western tropical Pacific
becomes raised.

Discussion
This paper has described a new uniformly gridded
upper ocean temperature atlas for the southwest
Pacific Ocean (0°-50°S, 140°-180°E), together with
corresponding estimates of the temperature errors.
This atlas permits the examination of upper ocean
thermal variability across the entire southwest Pacific
region on a three-month temporal grid (January,
April, July and October) and a 2°  x 2° spatial grid, at
5 m spacing in the vertical, between 1973 and 1988 to
450 m depth or between 1955 and 1988 to 100 m
depth.  We believe that given the length of the record
(up to 34 years), and the spatial and temporal resolu-
tion of the gridded data down to a maximum depth of
450 m (for the 16-year record across the entire region,
aside from the EAC region off the New South Wales
coast), these datasets together provide the most com-
plete resource currently available for large-scale
oceanographic and climate studies of the thermal
structure of the upper southwest Pacific Ocean.

A feature of the gridded data in the atlas is the pro-
vision of corresponding estimates of the a posteriori
(mapping) error at each grid-point.  These error esti-
mates (arising from the objective mapping and esti-
mates of the a priori noise) describe the mapping
errors associated with the distribution in space and
time of the MBT and XBT deployments in the region.
In the case of areas with sparsely distributed observa-
tions, the error estimates increase to the estimates of
the a priori noise (e.g. Holbrook and Bindoff 1999).
In the absence of any observations, the gridded tem-
perature fields relax to the a priori estimates of the
monthly climatology.

Examples of recent studies using the gridded atlas
include the examination of the interannual and
decadal upper ocean temperature variability in the
region using a rotated principal components analysis
(Holbrook and Bindoff 1997), the seasonal upper
ocean temperature variability in the region through an
investigation of the expected changes due to Ekman
dynamics and large scale Rossby waves across the
Pacific Ocean (Holbrook and Bindoff 1999), and rela-
tionships between the gridded atlas 5°-averaged SSTs
and Australian rainfall (Power et al. 1998, 1999).

Data from the digital atlas (DASPOT) are avail-
able via anonymous ftp from
http://atmos.es.mq.edu.au/~holbrook/DASPOT/
together with accompanying README documenta-
tion describing the datasets.  Ocean temperature maps
from DASPOT can also be easily generated using the
on-line interface at this site.  DASPOT is presently
being updated to include data available to 1998,
including quality controlled data from the World
Ocean Circulation Experiment (WOCE).
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