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The Bureau of Meteorology Research Centre (BMRC) ocean subsurface thermal
analysis system is described. The emphasis is placed on routine, systematic oper-
ation using objective methods with minimal manual intervention. The horizontal
domain is global with one degree resolution and nineteen analysis levels down to a
depth of 1000 m. The analysis period is one month. It is shown that the real-time
analysis products are able to capture the low-frequency, large-scale variability that
is characteristic of the tropical oceans. Objective quality-control measures are an
effective and integral part of the system. Comparison with various other systems
indicates that the BMRC system is delivering a product of comparable or better
quality. A climatology for the 1980-1992 period is presented and compared with
published climatologies. Various indices of system performance and of the perform-
ance of individual platforms are presented. The statistics suggest the scheme is
effective but not optimal. The system is least effective during the extremes of inter-
annual variability and through some parts of the seasonal cycle. The root mean
square observed value minus analysis difference averaged over various regions indi-
cates the analysis system is faithfully representing the thermal structure. Statistics

for some individual ships and buoys are also presented.

Introduction

It has long been recognised that variations in
climate are often associated with changes in
the global sea-surface temperature (SST) field.
The strength of the relationship tends to vary with
the time-scale. At short time-scales, like those of
day-to-day weather, it is usually satisfactory to
“consider the SST as fixed. At longer time-scales
the air-sea interaction tends to be stronger, so that
the atmosphere influences SST (and vice versa),
and we are forced to extend our considerations
beyond the surface to take account of subsurface
temperature structure and oceanic circulation.
For seasonal and interannual variability in the
tropical regions we can usually limit these con-
siderations to the upper ocean. In the case of
variability at decadal and longer time-scales the
relevant oceanic domain extends to great depth
and to both high and mid-latitudes.
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Large-scale sampling and mapping of ocean
temperature is a recurring requirement in climate
studies. In Australia, for example, our concern has
traditionally been with the seasonal and inter-
annual changes in climate such as as droughts and
floods. Relationships between sea-surface tem-
perature and Australian climate variability are
well established, both for the Pacific Ocean and
for the Indian Ocean (see, e.g., Nicholls 1989;
Drosdowsky 1993a,b). It is clear, however, that on
these time-scales we must look beyond the ocean
surface and try to understand the role of the ocean
circulation in climate variability.

This concern with tropical climate variability
has been matched in recent times by widespread
concern with long time-scale changes. Inevitably
any such change will involve heat storage and
transport within the upper ocean, once again
emphasising the need for improved observations
and better understanding of the temperature
structure in the upper oceans.

Now, while meteorologists have developed
considerable skill at mapping atmospheric obser-
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vations, oceanographers have until recently
lacked the data to construct reliable maps of ocean
temperature. For SST, the advent of remote
sensing has meant global observations are now
possible and, with judicious blending of these
measurements with /n situ data (ships, drifters,
moorings), SST can be mapped routinely over a
large part of the globe (Reynolds 1988; Folland et
al. 1993; Reynolds and Smith 1994). For the
upper ocean the situation is not as simple and we
must rely on innovative ship-of-opportunity
expendable bathythermograph (XBT) sampling
programs (see, €.g., Meyers and Phillips 1992) and
fixed thermistor chain moorings (see, e.g., Hayes
et al. 1991) for the bulk of our data.

The present paper provides an updated descrip-
tion of the upper ocean analysis system at the
Bureau of Meteorology Research Centre (BMRC)
and focuses principally on the tropical Pacific and
Indian Oceans. Such systems exist at several
places, often with operational meteorological and
marine centres (for example, at the US National
Meteorological Center, Leetmaa and Ji (1989),
Halpert and Ropelewski (1993), Ji et al. (1995), Ji
and Smith (1995); at the United Kingdom
Meteorological Office, Foreman (1992); and at
the Fleet Numerical Oceanographic Center,
Clancy et al. (1990), Clancy (1992)). The system
described here is fundamental to the development
of operational ocean model assimilation systems
(e.g., Smith 1991a) and coupled ocean-atmos-
phere prediction systems (e.g., .Kleeman et al.,
personal communication) at BMRC. The.devel-
opment of the system has been described pre-
viously in Blomley et al. (1989), Smith et al.
(1991) and Smith (1991b), while the statistical
parametrisations are based largely on the results
of Meyers et al. (1991), Sprintall and Meyers
(1991) and Phillips et al. (1990). '

"This system has matured in recent years to the
point where it is now being implemented as a truly
operational system. For completeness we begin
with a brief overview of the analysis and quality-
control procedures, and then discuss some of the
products which are regularly used in climate
assessments. The typical impact of: specific data
types, quality control and various analysis
assumptions are also discussed. The products are
then evaluated against some ‘known’ standards
and a climatology based-on thirteen years of
Indian and Pacific Ocean data analyses is intro-
duced. The paper finishes with a discussion of
monitoring of the system performance and poss-
ible future modifications and enhancements.

Analysis method, quality control and
the database
The analysis methodology

The analysis system is based on statistical (or
optimal) interpolation. In this methodology -an

estimate of a field is obtained by combining

samples of the field (the observations) with an

independent estimate based on prior information

(colloquially referred to as the first guess), using

previously determined statistical characteristics

to calculate the relative weighting given to differ-
ent sources of information and to do the final
interpolation onto a regular grid. In the present
case the first guess is derived from Levitus’s

(1982) ocean temperature climatology, while the

observations are samples of upper ocean tempera-

ture obtained from the ship-of-opportunity XBT
network or from thermistors located at set depths
on moorings located near the quator in the Pacific

Ocean (there are also some observations obtained

from research cruises). By definition, the true field

we are trying to estimate is the 2° latitude X 5°

longitude by one-month average temperature at a

specific depth (or, alternatively, the depth of a

particular isotherm; Table 1). Note the shortening

of the time period compared with Smith et al.

(1991) and Meyers et al. (1991) who use two

months.

While the first-guess field is available at the
map grid-points, the observations are often
unevenly spread in space and in time within the
target period. In order to combine these individ-
ual estimates into an optimal map of the true field
we need some a priori information on the relative
value of (or error in) each sample as an estimate of
the true field as well as information on any spatial
coherence in these errors. If the first guess is
climatology then we need to specify:

e the rms variation of the true field about the first
guess, E&. The analysis is actually done in terms
of the observed increments away from the first
guess and these are in turn normalised using E8.

e the rms variation of the observations about the
true field, E°. This includes random instrument
error as well as errors of representativeness
(Lorenc 1986). In practice only the ratio
&€= E°/E8 is used in determining the respective
weightings between the first-guess information
and observations.

o the autocorrelation function.IT(x,,x,) describing
the spatial coherence of the errors .in clima-
tology (as an estimate of the true field) between
locations x, and x,. The function IT is here
represented by a Gaussian-shaped ellipsoid
characterised by zonal and meridional decorre-
lation length-scales L, and-L, respectively. This
function in effect sets the smoothness of the
interpolated increments (anomalies).
the autocorrelation function B(x,,x,) describing
the spatial coherence of observation errors. This
function represents coherence in the subgrid-
scale geophysical (non-instrumental) errors due
to, for example, a ship taking several samples
close in space and time within an equatorial
storm. This function is important for determing
the actual independence of samples.
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Table 1. Parameter values used in the standard monthly
analysis system with climatology as the first-
guess field. The rms variance = E#? 4+ E°? and
€ is set to unity, with no horizontal variations.
The decorrelation scales for the equatorial and
mid-latitude regions are joined smoothly
between 7.5 and 15°N/S. The same scales are
used at all depths. Near boundaries the scales
are reduced so that the scale is no greater than
the minimum distance to a boundary.

Field rms variance

SST 1.2°C

Mixed-layer depth 18 m

Tav(0:150) 1.0°C

Tav(0:400) ’ 0.8°C

DZBC 18 m

DZSC 18 m

D:()(‘ 18 m

DISC ISm

T, 1.2°C

T,-10 1.2°C

T,—2 1.2°C

T.=3 1.2°C

T,—s0 1.3°C

T,-1s 1.4°C

TZ= 100 l'6°C

T,= s 1.7°C

T,=150 1.5°C

T,=200 1.3°C

TZ= 250 1.2°C

T,=100 1.1°C

T, =400 0.9°C

T,=500 0.7°C

T~ 600. 700. 800, 900. 1000 0.6°C
Decorrelation scales
Region First guess Observation
Equatorial x 1500 km 2 degrees
Equatorial y 250 km 2 degrees
Mid-latitude x 500 km 2 degrees
Mid-latitude y 500 km 2 degrees
Time o 5 days

The products of the analysis include an estimate
of the target field, A, and an estimate of the error
in this field, E? (refer to Smith et al. (1991) for
details). E* depends on each of the parametrisa-
tions specified above and can be written in the
form

Eaz = E‘"z(l — eiZ)

where ¢’ is a measure of the error reduction from
interpolating nearby information to the local grid-
point and depends upon g, IT and B.

The present implementation is based on the
theoretical development of statistical interp-
olation by Lorenc (1981) but restricted to a uni-
variate (temperature) analysis. The parameter
values of the monthly analysis system are shown
in Table 1. Meyers et al. (1991) and Smith et al.
(1991) discuss some of the ramifications for par-
ticular choices of the statistical parameters. In

previous versions of the system, & varied from
field to field and the analysis period was set at two
months; with the move to monthly analyses we
opted for e=1 for all fields, keeping the same
decorrelation scales as before but effectively
reducing the estimated observation error; that is,
the observations are somewhat better estimators
of the true field. The observation error decorrela-
tion scales are not well known. Studies of the
TOGA Tropical Atmosphere Ocean (TAO) data
suggest a temporal scale of around five days
(Kessler, private communication), a value arrived
at here through trial and error. There is little
theoretical guidance for the spatial scale though
several practical applications have opted for
values around half that used for the background
field (e.g. Reynolds and Smith 1994). The values
given in Table | were found to give satisfactory
results.

Sources of data

There are a variety of sources for the ocean
temperature data (Fig. | shows a typical annual
distribution).

Volunteer observing ship (VOS) data. As part of
the TOGA/World Ocean Circulation Experiment
(WOCE) volunteer observing ship program XBT
profiles are collected along various merchant ship
routes (Meyers and Phillips 1992). Much of this
data is available. in real time as inflexion-point
representations and distributed to the operational
data centres through the Integrated Global Ocean
Services System (1GOSS). Figure 2(a) shows a
typical monthly distribution.

Mooring data. The Pacific Marine Environ-
mental Laboratory is the principal operator of
the TAO mooring array (Hayes et al. 1991;
McPhaden 1993). Through a cooperative arrange-
ment and scientific goodwill these data are being
made available on a routine basis. Figure 2(b)
shows the mooring locations for the array in April
1993. Each mooring typically includes up to
eleven thermistors and reports on a daily basis.

Fig. 1 The distribution of observation temperature pro-
files for 1992 incorporating data from all sources
(see text). Some of these observations may only
have a surface datum. Duplicates have been elim-
inated.

DATA DISTRIBUTION: FILE UBT dato.cll92 N= 68508
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Fig. 2 (a) Distribution of sampling at 200 m for April
1993 as available in near real-time. (b) The TAO
data available at 75 m for the same period.

(a) BMRC SUBSURFACE ANALYSIS Apr 93 data z=200m
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The Global Temperature-Salinity Pilot Project
(GTSPP). The GTSPP was established to create
a timely and complete data and information base
of ocean temperature and salinity data of known
quality in support of international and national
oceanographic programs and to actively pursue
methods for improving IGOSS (GTSPP 1991).
Through this project the US National Oceano-
graphic Data Center (NODC) and the Canadian
Marine Environmental Data Centre are routinely
providing monthly accumulations of real-time
and some delayed-mode temperature data, at
around ten days delay. These datasets have been
subjectively edited and contain around 50 per
cent more thermal data than are available locally
through IGOSS.

Delayed-mode data. For reanalyses, such as
those used for the climatology discussed below,
the database is augmented from various archives,
most notably from the TOGA Subsurface Data
Center and from the US National Oceanographic
Data Center.

The merged datasets are sorted, the cruise
tracks checked, duplicates and near-duplicates
eliminated, and then the dataset is filtered for the
specific region and time period under consider-
ation. The profiles are then interpolated onto the
standard NODC levels (see Table 1) and certain
. other fields derived (for example, the depth of the
25°C, 20°C and 15°Cisotherms). These data, along
with climatological field estimates and statistical

parameters, form the input to the thermal analysis
package. The output includes gridded estimates of
the monthly mean fields, estimates of the error in
these fields, and statistics gathered on the obser-
vation network.

Routine operational analyses

Data are collected from the real-time system twice
daily. Preliminary analyses are generated twice
weekly for the information of the monthly Bureau
of Meteorology National Climate Centre seasonal
outlook meetings. At around the 10th day of the
subsequent month a more complete analysis is
performed ingesting as much late data as is
possible.

Figure 3 shows a typical suite of products based
on the ten-day delay database for April 1993. The
system is run globally but we will concentrate on
the Indian and Pacific Ocean regions here. Figure
3(a) shows the 150 m depth-averaged analysis
for the region while Fig. 3(b) shows the anomaly
with respect to Levitus’s climatology. The 150 m
depth-averaged temperature is a good monitor of
the thermodynamic response to the easterly trade
wind forcing. Somewhat against expectation, the
analysis shows that the warm conditions of 1991-

Fig. 3 (a) Analysis of the 150 m depth-averaged tem-
perature for the Indian and Pacific Oceans for
April 1993. The contour interval is 1°C. (b) The
anomaly of the analysis in (a) with respect to
Levitus’s (1982) climatology. Negative anom-
alies are shaded and the contour interval is 0.5°C.
(c) The estimated analysis error E2 Errors
greater than 0.5°C are shaded and the contour
interval is 0.1°C. The data of Fig. 2(a) are super-
imposed.
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92 returned in 1993, rather than the anticipated
establishment of La Nifia. The western Pacific
was relatively cool, the depth-averaged tempera-
ture anomaly approaching —2.5°C, and the cen-
tral and eastern Pacific Ocean exhibited relatively
warm conditions, reminiscent of the previous
year. The relatively cool conditions of the western
Pacific also characterise much of the Indian
Ocean, except for the region northwest of Mada-
gascar and along the equator.

Figure 3(c) shows the estimated error in the
150 m depth-averaged temperature analysis
shown in Figs 3(a) and 3(b), together with the data
distribution for this month (as in Fig. 2). The esti-
mated error is generally low in the tropical Pacific
(typically 0.3-0.5°C) and in the vicinity of ship
tracks (see the Indian Ocean, for example). The
errors are smallest in the equatorial wave guide,
principally due to the presence of the TAO array,
and in some of the heavy traffic regions of the
North Pacific. On the other hand, there are
regions in the tropical northeast Pacific and near
the North Pacific subtropical gyre where the data
coverage is poor and the uncertainty in the analy-
sis is correspondingly greater. This unevenness
must be taken into account when interpreting the

“features of the analysis and when analyses from
different periods are being compared.

Figures 4(a) and 4(b) show a zonal temperature
section and the associated temperature anomaly,
respectively, at the equator for this same period.
West of 160°W the thermocline has shoaled and
broadened (the 15°C and 25°C isotherms are con-
venient for delimiting the thermocline), leading to
an anomalous temperature stratification. To the

Fig. 4 (a) A zonal section of the April 1993 analysis at
the equator for the Pacific region. The contour
interval is 1°C. (b) As for (a) but the temperature
anomaly.
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east the isotherms are deeper in general, though
not by an extraordinary amount. In tropical
Pacific Ocean adjustment theory this situation
corresponds to El Nifio conditions where the trade
winds have weakened and the east-west thermo-
cline slope is correspondingly less than normal.
Note the unusual thermal structure near 130°W;
Levitus’s analysis shows temperature inversions
in this region in the boreal spring and summer,
compensated by salinity stratification to keep the
column statically stable.

Figures 5(a) and 5(b) show a vertical section at
150°W for the same period. The principal anom-
alies are near the equator but there is also a
noticeable tightening of the thermocline in the
vicinity of the north equatorial current-counter-
current trough, here marked by the doming of the
isotherms near 8°N (corresponding to a
depression or trough in sea level). The slope of the
thermocline south and north of this trough is a
measure of the strength of the north equatorial
countercurrent and north equatorial current,
respectively. The south equatorial current corre-
sponds to the downward sloping isotherms either
side of the equator, while the weaker south equa-
torial countercurrent is marked by the isotherm
slope reversal near 8°S. The northern equatorial
current systems in particular show significant
interannual variability as well as possessing a
strong seasonal cycle, though at this time their
precise role in the annual and interannual heat
balance of the Pacific Ocean is not very well
understood (Philander 1990). There is a sugges-
tion in this analysis that warm equatorial waters
have spread toward the subtropics.

Fig. 5 (a) A meridional temperature section from the
April 1993 analysis at 150°W. Contour interval
is 1°C. (b) As for (a) but the temperature
anomaly.
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