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1. Introduction

The following is a brief account of the methods used in the Bureau of Meteorology operational sea surface temperature (SST) analysis system. The system was established to provide routine products for numerical weather prediction models (global and regional) and for seasonal climate monitoring and prediction. 

The system was developed using a strategy similar to that adopted for subsurface ocean analyses (Smith 1995), and using expertise developed in the Bureau National Meteorological Centre for real time data handling and analysis. The Bureau had for many years relied on climatology to constrain forecast models. As the models developed, the errors introduced by this assumption became more significant, particularly for regional applications. In the late 1980's, the operational systems began using analyses provided by the US National (now) Centres for Environmental Prediction (Reynolds 1988) but difficulties with communications and the need to have greater reliability motivated actions to develop a local product.

At around the same time, BoM climate monitoring services were beginning to make more use of ocean data, both surface and subsurface, and while timeliness was certainly not as great an issue, there was a clear feeling that the Bureau should progress toward its own analysis system for SST.

The products described herein are mostly accessable via http://www.bom.gov.au/bmrc/mrlr/nrs/climocan.htm.

2. The Method

The analysis method is discussed in Smith (1995) and references therein. In brief, it is a univariate statistical interpolation system. The elements are:

(a)
Inputs
· Direct observations via SHIP (volunteer merchant vessel fleet), BUOY (surface drifters and moored surface buoys such as the Tropical Atmosphere-Ocean array) and BATHY (from expendable bathythermographs taken by the volunteer merchant fleet).

· Remote samples, principally from the AVHRR instrument on the NOAA polar orbiters, processed by Navy/NESDIS and provided via the GTS at around 200 km global resolution.

· Sea-ice edge data from NOAA/NCEP.

· For the regional (daily) analysis, data are derived from the local AVHRR retrievals.

· Climatology, from Reynolds and Smith (1994).

· Statistical parameterisations for the forecast/first-guess error variances and covariances, and for observational (sampling) errors.

· Statistical forecasts based on a combination of climatology (low weight) and the previous analysis, with the estimated error of the previous analysis being used to fix the forecast error (weight) and the current analysis.

(b)
Processing
· Analyses are done once per week using data from 0Z on the Monday through to 24Z on the following Sunday, on a 1 degree grid (25 km for the finescale regional analysis).

· Objective quality control (checks against the forecast and cross-validated against surrounding data), with a black-list maintained for suspect data sources.

· Statistical (optimal) interpolation. The first phase involves a large-scale analysis of the direct (assumed unbiased) and remote (possibly biased) data, with the assumption that any errors introduced into the satellite data via atmospheric interference (see Reynolds, 1988) manifest  with large spatial scales. The buoy data are assumed more accurate than VOS data (a relative weight of around 2:1). The difference between these two analyses is assumed to be an estimate of the bias in the remote data, accurate to around 0.2-0.3C on monthly time scales and the 750 km spatial scales of the coarse analysis. The second phase uses all data, but with the calculated bias subtracted from the satellite data, and finer spatial scales (100-200 km). 

· For the regional analysis, the scales are 30-50 km and the 1 degree analysis is used to correct possible bias in the local retrievals.

(c)
Outputs
· Gridded SST analyses, once per week for the global analyses on a 1( grid, and daily for the regional analyses on a 0.25( grid.

· Estimates of the analysis error for the analysis, typically 0.2-0.3C, but with regional variations.

· Statistics against individual platforms and some measures of performance.

· Quality control statistics.

At high latitudes, measurements of the ice extent are used to set the "SST" (through pseudo-obs) to freezing at all points poleward of the edge. The usual covariance scales are then used to merge this information with data equatorward of the edge. The sea-ice "observations" are given small observational error variances to ensure the analysis is tightly constrained in the vicinity of the analysed edge. In the absence of any other observations, the implied anomalies (away from the Reynolds climatology) would decay equatorward on around a 150 km scale.

The method was first implemented in 1993 but during 1994 and 1995 several changes occurred, including amendments to the blending technique, introduction of the black-list for bad buoys (and VOS), and introduction of the ice-edge scheme (prior to that we in fact used the NCEP analyses).

It should be noted that the present system was devoted NWP and seasonal climate applications and little attention has been paid to the scheme's qualities for climate change diagnoses. Many of the assumptions, it must be admitted, are ad hoc, and do not have sound foundations in the literature. These include the assignment of error variances and covariance parameterisations.

3. Products

Included here are several of the products that are used routinely for atmospheric model forecasts. Figure 1 shows the global SST anomaly for a recent week. For the purposes of monitoring seasonal to interannual variability the analysis system has proved more than satisfactory. Having the system on site allows rapid investigation of possible problems or of unusual patterns, some of which may be due to bad data. Figure 2 shows an analysis for the regional system that uses local retrievals. Figure 3 shows a Hovmoller diagram of SST variations in the vicinity of the equator for the period in which the SST analysis system has been operating. Again, it is clear that the scheme is able to capture the large interannual variations around Australia. Some of the features that appear at high latitudes have caused concern, both because of issues with the satellite data in the vicinity of cloud and because of the lack of suitable in situ data. Isolated buoys are difficult to quality control because of the paucity of independent information and failure to capture a poor sample can have serious ramifications for the climate signals.

Figure 4 shows an empirical-based seasonal rainfall forecast based on the patterns of global SST variation. The Climate Analysis Centre of the Bureau is moving away from schemes based solely on the SOI and toward schemes that draw on the global SST analyses. Figure 5 shows the evolution of the "popular" El Nino indices, plus the Indian Ocean index, a measure of the Indian Ocean dipole strength.

4. Sensitivity Studies

Both NCEP and BMRC assume drifter data are more useful (accurate) than ship data (for BMRC, the relative impact is around 1.7:1; for NCEP it is somewhat higher). Research on the North Atlantic VOS system suggested hull-contact sensors could greatly reduce the errors associated with ship data. These facts suggest that the sampling strategy could be approached in (at least) two ways. For areas where the analysis error is not adequate, implementation of hull-contact sensors on ships might be sufficient to reduce the analysis error to the required standard. Improved VOS could be traded off against drifter deployments. Alternatively, if an existing drifter program was already achieving the required standard, then the case for adding hull-contact sensors to VOS is much reduced. For completely data void regions there are at present no alternatives to drifters. 

Some preliminary observing system sensitivity experiments were done with the BoM SST analysis system. The idea was to test the impact of "improved" ships through examination of the expected error (or as shown here, by looking at the information value of the network). Figure 6 shows estimates of the in situ "information density" for (a) all in situ data, (b) just ships, and (c) just buoys. There are some problems with the way these experiments were set up but they do not affect the main message. That is, in some regions (e.g., the N. Atlantic) there is clearly redundancy (the VOS could do it all). In other regions, like the Indian Ocean, a high-quality VOS plus drifters is likely best. In other regions, such as the Southern Ocean, greater drifter density is required.

5. Conclusions

The BoM SST analysis system has served its main purpose well over its short life time. The bias correction technique is somewhat different from elsewhere (e.g., Reynolds and Smith) but it is not clear it has any distinct advantages. There is almost no scrutiny of the data stream (the exception being Australian-sourced data) so great reliance is placed on the automated quality control procedures. They can be incestuous, with bad data protecting bad data, and errors propagating in time due to the statistical forecast technique. Very little work has gone into analysing the long-term climate signal (resources are not available to conduct a re-analysis such has been done elsewhere).

The pressure from NWP is for even finer resolution, particularly in time. This may not be possible with the present global data set. This then raises a question of maintaining consistency. Can, say, a daily global product, with fine spatial resolution be used for both climate and short-range applications. At what point will we be able to exploit dynamical and physical models for the SST forecast? Particular care will be needed in these cases to protect long-term signals.

In some regions, with care and attention paid to the in situ network, we could operate more efficient observing systems. We should also be exploiting more satellite data.
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Figure 1. SST anomaly from the BoM operational analysis for the week ending 25 October 1998 (see URL http://www.bom.gov.au/bmrc/mrlr/SST_anals/SSTA_NOW.gif).
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Figure 2.  An example of the Bureau of Meteorology regional SST analyses for the 26 October 1998.
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Figure 3.  Hovmoller diagram of SST variations in the vicinity of the equator since the inception of the SST analysis system. Clearly the scheme is more than able to capture variability from intraseasonal scales out to the interannual (see http://www.bom.gov.au/bmrc/mrlr/SST_anals/SSTAHM.gif).
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Figure 4.  A probability forecast for seasonal rainfall based on EOFs of SST variability and the BoM SST analysis. The red areas show regions of increased probability of rainfall deficiencies (Drosdowsky and Chambers 1998).
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Figure 5.  Some climate indices derived from the BoM SST analysis system. The Indian Ocean index is routinely compared with an equivalent index derived from NCEP's analysis and the differences are generally 0.1(C or less.
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Figure 6.  Some results from an observing system sensitivity experiment with the BoM SST analysis system. (a) Pattern of information density when all data are include (dark means more information). 
(b) For VOS only. (c) For data buoys alone. The units are (approximately) the number of samples per decorrelation ellipse.


