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Introduction

The purpose of this paper is to review developments in
meteorological analysis and data assimilation since the
early 1960s, with particular emphasis on operational
analysis and data assimilation in the southern hemi-
sphere and the Australian region. I shall give more
emphasis to those areas in which I have been personally
involved, and the paper will be mainly retrospective.
However, 1 will also say a little about the direction in
which I see things moving.

I shall focus upon analysis and data assimilation for
the purpose of numerical weather prediction (NWP),
that is, analysis for providing the initial state for
numerical prediction models. This choice of focus in
no way minimises the importance of analysis and data
assimilation for other purposes, such as for producing
a high-quality historical record for climatic monitoring
purposes, or for the so-called nowcasting applications.
My emphasis will be mainly on broadscale, as opposed
to mesoscale, analysis and prediction. Again, this is in
no way to diminish the significance of mesoscale
applications.

The first, and shorter part of the review addresses the
evolution of meteorological analysis and data assimila-
tion over the last 30-35 years from a world-wide per-
spective. The second, and longer part of the review
focusses particularly on the Australian scene, describing
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how, on the one hand, developments in Australia fitted
into the global picture, yet on the other hand, how devel-
opments in Australia had their own individual flavour.

At the outset, I shall pose three questions, each of
which relates to themes I shall develop during the
review.

The first question relates to the way in which analy-
sis and data assimilation have developed. In the late
1960s and early 1970s it was already becoming clear
that the global observational database was undergoing
large changes, both qualitatively and quantitatively. It
was changing from largely synoptic data, as it was in the
late 1960s, to a mixture of synoptic and asynoptic data,
as it is now. Different views were offered as to how the
emerging mix of data should best be utilised. The ques-
tion is: who foresaw best the way in which analysis and
data assimilation would evolve to where it is today, and
to where it is now moving?

The second question relates to the extent to which the
skills of manual synoptic analysis can impact upon the
initial state for numerical predictions. As I shall show
later, manual analysis skills probably do still impact
positively on southern hemisphere numerical model pre-
dictions, but perhaps not to the extent that they used to
some years ago. So the question arises as to the role of
the meteorologist's analytical skills in the data assimila-
tion systems of the future.

The third question relates to improvements in three
areas — more data, more powerful computers, and better
data assimilation methods. Improvements in which area
now offer the best return in terms of better analyses (and
consequent predictions)?

I shall return to these three questions at the end of the
review.
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The global evolution

The advent of asynoptic data

At the start of the period I am looking at, in the early
1960s, many countries had not yet begun to use NWP
models. In the centres that did run such models, the phi-
losophy of numerical, or computer-based, analysis was
much the same as for manual analysis. This was the phi-
losophy of synoptic analysis, in which observations,
made at approximately the same point in time, were
utilised to provide a snapshot of the atmosphere.

By the mid-1960s, it was already becoming clear that
in the future, much of the observational data was not
going to be synoptic. This was because much data
would be remotely sensed from earth-orbiting or geosta-
tionary satellites. What did this change, from largely
synoptic data to (in some parts of the world at least)
largely asynoptic data, mean for analysis?

The two main kinds of responses to the prospects of
asynoptic data, in the late 1960s and early 1970s, could
be characterised as follows. At what I would call the
more conservative end of the spectrum were those who
advocated the use of asynoptic data within the then
existing framework of synoptic analysis, perhaps mak-
ing adjustments to account for asynopticity, perhaps
even treating the asynoptic data as synoptic if it wasn't
far off-time. After all, the conventional radiosonde was
- already providing data that was asynoptic to some
extent, because the elapsed time for a radiosonde ascent
was, and still is, in excess of an hour.

On the other hand, however, there were those who
said we should be thinking about new analysis systems
for assimilating data, systems that were specifically
designed to make best use of data that were irregularly
distributed in time as well as in space. It was this latter
view that caused the term ‘four-dimensional data assim-
ilation’ (3 space, 1 time dimension) to come into vogue.

The more conservative, and the more radical visions
of the future that prevailed in the late 1960s and early
1970s are shown schematically in Fig. 1. In the top half
of the figure is depicted what in the early 1970s repre-
sented the more radical viewpoint, the so-called contin-
uous assimilation. We have time along the horizontal
axis, and observational data, represented by the vertical
arrows, being observed irregularly in time. The hatched
bar represents a numerical prediction model keeping
pace with the real atmosphere. The idea of continuous
assimilation was that the observational data should
adjust the model's representation of the atmosphere at
the model timestep closest to the time of observation. In
other words, an ongoing numerical prediction model,
updated by data, would represent at any time our best
estimate of the state of the atmosphere at that time.
Every so often, say once every 12 hours, the model
would be run forward several days to make a conven-

Fig 1. Schematic representation of continuous assimila-
tion (upper half) and intermittent assimilation
(lower half). See text for further explanation.
Adapted from WMO (1973), Figs 11.2 and 11.3.
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tional forecast. In summary then, continuous assimila-
tion envisaged a system in which data were used to
adjust a model representation of the atmosphere, close
to the actual time of observation.

The lower half of Fig. 1 schematically shows the so-
called intermittent assimilation, which was the more
conservative view. It was essentially a way of fitting
asynoptic data into a framework of synoptic analysis.
By contrast with continuous assimilation, the observa-
tional data were not used to correct the model at the
nearest model timestep. Rather the data were gathered
into batches, and used to correct the prediction model at
intervals H hours apart, where H was typically about six
hours.

But even at that time it was realised that neither of
the systems illustrated schematically in Fig. 1 is really
four-dimensional. By analogy with spatial interpola-
tion, data observed at a later time contain information
about the state of the atmosphere at an earlier time, as
well as the other way around. Therefore, we should be
spreading the influence of data backwards in time as
well as forward in time. This concept of truly four-
dimensional assimilation is relevant to systems that are
only now, some 30 years later, within sight of practical
application. I shall return to this point later.

Statistical ‘optimum’ interpolation

The preceding subsection discussed the stimulus provid-
ed to data assimilation on the world scene by the advent
of asynoptic data from satellites — in short, a data-driven
change in the shape of data assimilation systems. I now
shift focus on to a scientific advance in analysis method-
ology that was not primarily driven by the perceived
need for four-dimensional assimilation. Indeed, what is
now regarded as the definitive work on this scientific
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advance appeared in the early 1960s, before four-dimen-
sional data assimilation was widely recognised as an
emerging problem. The advance I refer to is the method
of meteorological data analysis known variously as
‘optimum interpolation’, ‘statistical interpolation’, or
sometimes as ‘statistical objective analysis’. The statis-
tical interpolation method came to the attention of the
meteorological community with the publication of a
book by Gandin (1963). It was a book that was far
ahead of its time, indeed by a margin of 15 to 20 years.
For its most effective application, the statistical interpo-
lation method requires multivariate observational data
for large volumes of the atmosphere (typically of dimen-
sion thousands of kilometres) to be considered simulta-
neously, and it also requires the manipulation of many
large matrices, typically of dimension several hundred.
It was not until the late 1970s that computing power was
sufficient for the application of statistical interpolation
in this way. With the advent of vector processing com-
puters in the late 1970s, statistical interpolation became
increasingly computationally feasible and more popular.
At the time of writing it is still probably the most wide-
ly used method of analysis in operational numerical
prediction centres around the world, although the situa-
tion is changing at many of the larger centres (see next
subsection). Here in Australia, both our current global
data assimilation system (GASP; Seaman et al. (1995);
Bourke et al. (1995)) and our regional data assimilation
system are based upon multivariate statistical interpola-
tion. I would describe statistical interpolation as the first
major scientific advance influencing operational analy-
sis and data assimilation during the period since the
early 1960s.

Variational analysis

I turn now to a second scientific advance. During the
last decade or so there has been an upsurge of interest in
variational methods (that is, methods based upon the
calculus of variations) for analysis and data assimila-
tion. To quite a large extent, the increased interest in
three and four-dimensional variational methods has
occurred for the same reason as did the increased inter-
est in statistical interpolation some decade or so earlier.
That reason has been the increased computing power
that makes operationally practical some applications
that would not have been practical earlier. A second sig-
nificant reason is that variational methods are very well
suited to the use of data, such as radiometric soundings
from satellites, that are only indirectly related to the
basic analysis and prediction variables of pressure,
wind, temperature and moisture.

I cannot conclude this reference to variational meth-
ods without briefly digressing to mention two papers
that appeared in 1969. These papers foreshadowed with
amazing accuracy the basis of four-dimensional (space-

time) variational data assimilation methods that are only
now close to becoming operationally practical. One
such paper was by the late American meteorologist,
Philip Thompson, and the other was by one of the pio-
neers of variational methods in meteorology, Yoshikazu
Sasaki. In this brief digression, I shall focus on
Thompson's paper.

Thompson's (1969) paper, entitled ‘Reduction of
Analysis Error by constraints of dynamic consistency’,
had as its stated purpose ‘..to propose a method by
which a time sequence of analyses may be optimally
adjusted to maintain dynamical consistency’.

The precise details of Thompson's paper are unim-
portant. It was highly idealised, and the problem he
dealt with was simpler than the real world by many
orders of magnitude. What is important are the elements
of the problem, and the method of solution. The ingre-
dients of the problem and its solution were:

* a space-time distribution of data;

¢ adynamical constraint in space and time;

e a minimal adjustment to the data to satisfy the con-
straint; and

* the use of the calculus of variations to solve the min-
imisation problem.

The result was a space-time representation of the atmos-

phere consistent with the dynamic constraint.

Thompson's paper addressed, in essence, both the
problem and the method of solution for four-dimension-
al variational analysis. The ingredients, the methodolo-
gy and the result are the same as those only just now
becoming practically feasible, for global domains and
realistic dynamic constraints, with the largest modern
computers. The papers of Thompson, and of Sasaki, in
the late 1960s, indeed showed remarkable foresight.

That concludes my digression, and also concludes
the first part of this review. I shall turn now to focus
upon the way in which developments in Australia fitted
into the global picture.

The Ailstralian evolution

Distinguishing factors in Australia

Table 1 summarises what I think are the main factors
operating in Australia and the southern hemisphere that,
during the past 30 or so years, have distinguished it from
its northern hemisphere counterparts in the area of
analysis and data assimilation. In the left column are
listed the distinguishing factors; in the right column are
listed the corresponding consequences.

The first factor is obvious. The left half of Fig. 2
(from WMO 1995) shows the global synoptic network
of radiosondes and upper winds for 0000 UTC on a typ-
ical day in 1993. The right half of the figure shows a
six-hour coverage of satellite-based temperature sound- -



120

Australian Meteorological Magazine 46:2 June 1997

Table 1. The main factors operating in Australia that have distinguished it from most northern hemisphere countries in the
evolution of analysis and data assimilation, and the consequences of these factors.

Factor

Consequence

Much greater reliance on satellite data.

Greater reliance on the manual analysis
and interpretation skills of the meteorologist
(especially in earlier years).

Computirig power typically a generation
or two behind major NWP centres.

A greater incentive to get the most out of satellite data.

A greater emphasis on the incorporation of manual
analysis skills into the numerical data assimilation
process.

Lower computational resolution and less advanced
analysis/assimilation methods.

Fig 2
cloud-track winds. From WMO (1995).
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ings and cloud-drift winds, centred at 0000 UTC on the
same day. In 1996, the coverage from satellites is
already denser than that shown, while the conventional
network of radiosondes and upper winds is little
changed.

But it must be emphasised that 30 years ago there

were no quantitative data at all from satellites, simply
cloud imagery. Even over the last decade, both the
quantity and quality of satellite products have improved
remarkably. It is obvious that such improvements have
been proportionately more important in the southern
than in the northern hemisphere.
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Taking a 30 to 35-year perspective on analysis and
data assimilation, the second factor listed in Table 1 has
been another important distinguishing feature of
Australian and southern hemisphere developments.
With the great improvements in quantitative remotely
sensed data during the past 10 to 20 years, the impor-
tance to numerical prediction of the meteorologists'
skills in interpretation and manual analysis was proba-
bly most critical in the earlier years, through the 1970s
perhaps to the mid 1980s. It is still a factor today, as I
shall elaborate later. The problem of incorporating man-
ual skills of imagery interpretation into a numerical data
assimilation system was for many years a determining
factor in the design of the system for analysis in the
southern hemisphere and the Australian region.

The third factor that has distinguished Australia from
the leading northern hemisphere operational numerical
prediction centres is computing resources. Figure 3
illustrates the Bureau's computing power, compared
with leading northern hemisphere centres, from the
early 1980s to the present. Note the logarithmic scale
on the ordinate. A critical measure on this plot is the
horizontal distance between the lowest line, showing the
trend for the Bureau, and the upper envelope, showing
the trend for leading northern hemisphere centres. The
horizontal distance between the lowest line and the
upper envelope indicates the years of time lag in
Australia, behind the world's leading centres. Over the
period shown, the average lag is about seven years.
Prior to the early 1980s, the gap was greater.

Fig. 3 Computing power (logarithmic ordinate) versus
year (abscissa) for the Australian Bureau of
Meteorology (lowest full line), the
Commonwealth Scientific and Industrial
Research Organisation (CSIRO, dashed line), the
European Centre for Medium Range Forecasting
(ECMWF) and the Canadian Meteorological
Centre (upper full lines). See text for further
explanation.

Relative Performance

1980 1981 1832 1953 1954 1985 1986 1987 1963 1980 1900 1091 1992 1993 1994 1995 1996

Use of satellite imagery in numerical analysis
Having specified the three major factors distinguishing
Australia from most of its northern hemisphere counter-
parts, I now return to the mid 1960s. At this time, cloud
imagery (pictorial data) from orbiting satellites was
already recognised as an important data source over
oceanic areas. It was also recognised that to translate
cloud imagery into a quantitative specification (such as
would be needed for numerical analysis and data assim-
ilation), there was an essential intermediate task of inter-
pretation.

Manual interpretation of satellite imagery made use
of rules for translating recognisable features of the cloud
imagery into corresponding quantitative characteristics
of a meteorological field, such as pressure, pressure gra-
dient, thickness, thickness gradient, vorticity or the like.
Figure 4 is an example of such rules. It is taken from
what has become a famous Technical Report by the
Bureau's Leon Guymer (1978), entitled ‘Operational
Application of Satellite Imagery to Synoptic Analysis in
the Southern Hemisphere’, which is essentially a hand-
book for imagery interpretation, containing the work of
many researchers. Figure 4 shows the relationship
between some characteristic cloud-pattern signatures on
the right, and the corresponding sea-level pressure
anomalies on the left. This particular example was
based upon work by Troup and Streten (1972).

From a NWP perspective, a question was how best to
incorporate this sort of information into the numerical
analyses that provided the initial states for numerical
predictions? It was found that the most convenient and
timely way of doing so in an operational environment
was via what were essentially digitised manual analyses
of sea-level pressure and 1000-500 hPa thickness. More
specifically, point values-of pressure or thickness were
extracted from manual charts at a sufficient density to
delineate the broadscale features of the manual analysis.
Figure 5 shows a typical set of such ‘pseudo data’,
which were, and still are, provided to Australian numer-
ical data assimilation systems, along with quantitative
data from other sources. Of course, in the early 1970s,
when numerical operations commenced, data from other

. observing systems were essentially non-existent over

oceanic areas of the southern hemisphere, so that the
numerical analyses in such areas were very dependent
on the digitised manual specifications of sea-level pres-
sure and 1000-500 hPa thicknesses.

A new piece of home-grown jargon was invented to
describe point values extracted from manual analyses —
they were called PAOBs. The origin of the word PAOB
is somewhat uncertain, but most people seem to think it
is a corruption of ‘paid observation’, reflecting the fact
that in the early days of numerical analysis and data
assimilation in Australia, the PAOBs were fitted, or
‘paid’, quite closely.
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Illustrating the relationship between some characteristic cloud pattern signatures (right half) and corresponding sea-

level pressure anomalies (hPa, left half), after Troup and Streten (1972). Figure from Guymer (1978).

Fig. 4
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Fig. 5

A typical distribution of southern hemisphere
sea-level pressure PAOBs, prepared from manu-
al analyses of sea-level pressure by the
Australian Bureau of Meteorology's National
Meteorological Centre.
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1 shall return later to the impact that PAOBs had on
numerical predictions, both then and now. However, to
keep this discussion of Australian developments in
chronological order, I shall continue to focus on the ear-
lier days of numerical analysis and data assimilation in
Australia. By the early 1970s, the Bureau had already
been producing numerical analyses for a few years, for
the purpose of input to numerical prediction. The
numerical analysis system then in operation was one
designed largely by the late Ross Maine (1966),
although I had some smaller part in it myself, as also did
Doug Gauntlett and David Hincksman. This numerical
analysis system was based upon a so-called ‘successive
correction’ method (Cressman 1959), which was per-
haps the most popular method at that time in other oper-
ational NWP centres, which were almost all northern
hemisphere based.

But, as I have just been describing, interpretation of
satellite imagery, via the PAOBs, was a vital ingredient
of the Australian numerical data assimilation system in
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the early 1970s. The problem for numerical data assim-
ilation in the Australian region, as distinct from the more
data-rich northern hemisphere, was to combine pictorial
data (that is, data from a visual interpretation of pat-
terns), together with quantitative data such as conven-
tionally observed pressures and geopotentials which
provided information on absolute value. The problem of
numerical data assimilation in the Australian region and
southern hemisphere in the early 1970s, was therefore
different in character from that in most of the northern
hemisphere, where interpretation had a proportionately
less important role.

Coincidentally, our solution to this problem was
based upon a similar principle to the much more sophis-
ticated and computing-intensive systems becoming
operational at the present time. The basis of the analy-
sis method we chose was the use of the calculus of vari-
ations. The rationale for this choice was that the calcu-
lus of variations was a good way of combining informa-
tion about absolute values of a scalar field, with infor-
mation about the differential geometry, or ‘shape’ of a
field, which is more the sort of information one gets
from pictorial data.

The numerical basis of the ‘variational blending’
method (Seaman et al. 1977) is summarised as follows.
The problem can be described as requiring the analysis
of a scalar field s (geopotential, for example), using
information about the absolute value of s (from
radiosondes), information about the gradients of s (from
winds, and to some extent from imagery interpretation),
and information about del-squared of s (from imagery
interpretation). The relative weights given to each type

. of information are controlled by precision moduli (a, b
and c), and these weights vary spatially, to reflect the
reliability of each type of information. The calculus of
variations is used to minimise the so-called error func-
tional F (nowadays the term cost function for F is more
common), defined by

F= Z[a(s - 3)2 + b{(3s/dx - 3s/dx)2 + (3s/dy - 35/dy)2)
+c(V2s - V2s)?]

Where > 95/0x, ds/dy and Vs are independent esti-
mates of the absolute value and corresponding deriva-
tives of s. It turns out that the variational problem, as
we formulated it then in the mid 1970s, is mathemati-
cally equivalent to solving a large system of linear equa-
tions, with the number of unknowns equal to the number
of grid-points. Even with the modest computers we had
then, the problem turned out to be quite practical to
solve by iterative methods.

Use of quantitative satellite data
The preceding subsection focussed on the second factor
in Table 1, namely the utilisation of manual interpreta-

tive skills as a means of incorporating satellite data. It
must be remembered that until the mid 1970s, much of
the data from satellites was then in the form of cloud
imagery. But since the early 1970s, progressively better
quantitative data has become available, and the empha-
sis has shifted to making the best use of satellite data in
quantitative form.

The first quantitative data from satellites, in the form
of retrieved soundings of temperature, and cloud-drift
winds, started to become available in the early 1970s. It
seemed very apparent, even then, that their potential to
improve numerical analyses and predictions was greater
in the southern hemisphere. Such a benefit was demon-
strated in the Australian area, about 20 years ago, by
three colleagues, Graeme Kelly, Graham Mills and Bill
Smith (the latter from the US Environmental Satellite
Service, and visiting the Australian Numerical
Meteorology Research Centre).

The report of the Kelly-Mills-Smith experiments
appeared in 1978 although the work was done a couple
of years earlier. This work (Kelly et al. 1978) was some-
thing of a landmark, as it was one of the first papers in
the literature to demonstrate positive impact of remote-
ly sensed temperatures on a numerical assimilation and
prediction system in a controlled experiment over many
cases. Previous studies for the more data-rich northern
hemisphere, at that time, were equivocal and inconclu-
sive about the impact of soundings from satellites upon
numerical predictions. The clear result of Kelly et al.
served to further underline the great potential of such
data, in the southern hemisphere at least.

The Kelly-Mills-Smith experiment consisted of two
parallel data assimilation cycles. One of the cycles used
only conventional data plus manual interpretations of
imagery via PAOBs. The other cycle also used temper-
ature soundings from the satellite Nimbus 6. Forecasts
to 24 hours were run from the analyses produced by
each cycle, each day for two weeks. The forecasts were
verified over well observed, mainly land areas, where
the uncertainty in the verifying analyses would not be
expected to influence the result.

The results of the experiment showed a clear positive
impact at all levels of the atmosphere up to 100 hPa (the
top of the prediction model, then). The top half of Fig.
6 compares the 24-hour S1 skill scores (larger numbers
corresponding to lesser skill) from the two cycles over
different verification areas; for all areas and at all levels
the forecasts from the cycle using the remote soundings
were the better. A similar picture is shown in the lower
half of Fig. 6 when rms temperature error is used as the
criterion. This sort of result has been confirmed for the
southern hemisphere on many occasions since the
Kelly-Mills-Smith experiment, and it is universally
accepted that remote soundings from satellites are an
essential ingredient of the global database.






