
Introduction
One characteristic of numerical weather prediction
(NWP) practice in the Australian Bureau of
Meteorology (‘the Bureau’) since the early 1970s that
distinguishes it from the practices in many other
national meteorological centres has been the ongoing
effort to incorporate the skills of manual analysis,
including satellite imagery interpretation, into the ini-
tial states for NWP. Both the way in which such man-
ually interactive information has been provided, and
the way in which it has been used subsequently by
numerical analysis and data assimilation systems,
have changed over the years. The main purpose of the
following is to record an historical overview of this

endeavour, with emphasis on its evolution and
impacts. We also hope that this account may provide
users of the early Australian numerical analyses, in
the possibly distant future, with an understanding of
the ingredients of those analyses produced under real
time operational constraints during the first decades
of NWP. Because this paper is intended as an
overview for the generalist reader we shall omit much
of the technical detail, both about manual synoptic
analysis and satellite imagery interpretation, and
about numerical analysis and data assimilation sys-
tems. However, such detailed aspects are covered by
reference where possible. We also provide an
Appendix, showing a chronology of major develop-
ments in both Australian region and hemispheric/
global analysis at the Bureau.
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This paper focuses upon how the skills of manual analysis,
including satellite imagery interpretation, have been incorporat-
ed into the numerical analyses produced by the Australian
Bureau of Meteorology, from the early 1970s until the time of
writing. Such manually derived information has typically been
provided by means of point estimates of sea-level pressure
(PAOBs) and until the 1990s, by additional point estimates of
1000-500 hPa thicknesses (THKLs). In the earliest days of
Australian numerical analyses, when vast areas of the southern
hemisphere were devoid of quantitative data, the PAOBs and
THKLs were essential for the maintenance of a viable analysis-
forecast cycle. Until recent reanalyses that used modern data
assimilation systems and observations that were not available in
real time, the Bureau’s analyses over the southern hemisphere
oceans during the 1970s that relied largely on PAOBs and
THKLs were regarded as the best available for that period, and
were used by many researchers. With the progressive improve-
ment both in the coverage and in the quality of observational
data, the impact of the PAOBs both upon analyses and upon
numerical predictions has decreased correspondingly, although
at the time of writing that impact was still arguably positive.
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The term PAOB is an abbreviation of ‘paid obser-
vation’, and a PAOB is a point estimate of sea-level
pressure extracted from a manual analysis.
Corresponding point estimates of 1000-500 hPa
thicknesses are called THKLs (‘lower thicknesses’).
As discussed in more detail in the next section, when
first used in the early 1970s the PAOBs were fitted
(‘paid’) closely by the numerical analysis systems
then in use. Although data assimilation methods
changed in later years, and the PAOBs and THKLs
were no longer fitted closely (indeed the THKLs
eventually ceased), PAOBs were still used at the time
of writing, and the term PAOB survives.
Another successful manually interactive tool used

in more recent years has been the tropical cyclone
bogus, whereby a tropical circulation of prescribed
structure is introduced into the Bureau’s tropical lim-
ited area models. A detailed discussion of the method-
ology and impact of the tropical cyclone bogus is pro-
vided by Davidson and Puri (1992), and Davidson
and Weber (2000). However our focus in this paper is
primarily upon the extratropical Australian and south-
ern hemispheric domains, as it is in these domains
where PAOBs have been most influential.
In following sections, we discuss (a) the origin and

rationale of PAOBs, (b) the way in which their use by
data assimilation systems evolved over the years, (c)
the use outside the Bureau of southern hemisphere
analyses based largely upon PAOBs and THKLs, and
(d) the impacts of PAOBs on NWP performance.
Finally, we summarise, and speculate briefly upon the
future.

Origins
We cannot overemphasise the enormous differences
between the observational database available for
NWP in the early 1970s, and that available three
decades later. An immediate visual impression can be
gained by comparing Fig. 1(a), a manual analysis of
sea-level pressure with corresponding observations,
performed in 1973, and its counterpart (Fig. 4) per-
formed by an analyst using a computer workstation,
in 2003. Figures 2(a) to 2(f) illustrate other aspects of
database changes. We shall elaborate in the next sec-
tion upon the evolution and implications of the obser-
vational database changes over that period. However,
when discussing of the origins of PAOBs in this sec-
tion, it is only the 1973 database (Figs 1(a) and 1(b))
that is relevant. The figures are representative of aver-
age data coverage at that time, although the coverage
did vary from day to day. In the early 1970s, vast
oceanic areas of the southern hemisphere, in particu-
lar, were devoid of quantitative data, and analysis of

such areas relied upon the manual skills of satellite
imagery interpretation and synoptic analysis.
A comprehensive account of the tools available for

satellite imagery interpretation appears in Guymer
(1978). Guymer provides references, along with
many graphic illustrations, to the work of those
researchers who contributed to quantitative interpre-
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Fig. 1 Analyses of (a) sea-level pressure and (b) 500
hPa geopotential for 0000 UTC 14 October
1973. The date was randomly chosen to repre-
sent the data coverage available during this
early period, and the real-time analyses based
upon these observations.

(a)

(b)
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Fig. 2 Typical coverage for a 6 h observation window in 2003, for reports from (a) surface synoptic data (red) and ships
(green), (b) drifting buoys and low-level cloud-drift winds, (c) upper air geopotentials and/or winds from
radiosonde stations, (d) radiometric soundings (TOVS) from polar-orbiting satellites, (e) aircraft reports and (f)
high-level cloud-drift winds.

(a) (b)

(c) (d)



tations from satellite imagery in the Bureau in the late
1960s and early 1970s. Notable among these
researchers were Martin (1968), Philpott et al. (1971),
Troup and Streten (1972) and Zillman and Price
(1972). The underlying idea behind many of the tech-
niques in Guymer (1978) was to associate recognis-
able patterns in the satellite imagery, with departures
from climatology.
A good overview of manual synoptic analysis in

the southern hemisphere is provided by Noar (1979).
Both Noar, and Phillpot et al., emphasise the impor-
tance placed by manual analysts upon temporal conti-
nuity, through the use of time sections from isolated
island and Antarctic stations – a philosophy to be
emulated numerically by four-dimensional data
assimilation in years to come.
Work began on the design of numerical analyses

for the Australian region (‘regional analyses’) in the
mid 1960s (Maine 1966; Maine and Seaman 1967),
and for the southern hemisphere (‘hemispheric analy-
ses’) in the late 1960s (Gauntlett et al. 1972). It soon
became apparent that objective analysis schemes then
operating in the northern hemisphere, with limited
manual intervention, could not simply be relocated to
the southern hemisphere, primarily because of the
data voids over the oceans. In particular, an opera-

tionally practical manually interactive system was
necessary to maintain a satisfactory ongoing analysis-
forecast cycle. PAOBs and THKLs were the response
to this necessity.
The introduction of PAOBs and THKLs was due

largely to the initiatives of two Bureau meteorolo-
gists, Mr R. (Bob) Falconer of the then Central
Analysis Office, and Mr J. (Jack) Langford of the then
Southern Hemisphere Analysis Centre. The PAOBs
and THKLs were designed for use within regional and
southern hemispheric analysis systems (see refer-
ences in the preceding paragraph) which at that time
were based upon a successive correction method
(SCM: Cressman 1959). The PAOBs and THKLs
were extracted from manual analyses on a regular
staggered grid (Fig. 3), with additional points to
delineate centres, troughs and ridges, cols and con-
centrated gradients, and were input as observations to
the numerical systems then in use. Painstaking work
by Bob Falconer, in optimising the PAOB locations,
influence areas, critical weights etc within the SCM
was a necessary ingredient in the success of this man-
ually interactive system.
Because of different data cut-off times, separate

sets of PAOBs and THKLs were extracted for the
operational regional and hemispheric analyses. The
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cut-off times were about 2h for the region, and about
6h for the hemisphere. Especially in the early years,
communication delays from remote island stations,
ships and satellites led to differences in data avail-
ability for the regional and the southern hemispheric
analyses. A later revision of the regional analysis
(‘archive analysis’) was prepared with a new set of
PAOBs, corresponding to orbits of satellite imagery
received after operational cut-off time. The different
cut-off times, and (usually) the different manual ana-
lyst, meant that the regional and hemispheric PAOBs
were prepared independently, and therefore were not
constrained to be completely consistent.

The manual specification of the PAOBs and
THKLs over an entire analysis domain meant that the
resultant numerical analyses of sea level pressure and
1000-500 hPa thickness were in essence simply digi-
tised manual analyses. They provided the framework
upon which analyses of the multi-level fields needed
for NWP were based, using such conventional data as
were then available (and which were minimal over
the oceans). Above 500 hPa, some feedback from
short range hemispheric or regional NWP model pre-
dictions (Bourke 1974; Gauntlett et al. 1976) were
used, along with some statistically based extrapola-
tion (Seaman 1972).
The hemispheric analyses produced as described

above, and based largely upon PAOBs and THKLs
below 500 hPa, were known as the HANAL series
(see Appendix). The HANAL analyses were contin-
ued until 1994, although from the mid 1980s they
were superseded for the purpose of NWP model ini-
tialisation by analyses based upon the statistical inter-
polation method. Despite their undoubtedly primitive
methodology when compared with data assimilation
systems operating at the time of writing, the HANAL
series for the 1970s were widely used and well
regarded at the time, as further discussed in a later
section.

Evolution
The evolution in the use of PAOBs over the years
has been driven both by the vast increase in the
observational database, and by the ever-increasing
sophistication of data assimilation systems. This
section develops both these themes, and finally
describes a major procedural change to the way in
which the manual analyst interacted with the ongo-
ing assimilation.
Turning attention back to the differences between

Fig. 1 and Fig. 2, Figs 2(a) to 2(f) reflect the changes
in data coverage between the early 1970s and that
three decades later. Considering the surface network
first, the oceanic coverage of surface synoptic data
from isolated island stations and ships, which were
the sole source of quantitative surface data over the
oceans in the early 1970s, has in fact not changed
much over the three decades as can be seen from a
comparison of Figs 2(a) and 1(a). But Fig. 2(b) shows
the major augmentation provided by the drifting buoy
network (crosses) and by the cloud-drift winds
between 900 and 800 hPa (barbs). Orbits of very
dense scatterometer winds, of 10-30 km separation
(not shown), enhance the near-surface network still
further. Two other features notable in a comparison of
Figs 1(a) and 2(a) are:

Fig. 3 The standard PAOB locations used for (a) the
Australian region, and (b) the southern hemi-
sphere when PAOBs were first used in the
1970s. Extra points were added by the analysts
to describe smaller scale synoptic detail.
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• over land areas, improved communications have
allowed a greatly increased international exchange
of surface synoptic data, and

• the deployment of automatic weather stations has
provided a significant observation network over
the interior of Antarctica.
The changes to the upper air network from the

early 1970s to the time of writing are reflected by a
comparison of Fig. 1(b) with Figs 2(c) to 2(f). The
rawinsonde coverage from upper air stations has not
changed much; in fact the already data-sparse net-
work over most of the southern hemisphere in the
early 1970s has deteriorated somewhat further. But
such a decrease is by far outweighed by the presence
of satellite-based radiometric soundings (Fig. 2(d)),
aircraft reports (Fig. 2(e)) and cloud-drift winds (Fig.
2(f)). The density of upper air data is now so great that
most global analysis centres need to thin or combine
the data over the areas of densest coverage, such as in
Figs 2(d) and 2(f).
The character of the Bureau's regional, hemispher-

ic (and eventually, global) analysis systems changed
substantially from the mid-1980s onwards, with the
advent of the hemispheric (HASP) system in 1985,
and the regional (RASP) system in 1989 (see
Appendix), both of which were based upon statistical
interpolation (SI). As in many other NWP centres, the
method of statistical interpolation (SI), originally pio-
neered by Gandin (1963), was adopted for analysis, in
conjunction with an analysis-forecast cycle in which
the observations were used to update a short range
(6h) forecast. One characteristic of the SI method,
which distinguished it from earlier systems, was that
it combined short-range forecast information with the
observations according to their respective presumed
reliabilities.
By this time, too, the observational network

changes discussed earlier were already underway.
Indeed, the great potential of remote sounding data
for the southern hemisphere, in particular, had
already been foreshadowed some years earlier by
the experiments of Kelly (1976), and Kelly et al.
(1978). Following Kelly’s experiments, the manual-
ly prepared THKLs had made substantial use of
remote sounding data whenever they were available
by data cutoff time. The southern hemisphere
oceans were therefore no longer the data void that
they were in earlier days, with not only satellite-
based remote soundings, but also cloud-drift winds,
and drifting buoys equipped with pressure sensors,
all of improving coverage and quality, becoming
increasingly available.
The most important consequence of the develop-

ments described in the preceding two paragraphs, to
the use of PAOBs and THKLs, was that they were no

longer ‘paid’ closely in these newer systems, but were
weighted relative to other types of data and to the
short range forecast. Like other observations, the
PAOBs could also be rejected by quality control pro-
cedures although, much later, a facility was intro-
duced to enable a manual analyst to ‘force’ particular
PAOBs to be used. By the 1990s, the effect of the
PAOBs and the THKLs upon operational analyses
was mainly to make small adjustments to the 6h fore-
cast background fields poleward of latitude 40.
Eventually, too, with the increasing quality and
observing frequency of satellite-based soundings, the
use of THKLs was phased out during the 1990s.
Nevertheless, to the surprise of some, PAOBs have

survived up to and including the time of writing.
Indeed, until 2001, PAOBs were provided by the
manual analyst using the same synoptic analysis tech-
niques, and in some cases by the same people, as they
were in the 1970s. Since 1979, the PAOBs have been
disseminated on the Global Telecommunications
System, and used at several global NWP centres.
Also, as discussed in a following section, they have
been used by some centres in retrospective reanaly-
ses. From September 2002, PAOBs commenced being
provided to the regional analysis system (LAPS-375)
at 0600 and 1800 UTC, as well as at 0000 and 1200
UTC, initially to assist in the early running of the
regional NWP suite for the Sydney 2000 Olympics.
These extra PAOBs have remained part of the opera-
tional system since then.
A major procedural change occurred in 2001,

when the process of manually analysing observa-
tions plotted on paper charts was replaced by an on-
screen analysis system using a computer work sta-
tion known as Horace (The Met Office 1999). Using
Horace, the background field, the observations and
the satellite imagery, as well as diagnostic fields
from NWP, can be displayed in selectable layers.
Differences of observations from the background
field can also be displayed, and the background can
be modified by the analyst. An on-screen analysis
system incorporates these modifications and fits the
conventional observations. On-screen tools are also
available to assist the analyst to identify fronts and
other significant features and to delineate these on
the output. The PAOBs, including the centres of
lows and highs, and other significant features, have
been automatically extracted from the digital output
of the on-screen analyses, for both the region and
the hemisphere, since September 2002. The system
thus provides much closer integration than was pre-
viously possible between the analyst, the available
observations, the background and other diagnostics,
and still makes use of human pattern recognition
and information integrating skills. It also has the
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advantage that the regional and southern hemi-
spheric analyses use the same interactive system,
with reduced scope for inconsistencies. An example
of an on-screen analysis of sea level pressure,
together with observations at or near sea level, is
shown in Fig 4. The figure also highlights the
change in observational coverage between 1973
(Fig. 1(a)) and 2003.

Impacts
The primary reason for performing numerical analyses
in the Bureau has always been the provision of initial
states for NWP. However, such analyses also provide
an historical record for climate monitoring, and for
other research uses. In the first part of this section, we
discuss the use, outside the Bureau, of the Bureau's
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Fig. 4 Plotted analysis produced using the workstation Horace, showing a ‘manual analysis’ of sea-level pressure on
0000 UTC, 1 January 2003, with observational data at or near sea-level also shown. Note the difference in data
coverage compared with Fig. 1(a).



southern hemisphere analyses performed operationally
during the 1970s and early 1980s, that were based
largely on PAOBs and THKLs, namely the HANAL
series. We also mention the use of the PAOBs them-
selves for recent retrospective reanalyses. In the latter
part of the section we discuss the PAOBs from the
aspect of their impacts upon numerical predictions.
In the early days of low resolution numerical analy-

ses and predictions, and poor observational coverage
near sea level, PAOBs were necessary, both to maintain
the intensities of small intense synoptic systems, and to
enhance the reference level specification for the use of
layer thicknesses derived from satellite soundings. The
PAOBs arguably perform a similar role even today, in
the less frequently occurring situations when other data
at or near sea-level are absent. Perhaps for the preced-
ing reasons, the HANAL series of 1970s analyses were
regarded as the definitive analyses before the develop-
ment of more sophisticated assimilation systems, and
the more recent reanalyses. Trenberth (1979) studied
analyses from several sources for the period from 1972
to 1978, with the aim of determining the quality of the
500 hPa geopotentials. He concluded that, despite some
imperfections, the HANAL analyses were by far the
best hemispheric dataset then available for the period.
Le Marshall et al. (1985) contains references to other
researchers who used the HANAL analyses.
Due to the reputation of these analyses, either the

HANAL fields themselves, or the PAOBs on which
they were based have been used in the European
Centre for Medium Range Weather Forecasts
(ECMWF) reanalyses (Gibson et al. 1997), and the
US National Center for Environmental
Prediction/National Center for Atmospheric
Research (NCEP/NCAR) reanalyses (Kalnay et al.
1996), although the PAOBs were inadvertently mis-
located in the latter. The PAOBs are also used in even
more recent and ongoing reanalyses (Simmonds and
Gibson 2000; Kanamitsu et al. 2002).
It is perhaps surprising that, to our knowledge,

there appear to be no published assessments of the
quantitative impacts of PAOBs on NWP forecasts
during the first two decades of their use. But in those
earlier days, the Bureau's view, based on hard-won
experience, was that manual interaction was essential
to maintain a stable and realistic ongoing analysis-
forecast cycle, and so the quantitative assessment of
forecast impact was not a pressing question.
Despite the absence of quantitative tests of NWP

impact, there is nevertheless strong indirect evi-
dence of the PAOBs’ and THKLs’ forecast impact
during the 1970s. At that time, as discussed earlier,
the Bureau performed operational and archive runs
of its regional prediction model (Gauntlett et al.
1976) from analyses based upon correspondingly

early and late data cut-off times. The main differ-
ence between the data at the two cut-offs was the
availability of extra orbits of satellite imagery (and
therefore more reliable PAOBs) for the late run.
Between 1974 and 1977, the mean improvement in
S1 skill score over the Australian region between
the early and late 24h forecast runs was 2.1 points
(95 per cent confidence interval 1.8 to 2.4), and at
500 hPa was 1.2 points (1.0 to 1.4). These scores
were based on over 1000 forecast pairs, so the pos-
itive impact assessment is quite reliable. Since the
late run was performed simply for archive purposes,
this improvement is not strictly an operational
impact, but it is nevertheless a valid measure of the
incremental PAOB effect.
Since 1992, the impacts of PAOBs upon the

Bureau’s global data assimilation and prediction
system (GASP; Seaman et al. 1995; Bourke et al.
1995) have been assessed on several occasions. The
methodology for these assessments has been to run
parallel data assimilation cycles with and without
PAOBs, followed by predictions from each cycle.
The earliest of these data impact tests, during 1991
and 1992, were described in detail by Seaman et al.
(1993). Predictions were verified out to eight days,
over southern hemisphere mid-latitudes. The over-
all results indicated a smaller positive impact of
PAOBs than in the 1970s for the Australian region
(0.8 and 0.2 skill score points for 24h at sea level
and 500 hPa). At the time of writing, there does not
appear to be any systematic trend towards a further
lessening of impact since the early 1990s in several
subsequent tests using the GASP system. The small
positive impact of PAOBs is present even with near-
surface scatterometer winds in the observational
database (J Kepert, personal communication, 2002),
and when the PAOBs are generated via the com-
puter workstation Horace (J Paevere, personal com-
munication 2002).
Impact tests have been carried out at some over-

seas centres (e.g Atlas 1997; Bouttier and Kelly
2001), and also suggest a small positive impact of
PAOBs in the southern hemisphere, using their
respective assimilation systems. Following impact
tests by Butterworth and Dalby (1999), it was judged
that the size of the impacts did not justify the contin-
ued use of PAOBs in the then United Kingdom
Meteorological Office system. But even in these latter
tests, the small southern hemisphere impacts were
still, on balance, positive.
It is the consistently positive direction of the

impacts, over several years and using different data
assimilation systems, rather than the admittedly small
size of the impacts, that suggests the PAOBs are still
probably of some benefit to NWP.
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Concluding remarks
Our purpose has been to provide an historical
overview from an Australian perspective of a distinc-
tive period in numerical meteorological analysis. At
the outset, when vast oceanic areas were essentially
devoid of quantitative observations, the skills of man-
ual analysis and satellite imagery interpretation were
essential to the maintenance of a viable analysis-fore-
cast cycle. At the end, with an unprecedented global
coverage of quantitative observations from a variety
of sources, forecast impact tests perhaps surprisingly
suggest that human skills, via the PAOBs, may still be
of some small benefit to NWP.
The use of a versatile computer workstation has

substantially streamlined the manually interactive
aspect of PAOBs. Nevertheless, with further pro-
gressive improvements both to the observational
database, and to data assimilation systems, the time
may yet come (some may consider it has already
come) when PAOB-like manual interaction is no
longer cost effective. Therefore, we expect that the
Bureau will continue to monitor the impacts of
PAOBs, or their successors.
But whatever the future holds, it is hoped that this

paper will ensure that due credit is accorded, firstly to
those whose synoptic analysis skills have under-
pinned the PAOBs, and secondly to those whose inge-
nuity has enabled the PAOBs to be used effectively in
the Bureau’s numerical analyses for several decades.
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Appendix
Chronology of major development in the Bureau's Australian region and hemispheric/global analysis systems.

Australian region limited area analysis systems

Year System name Analysis method Horizontal Vertical References
grid length levels

1969 METANAL SCM 250 km 9 Maine 1966, Maine and Seaman 1967
1975 METANAL SCM plus variational 250 km 9 Seaman et al 1977

blending
1989 RASP Univariate SI plus 150 km 11 Mills and Seaman 1990

variational blending
1994 RASP_75 as RASP 75 km 12 as RASP
1996 LAPS Multivariate SI .75 deg lat./long. 19 Puri et al 1998
1999 LAPS_375 Multivariate SI .375 deg lat./long. 29 as LAPS

Key to system names and other abbreviations: METANAL, Meteorological analysis; RASP, Regional assimilation and predic-
tion; LAPS, Limited area prediction system; SCM, Successive correction method; SI, Statistical interpolation.

Hemispheric and global analysis systems

Year System name Analysis method Horizontal Vertical References
resolution levels

1972 HANAL SCM 500 km SHEM 9 Gauntlett et al 1972
1976 HANAL plus SCM 500 km R15 9 Bourke et al 1974

SPECPROG
1985 HASP Univariate SI R31 SHEM 9 Bourke et al 1985
1990 GASP as HASP R31 Global 9 Bourke et al 1990
1992 GASP_R31 Multivariate SI R31 Global 19 Bourke et al 1995, Seaman et al 1995
1994 GASP_R53 as GASP_R31 R53 Global 19 as GASP_R31
1995 GASP_T79 as GASP_R31 T79 Global 19 as GASP_R31
1998 GASP_T239 as GASP_R31 T239 Global 29 as GASP_R31
2000 GASP_1DVAR Multivariate SI and T239 Global 29 as GASP_R31 plus Harris and Kelly

variational retrievals 2001

Key to system names and other abbreviations: SHEM, Southern hemisphere; HANAL, Southern hemisphere analysis;
SPECPROG, Spectral model prognosis; HASP, Hemispheric assimilation and prediction; GASP, Global assimilation and pre-
diction; R15, Rhomboidal truncation at wave number 15; R31, Rhomboidal truncation at wave number 31; T79, Triangular
truncation at wave number 79, etc.; SCM, Successive correction method; SI, Statistical interpolation; 1DVAR, One-dimen-
sional variational (temperature retrievals).


