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An operational system for producing objective daily nation-
al and regional-scale analyses of rainfall has been developed
for use in the Australian Bureau of Meteorology. The system
uses a modular Barnes successive correction scheme to pro-
duce the analyses, either in near-real-time or using historical
datasets. The national analysis is produced on a 25 km grid
with a correlation length scale of 80 km, which is appropri-
ate for the data density across Australia. Smaller correlation
lengths and finer grids can be used for regional analyses.
The accuracy of the real-time system has been tested by
comparing analyses obtained from the full climatological
dataset collected by the National Climate Centre (NCC) with
the analyses limited to the real-time data. The two datasets
were also compared to obtain information about the relia-
bility of real-time observations. These investigations have
shown that over most of Australia and with few caveats, rea-
sonably accurate analyses are obtained using real-time data.
A particular problem is found to be caused by telegraphic
rainfall stations that do not report in real time when they
record no rain. The analysis system is used to illustrate sea-
sonal and event-related climatological features of Australian

rainfall.

Introduction

Rainfall is perhaps the most important meteorological
parameter affecting Australia’s economic and social
activities. Rainfall observations are needed to support
a range of services extending from the real-time mon-
itoring and prediction of flood events to climatologi-
cal studies of drought. The Bureau of Meteorology
therefore maintains a national network of about 6000
rain-gauge sites across the country. A subset of the
gauges (about 2000) report daily, and they have been
used to obtain regional analyses of rainfall events as
they occur.
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In early 1995 a project was started within the
Bureau with the aim of developing a national real-time
rainfall analysis system. The system would require
components to collate all available observations, to
analyse the observations objectively, to quality control
the observations and analyses, to display the analyses,
and to archive the data and analyses. It was expected
that the system, while initially developed for daily
applications, would become the basis of all rainfall
analyses in the Bureau so that consistent results could
always be obtained within the organisation.

Most of the real-time rainfall observations in the
Bureau are obtained from daily readings of rain-
gauges. It was therefore decided to take a day as the
basic unit of time for the system. Analysis of rainfall
over longer times could be readily calculated from
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accumulated station data or daily analyses. The
restriction of the time unit to a day meant that the sys-
tem could not be directly applied to hydrological
problems requiring event-based analyses, where the
event can start at any hour of the day and can extend
for an arbitrary number of hours.

With the emphasis on a national system, the length
scale for the analysis was chosen to provide an over-
all balance between data coverage and the resolution
of spatial structure. However, the scales can be read-
ily reduced to yield high-resolution analyses in data-
dense regions, such as significant water catchment
areas.

The rainfall analysis has been run in real time in
the Bureau of Meteorology Research Centre (BMRC)
using operational datasets since November 1995, and
it was implemented operationally in the National
Meteorological Centre (NMC) in December 1996.
Sets of daily analyses from July 1994 to March 1996
inclusive have been prepared using the climatological
rainfall network of approximately 6000 stations, and
from a simulated real-time dataset extracted from
these climatological data using the real-time station
dictionary. In this way, the ‘real-time’ analyses have
been validated against independent data, and against
analyses using a more complete data network. Thus
we are using three datasets: a real-time set associated
with stations that report daily, a climatological set that
includes all rainfall records, and an independent set
which is the difference between the climatological
and the real-time sets. The validation studies have
enabled the tuning of the parameters in the scheme
and have demonstrated the need for differing correla-
tion lengths in differing rainfall regimes.

Analysis system

The analysis system comprises a data-collection sys-
tem, a package to analyse the data to a regular lati-
tude-longitude grid, and an output and graphical dis-
play system. The raw data and the analysed grid fields
are archived. A detailed description of the system is
given by Mills et al. (1997).

Rainfall data

Daily rainfall data are collected in the Bureau's
Regional Offices from 9 am local-time reports.
Potentially more than 2000 stations may report each
day, although many of these report only if rain is
observed at the site.

The data sources are SYNOPs (from staffed and
automatic weather stations (AWSs) that typically
report a variety of atmospheric variables at three-
hourly intervals) and daily telegraphic reports from

up to approximately 1500 stations. Telegraphic sta-
tions do not report when there is no rain; SYNOPs do
report zero rain.

Analysis method

The analysis module produces a field on a regular
grid from irregularly distributed observations that
are prone to errors of measurement and representa-
tiveness. The rainfall estimated at a grid-point is a
weighted average of surrounding observations,
which are weighted according to their distance from
the grid-point using a ‘Gaussian’ weighting func-
tion, following Barnes (1973) and Koch et al.
(1983). A regular latitude-longitude grid is chosen
across the land area of Australia; estimates are not
made over the ocean.

A successive correction method (SCM) is used
(e.g. Achtemeier 1987), so that an estimate of the
background rainfall field is made on the first pass
and refined on successive passes. Often the first
pass of a SCM analysis uses a ‘length scale’ for the
weighting function that is large compared with the
correlation scale of the data, resulting in a relative-
ly smooth background field. Inner passes, which
yield incremental changes to the background rain-
fall field, use shorter length scales so that relatively
greater weight is ass'igned to observations close to
an analysis grid-point. Thus the inner passes con-
trol the level of detail provided in the analysis,
which effectively acts as a filter for the data. The
rainfall analysis aims to estimate rainfall accurately
averaged over a grid area. Given the high spatial
variability of daily rainfall and the low density of
the real-time observation network, it is not feasible
to seek estimates of rainfall at individual points
from an analysis technique.

The analysis is performed by an efficient three-
pass Barnes-type successive correction system
(Barnes 1973; Barnes 1994a,b,c; Achtemeier 1987;
Koch et al. 1983). The a priori weighting function is
taken to be

w = exp{r2 In(0.5) / (y D)},

which lies in the range 0 to 1. The length scale D is
the distance at which the weight equals 0.5 for the
outer pass when ¥ equals 1; r is the actual distance
between the observation and analysis point; and yis a
convergence factor which is reduced to 0.3 for the
inner passes.

This Barnes analysis has been modified slightly so
that the analysed values relax to a background field of
zero rain when all the observations are too far away
from a given analysis point to allow a physically jus-
tified estimate.
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Analysis scales

Initial estimates of the analysis length scale and grid

resolution parameters used in the analysis are made

from the methods of Koch et al. (1983). The choice
of both parameters is based on the average separation
of stations, An, used in the analysis. In the case of the

Australian real-time rainfall network, An is found to

be approximately 70 km using the method for irregu-

larly spaced data, assuming about 1500 stations report
each day. For the full climatological dataset of about

6000 stations available several months after real time,

An is found to be approximately 38 km.

The finest resolvable wave (detail) is longer than
2An on average, depending on the actual data spacing
surrounding a grid-point. A grid finer than An/2 is
required to ensure proper representation of this detail.
In the current system, a grid of less than 35 km is
therefore required. For this system, we chose a 0.25
degree (approximately 25 km) grid. In areas of high
data density, a finer grid could be used. Fortunately,
major data-sparse areas, which occur in central
Australia and particularly central Western Australia,
are sparsely populated and of limited agricultural and
economic importance, and we chose not to plot the
rainfall analysed within these regions. They are also
generally regions of very low rainfall.

Koch et al. (1983) choose their length scale so that
waves shorter than 2An are strongly filtered.
Specifically, the maximum filter response allowed at
the 2An wavelength is e-! for their two-pass analysis.
For the current system, we set ¥ for the inner pass to
be 0.3, which corresponds to a length scale D of
0.973An, or 68 km for the calculated An for the real-
time data density. If the length scale is too short then
the analysis tends to fit individual observations close-
ly, but to give poor information between stations
(Barnes 1994a). In practice, we choose a larger length
scale of 80 km to allow for the highly irregularly
spaced Australian rainfall network. A 100 km length
scale produces analyses that are unnecessarily
smooth. The 80 km length scale adds more detail
while avoiding most spuriously generated rainfall
gradients.

Considerations which affect the selection of analy-
sis parameters include:

* Observations having weights less than 0.00001
(more than 325 km distant from a grid-point with
the current length scales) are ignored for efficiency.

* For highly variable fields such as rainfall, a spuri-
ous oscillation in the analysed field may occasion-
ally be produced in no-data areas, where weights
are very low. The oscillation results from the lim-
ited precision of computer calculations in conjunc-
tion with the interaction between corrections on
successive passes of the analysis. It is avoided in

the current system by relaxing the analysed values

to zero when the sum of station weights at a grid-

point falls below 0.2.

* Except in no-data areas, no observation from a
known real-time rain-gauge site usually implies no
rain. In data-sparse areas where there are no report-
ed positive rainfall amounts, a background field of
zero acts as a proxy for reports of zero rain. This
assumption is crucial for delineating rainfall bound-
aries, at least on time-scales up to several days.

¢ Asdaily rainfall is a highly variable field, interpola-
tion between distant rain-gauges is not justified;
that is, there is usually little or no rainfall correlation
between distant points. The drop in correlation with
distance varies with the synoptic situation and
topography, amongst other parameters.

Despite the careful selection of the outer length
scale, bull’s-eyes (unrealistic’ decreases of analysed
rainfall towards the edge of circular rainfall areas) are
sometimes produced in data-sparse areas due to a lack
of neighbouring data. However, these occurrences of
bull’s-eyes are rare, and similar rainfall distributions
(perhaps with more complex shapes) may be realistic
in regions of convective rainfall.

The inner-pass length scale of 44 km, correspond-
ing to y = 0.3, is chosen to add a reasonable amount
of detail to the analysed field. For two-pass schemes,
Barnes (1973) suggests 0.2 < y < 0.4, while Koch et
al. (1983) require y to lie in the range 0.2 to 1.0.
Achtemeier (1987) finds that for regularly spaced
data, it is preferable to use the same vy for both passes.
For highly irregularly spaced data, he still recom-
mends a smaller second-pass Y.

We use a three-pass Barnes analysis method. Two-
pass Barnes analyses have been popular (e.g. Koch et
al. 1983), but the limitation to two passes was largely
based on lack of computing power at the time. A
number of authors find three-pass schemes to be
superior to two-pass schemes in theoretical and prac-
tical studies. Achtemeier (1987) finds that no single
selection of parameters for the two-pass Barnes
method gives the best results for all wavelengths.
Given that rainfall variability occurs on scales rang-
ing from cloud scale to synoptic scale, this is an
important result for this study.

Achtemeier (1987) proposes a hybrid three-pass
scheme using a large effective length scale for the
outer pass, and a shorter effective length scale set
identically for two inner passes. Achtemeier (1989)
determines that this three-pass scheme restores 7 to 9
per cent more of the 3 to 5 An wavelengths present in
the synthetic dataset he uses than the two-pass Barnes
analysis. These calculations are confirmed by the
result that his scheme restores 6 per cent more of the
magnitude of some short wavelength meteorological
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‘features than the two-pass method in a test case
involving real observations.

Barnes (1994b) finds similar improvements.
However, he also finds that a three-pass scheme using
identical passes gives an even better result. Further,
Barnes (1994c) finds that the improvement of a four-
pass scheme over a three-pass scheme is relatively
marginal. Three-pass schemes are also found to pro-
vide superior derivative (e.g. gradient) information to
two-pass schemes, while not requiring the application
of post-analysis numerical filters (Barnes 1994c).

For this study we follow Achtemeier's (1987) for-
mulation to avoid numerical problems with very low
weights distant from observations on the outer pass,
and for convenience (particularly with respect to
relaxation to a background field of zero rain as dis-
cussed previously).

Various methods have been proposed to tune the
length scales to provide optimal analyses. For
example, Seaman (1989) uses statistical interpola-
tion theory to optimally tune the two-pass Barnes
parameters for any specified irregular data distribu-
tion. Barnes (1994c) finds that the performance of
a three-pass Barnes analysis is relatively insensitive
to the choice of the filter parameters and less sensi-
tive than the two-pass scheme. We therefore use
only simple tuning in this study. The scale infor-
mation may of course be tuned to suit analyses of
different fields.

Validation of analyses

Background

Rain-gauge measurements from the full climatologi-
cal database of approximately 6000 stations across
Australia were extracted for a 21-month period to the
end of March 1996. Analyses created using these data
were compared with analyses from the approximately
2000 stations which report in real time. This process
enabled the accuracy and utility of the 2000-station
(real time) analyses to be investigated. Figure 1
shows the distribution of climatological and real-time
(daily-reporting) stations.

For much of the testing, pseudo real-time analyses
were created using the Bureau’s dictionary of real-
time reporting stations to extract from the climatolog-
ical database past data consisting of non-zero rain
reports (from telegraphic rainfall stations) and all
reports from SYNOP stations. The latter stations
report no-rain (i.e. the non-occurrence of rain) in real
time, whereas the former report in real time only when
there is rainfall for the day. These pseudo real-time
analyses were then verified against the independent
data-set (i.e. a subset of the full 6000-station climato-

logical dataset), and they were compared with analy-
ses using the full 6000-station dataset. Comparison of
reports in the full climate database (which usually has
more complete information for stations, including
real-time stations) with reports actually received in
real time enabled an initial determination to be made
of ‘reliable’ stations for which a no-report usually
means it has not rained at that station.

An objective of the analysis system is to estimate
accurately the geographical extent of rainfall and the
intensity within the rainy regions. Validation of the
rainfall analyses therefore needs in part to concentrate
on rain areas so that significant information is not
swamped by the relatively large no-rain areas present
every day across Australia.

The performance of the analysis scheme in data-
dense versus data-sparse areas was investigated,
including investigation of a scheme to shorten length
scales to include more analysis detail where data den-
sity is great enough. The ‘variable length scale’
scheme showed small, significant improvements over
the fixed (80 km) scheme in rain areas.

Analysis accuracy

Daily analyses were created using real-time reports
from 1995 (approx. 1000 reports per day), and veri-
fied against the independent daily reports (average
3265 reports per day). The analyses were found to be
biased low by an average of 0.54 mm/day (6.5%)
where the independent observations reported rain
(average 799 stations per day), and biased high by
0.64 mm/day where the observations implied it was
dry (average 2466 stations per day). Overall the bias
was 0.35 mm/day, or 17.6% high. Mean absolute
error over all independent observations was 1.46
mm/day, or 72.5%.

These results imply that the analyses do reason-
ably well in estimating rainfall where it is raining, and
less well in defining no-rain areas. The large mean
absolute errors relative to the bias errors show that
much rainfall variability occurs on scales too small to
be represented by the available observation density or
the analysis grid, and that individual rainfall observa-
tions are frequently unrepresentative of other nearby
rainfall observations. As a result, we cannot expect
the analysis to reliably estimate the rainfall at specif-
ic locations. The analysis aims to provide accurate
estimates of area-averaged rainfall. ;

Comparison of real-time analyses with those based
on the 6000-station full climatological database for
1995 show the real-time analyses overestimated rain-
fall, particularly in the northern wet season. Figure 2
shows average daily rainfall for 1995 produced by
averaging daily rainfall analyses for the year. The
analyses averaged to produce Fig. 2(a) used real-time
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Fig. 1 Distribution of daily-reporting rain-gauge stations (A) and co-operative network (+) across Australia. The full

climatological network is the sum of all these stations.
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data only, while those for Fig. 2(b) used the full cli-
matological dataset. It is immediately apparent that
rainfall is lower in Fig. 2(b), which one would expect
to be more reliable given that it typically uses four to
five times as many data as the analyses used to pro-
duce Fig. 2(a).

Detailed examination shows that in some areas
the absolute differences between the analyses in
Fig. 2 are of similar magnitude to the rainfall. Over
a large fraction of Queensland, northern Western
Australia and the Northern Territory, average rain-
fall rates from the real-time data analyses exceed
those from the full-data analyses by at least 40 to 80
per cent. Most of the large differences occur in
areas where rainfall is predominantly convective.
Obviously, convective rainfall can be very
localised, so that the correlation scales of the rain-
fall are relatively small. Over southern Australia,
where rainfall is often produced on synoptic scales
from cold fronts and mid-latitude low pressure sys-

tems, the correlation scales of the rainfall are corre-
spondingly larger on average. (In summer, the
effects of convective rain can impact on the analy-
sis over much of the country.)

Thus the length scale used in the real-time analy-
sis seems too large in areas subject to convective rain-
fall regimes. Use of the current 80 km length scale
(which is largely based on the average data density
over the whole country) means we are treating a rain-
fall observation as representative of too large an area,
and not applying the background field close enough
to stations. Small changes in the outer-pass length
scale (e.g. from 65 to 95 km) are found to have only
‘minimal impact on analysis rms erfors compared with
independent data in most areas. However, bias in
analysed average daily rainfall is affected significant-
ly in some areas. For analyses based on 1995 real-
time data, verified against independent data, rms
errors were 0.05 per cent higher using a 65 km length
scale than using a 95 km length scale. The bias how-
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Fig. 2 Average daily rainfall distribution across
Australia for 1995, based on (a) data available
in real time each day and (b) the full climato-
logical dataset.

(a)

(b)

ever was 5.3 per cent lower. Most of the differences
were in areas subject to convective rainfall regimes,
but the differences were not uniform. .

Use of a shorter length scale to reduce the problem
of rainfall over-estimation leads to the creation of
more no-data areas where the analysis weight falls
below the threshold of 0.2. It also tends to produce
more local bull’s-eyes in the rainfall analysis. There
is a clear choice between analyses based in some
areas on insufficient data to describe the actual distri-
bution of rainfall and analyses containing larger no-
data (i.e. no analysis) areas.

Rainfall over-estimation in real-time analyses may
also be caused by a lack of reports of zero rain in real-

time data. The extent to which this affects the analy-
sis can be estimated by using the climatological
dataset, as this does contain reports of zero rain which
may be used to augment reports received in real time
at non-reporting telegraphic stations. The improve-
ment arises from better delineation of no-rain areas,
and also from reduction of the bias inherent in exclud-
ing no-rain reports from an analysis. The differences
between the 6000 station climatological and aug-
mented real-time (about 2000 station) dataset analy-
ses averaged over 1995 are small, except in isolated
areas typically of high rainfall gradient, even though
more than twice as much data are available for the
full-data analyses. Overall bias is greatly reduced
with the augmented analyses over real-time received-
data analyses. Bias errors in rainy areas are increased
with the augmented analyses since the extra zero
reports contribute in the rainy areas. Thus the rainfall
in the augmented analyses tends to be reduced near
rain boundaries. Bias errors in dry areas are lower,
through the impact of the extra data.

Comparing analyses from the 6000-station clima-
tological dataset with those from the augmented
real-time dataset averaged over 1995, we find that
the mean difference between the analyses is 0.05
mm (i.e. the augmented analyses are drier) com-
pared to the average daily rainfall of 1.07 mm in the
full-data analyses (averages are over the entire
analysis domain). When the real-time data are not
augmented with reports of zero rain, the difference
between the analyses is 0.12 mm (i.e. the real-time
analyses are wetter).

The overall bias and rms errors when verified
against independent data are reduced when no-rain
reports from telegraphic stations augment the data
received in real-time. (The overall bias drops from
0.38 to 0.04 mm, averaged over the 3204 stations
available for verification.) High bias in no-rain
areas is also reduced from 0.70 mm to 0.43 mm
(2418 stations on average available for verification).
As noted above, low bias in rain areas is increased;
in this case, from 0.59 to 1.16 mm over an average
of 786 stations.

“In summary, real-time reports of zero rain from
telegraphic stations would help the analysis accuracy.
However, communications and other difficulties pre-
clude such reports at present. Alternatively, if one
could identify telegraphic stations that report rainfall
reliably, one could assume that no report means no
rain was received at these stations. It is found (Mills
et al. 1997) that use of such an approach does reduce
the analysis bias and improve the representation of
areas with no rain, although the relatively small num-
ber of telegraphic stations that do report ‘reliably’
limits the effectiveness of the approach.






