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This paper describes the changes which have been made to the Australian oper-
ational limited area data assimilation system, RASP, The main modifications are
improved resolution, with the grid spacing being halved to 75 km, a small increase in
vertical resolution, improved representation of topography, and refinements to the
filtering, physical parametrisation and lateral boundary specification.

Results from three parallel trial periods are described. These trials were conducted
in the Bureau of Meteorology Research Centre (BMRC), but exactly duplicated
operational practice. Objective verifications, including results from a new objective
rainfall forecast verification package, are presented, and these demonstrate superior
performance of the new system over the old. A series of case studies are then pre-
sented, illustrating the types of differences which can be expected between the

forecasts from the two systems.

Introduction

Thirty-six-hour forecasts are issued twice per day
from the National Meteorological Operations
Centre (NMOC) using the Bureau of Meteorology
Australian Region Regional Assimilation and
Prognosis (RASP), which was described in detail
by Mills and Seaman (1990). The system has been
operational since October 1989, and has had only
very minor changes since that time. Mills (1991)
described the operational performance and
characteristics of the system, and identified some
systematic errors in its forecasts.

An upgraded version of this system has been
tested extensively in the BMRC, exactly duplicat-
ing operational practice. It has shown superior
performance to the operational system, and at the
time of writing this paper was undergoing trials in
the NMOC. In the discussion to follow, the old
RASP system will be described using that acro-
nym, while the new system will be referred to as
RA75. :

This paper falls into three main sections. The
first section describes the changes made during
this incremental upgrade of the RASP system. It is
the purpose of this paper to describe changes to
the system. The second section documents the
results of the objective verifications of the fore-

casts obtained during lengthy quasi-operational -
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trials. It has been the practice in previous trials of
a new limited area system to objectively assess its
accuracy relative to other systems using the the S1
skill score (Teweles and Wobus 1954), root mean
square (rms) error and bias, computed either
against observations or against analysis ,grid-
points. A selection of such statistics will be
presented. .

Hitherto no objective verification of numerical
rainfall forecasts has been performed in Australia.
During the trial of the RASP system in 1989, the
assessment of rainfall forecasts was a tabulation of
subjective ‘much better/worse, slightly better/
worse, or similar’ (see NMC 1989). Such an
assessment is valuable in that it reflects the user’s
(an operational forecaster) perception of the util-
ity of a new system relative to an earlier system.
However, such a system is difficult to maintain
over a long period, and it would be of considerable
value to have a routine objective rainfall verifi-
cation system so that both benchmark standards
of, and long-term trends in, forecast accuracy can
be identified. A basis for such a system has been
developed and used to verify the RASP and RA75
rainfall forecasts from these trials, and both the
system and the verification statistics obtained will
be described.

The third main section of this paper presents
some examples of the types of differences between
RASP and RA75 prognoses which might be
expected to be seen subjectively by a user of the
forecast products.
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Description of the changes

A summary of the changes made is in Table 1.
These will now be discussed in turn.

Increase in horizontal resolution

The domain of the forecast model is the old ‘Aus-
tralian region’ which has been used for the past 20
years. The grid spacing has been halved to 75 km
at standard latitudes, with a grid array of 129 X 79
points (the RASP system used a 65X 40 grid).
This is to reduce spatial truncation errors in the
model integration (Haltiner and Williams
1980).

New topography data set

A new topography data set has been interpolated
to the model grid from a high resolution data set
(Hutchinson and Dowling 1991), with a light
smoother applied after interpolation to ensure
that there are no two-grid-point waves in this data
set. The old and the new topographies are shown
in Fig.1. While the values of the highest points on
the topography are not very much greater (1203 m
versus 1075 m) than in the old data, several dif-
ferences can be seen: the axis of the Great Divid-
ing Range through New South Wales is closer to
the coast, the New England tableland is much
better defined, and the slope of the topography is
much steeper along the east coast, and also along
the west coast between 20° and 25°S. In addition,
Tasmania and the Flinders Ranges begin to be
seen.

Changes in the vertical spacing

In early trials of this new system, the top of the
model domain was extended to 10 hPa (or its
approximate sigma level of 0.01), adding analysis
levels at 70, 30, 20 and 10'hPa, and model levels at

Table 1. A summary of the changes made to the RASP
system (operational version).

1. A doubling of the grid-points in each direction.
New grid of 129 X 79 points with a nominal 75 km
spacing.

2. A new topography data set, showing greater detail

_consistent with the reduced grid spacing.

3. An increase in model sigma levels from 15 to 17.
New model levels at sigma levels of 0.80 and 0.75
(replacing 0.78), and 0.07.

4 An increase of analysis pressure levels from 11 to
12. New level at 70 hPa.

5. Horizontal diffusion with a correction for the
change of temperature and moisture with sigma
replaces the intermittent filter used earlier.

6. Several minor changes to the physics package.

7. Lateral boundaries now use absolute values rather
than time tendencies, and also use a cosine
weighting function rather than a linear function.

Fig.1 The topography used in the 150 km grid spacing
version of RASP (top), and in the new 75 km grid
spacing version (bottom). Contour interval 100 m
in each case.

0.07, 0.05, 0.03, and 0.01, and replacing the old
model level at sigma 0.78 with levels at 0.80 and
0.75. The level at 70 hPa was included to reduce
the size of the gap in the RASP system between
100 and 50 hPa, and because it is a standard
observation level. The changes to the model levels
between sigma levels 0.80 and 0.70 were made to
make the vertical spacing more regular there.
The stratospheric levels above 50 hPa were
added to increase consistency between the
Bureau’s Global Assimilation and Prognosis

. (GASP) system (Bourke et al. 1991) in which this

" system is nested, to facilitate the planned conver-
sion of the physics package to that used in the

global system, and to facilitate the interaction
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with local TOVS satellite data retrievals (Le
Marshall et al. 1994). However, trials during the
late winter of 1993 showed that inconsistencies
between the external boundary conditions and the
internal fields in the polar night vortex, which
intersects the southern boundary of the grid,
occasionally caused numerical instability.
Accordingly, the operational version of this sys-
tem has its top at 50 hPa, with 17 model levels and
12 analysis levels.

Changes in horizontal filtering

The old RASP system used a horizontal filter (on
the model sigma surfaces) applied every five
timesteps to all free atmosphere model vari-
ables.

Because of the natural lapse of humidity with
increasing height, and the terrain-following
nature of the sigma coordinate system, the effect
of this filter is to ‘pump up’ moisture over top-
ography, resulting in a tendency for a persistent
spurious rainfall in these areas. The same effect
was probably present in the temperature field,
however this was less obvious than the humidity
because the model temperature variable is actu-
ally a deviation from a reference profile (Leslie et
al. 1985).

For the temperature and moisture fields, this
filter has been replaced with a ‘del-squared’ hori-
zontal diffusion formulation to control aliasing,
but with the lapse correction described by Puri et
al. (1992).

Changes to the physical parametrisations

Several minor changes have been made to the
.physical parametrisation package. The chief of
these has been the application of an atmospheric
cooling profile taken from Kondratyev (1974) and
listed in Table 2. Mills (1991) demonstrated that
the addition of such a simple parametrisation of
atmospheric cooling to space could ameliorate
the negative bias in surface pressure forecasts
observed in the old RASP forecasts. This cooling
rate profile, applied every timestep at all grid-
points, significantly reduces the bias in the surface
pressure forecasts.

The surface emissivity over land was changed
from the value of 0.98 used in the old RASP phys-
ics to 0.85, which increases the amplitude of the
diurnal temperature wave over the interior of
the continent. This, along with the atmospheric
cooling above, has had the effect of improving the
position of the forecast heat lows over the north-
west of the continent in the warmer months.

Changes to the nesting code

The limited area model is nested within the global
GASP forecasts (Bourke et al. 1991). In the
nesting procedure the prognostic variables on the
model grid are relaxed towards interpolated
values from the external model via a weighted
average of the external and internal mesh values.

Table 2. Specified atmospheric cooling rate (°K day ')
for each model sigma level.

Sigma level Cooling rate

.05 1.0
.07 0.0
10 0.0
A5 ’ —0.5
.20 —1.1
25 -20
.30 —23
.40 —23
.50 —-2.1
.60 —20
.70 —1.8
75 —-1.7
.80 —-17
.85 —1.6
.90 —1.6
95 —1.6
98 —1.6

In the operational RASP system, a linear
weighting function is used, with a weight of one at
the boundary row, decreasing to zero six rows in
from the boundary. The 75 km version uses a
weighting function of the form

w = (1 + cos (n.nj/nb))/2 R

for nj = 1,nb where nj is the number of grid rows
to the boundary and nb is the width of the bound-
ary relaxation zone in grid units.

This form of the weighting function has the
effect of slightly reducing the amount of spurious
divergence generated in such relaxation schemes,
and thus produces slightly smoother forecasts
near the edges of the domain. The old RASP also
used ‘tendency’ boundary conditions, where the
weighted average was of the GASP and RASP
forecast changes through the timestep added to
the value at the previous timestep; the new system
does not use tendencies, but uses a weighted aver-

- age of the values from the external and internal

meshes. This change also produces slightly
smoother forecasts near the boundaries.

On the northern border of the forecast area,
the diabatic feedback from rainfall processes is
reduced by a factor (1-w) (see Eqn’1), which has
the effect of somewhat reducing spurious rainfall
along the northern boundary relaxation zone.

Results of trials

The new system has been run extensively in par-
allel with the operational RASP system, using the
same sets of observations, and boundary con-
ditions from the same global forecasts. That is,
operational data and boundary conditions have
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been duplicated exactly. Formal assessment and
objective verifications have been completed
between 8 November and 16 December 1992,
between 3 May and 15 June 1993, and between
16 October and 28 November 1993. In the first
two of these periods the system was run with a top
level of 10 hPa (19 model and 15 analysis levels),
while in the third period the top level was set to
50 hPa (17 model and 12 analysis levels).

Verification of MSLP and geopotential forecasts
The chief objective verification in these trials (fol-
lowing previous practice in BMRC and NMC) has
been the S1 skill score (Teweles and Wobus 1954),
with the verifying analyses being the operational
RASP analyses, but root mean square errors and
bias statistics provide additional information.
The S1 skill score verifications for the three
periods, with the number of forecasts available
(some forecasts could not be verified due to ar-
chival failures), are presented in Table 3. The new
system is producing more accurate forecasts at all
levels shown, and in all three assessment periods.

Table 3. S1 skill score difference between 24 and 36-
hour forecasts from the 150 km and 75 km
versions of RASP, using the operational
RASP analyses as verification. Positive dif-
ference indicates greater skill for the 75 km
system,

Period: 29.10.92 to 26.11.92 and 1-16.12.92

+24 h +36 h
MSLP +1.1 +2.2
500 hPa +0.3 +1.2
250 hPa +0.4 +1.7
No. of FCSTS 59 61

Period: 3.5.93 to 15.6.93

+24 h +36 h
MSLP +1.2 +2.5
500 hPa +2.1 +3.1
250 hPa +2.2 +3.6
No. of FCSTS 60 62

Period: 15.10.93 to 28.11.93

+24 h +36 h
MSLP +0.8 +1.6
500 hPa +0.9 +1.5
250 hPa +1.0 +1.9
No. of FCSTS 65 66

The impact at MSLP is similar for all periods;
however, the impact at upper levels is much
greater in the second (early winter) period when
active jet/trough systems were present. These skill
score differences are similar to the magnitude of
improvements shown by the operational trial of
the RASP system over its predecessor, FINEST,
during the winter of 1989 (NMC 1989).

Figures 2 and 3 show scatter plots of RASP ver-
sus RA75 S1 skill score for the 24 and 36-hour
MSLP forecasts for all three trial periods com-
bined. These reflect the averages in Table 2, with
the impact being greater at 36 hours than at
24 hours. Approximately 50 per cent more RA75
24-hour forecasts are more accurate than the cor-
responding RASP forecasts than less accurate,
and approximately twice as many at 36-hours.
While there is a strong positive correlation
between the two scores (some synoptic types are
‘easier’ than others) in both cases, it is interesting
that the 36-hour forecasts in particular show a
trend for greater impact at-the higher S1 skill
scores. This may be a function of the non-linearity
ofthe S| skill score, or it may indicate that the new
system is performing better in ‘hard’ cases.

Table 4 shows bias and root mean square MSLP
error for 24 and 36-hour forecasts for the second
two trial periods (archival problems mean that
these statistics cannot be recovered for the RA75

Fig.2 A plot of RASP versus RA75 S1 skill score for
24-hour MSLP forecasts for the three trial
periods.
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Fig.3 A plot of RASP versus RA75 S1 skill score for
36-hour MSLP forecasts for the three trial
periods.

60 * + * +
55 B
50 F ot

45 F + o
+

RA75

+
144
A0 pS o Sand
+
35r 74 SPU
+
30r Y +
251 PR
+

20

1 1 Il 1 A L 1 1 i !

20 25 30 35 40 45 50 55 60 65
RASP

Table 4. Bias and root mean square error verification
statistics (hPa) for 24 and 36-hour MSLP
forecasts for the trial periods 13 May to 15
June and 15 October to 28 November 1993.

"BIAS RMSE
RASP RA75 ~ RASP RA7S5
24-h fest —-0.87 —0.05 2.96 2.68
36-h fest -0.74 +0.33 3.59 3.28

forecasts for the late 1992 trial period). These stat-
istics have been calculated on the S1 verification
grid (see McGregor et al. 1978) against the RASP
analyses. This does introduce some element of the
analysis system into the verification which could
be avoided by verifying directly against obser-
vations; however, it does avoid the geographical
bias of the observations towards southeastern
Australia. The RA7S 24-hour forecasts have
essentially no bias, rather than the nearly 1 hPa
negative bias in the RASP forecasts. At 36 hours
the RA7S system has less than half the absolute
bias of the RASP system, but the bias has changed
from negative tc positive. In each period the
RA75 system has slightly lower RMS error, in
spite of the expected (and subjectively observed)
higher variance associated with the higher resol-
ution grid.

Objective verification of rainfall forecasts
Objective verification of rainfall is a difficult task.
One must consider the scales being forecast by
the relatively coarse grid of the forecast model,
the effects of local topographic forcing or strong
mesoscale or sub-mesoscale variations on station
observed rainfall, the importance of forecasting
(but not over-forecasting) rare events, etc. The
approach taken here was to prepare rainfall
analyses over Australia on a 37.5 km grid (1/4 the
RASP operational grid) using a simple Successive
Correction Method (SCM) analysis system
(Cressman 1959), with pass radii chosen to
approximately reflect the scales of the numerical
prediction grid. Input data comprise the Aus-
tralian telegraphic rainfall network, which con-
tains some 1250 stations reporting daily (although
the network is reduced on Saturday and Sunday,
and thus Monday data may contain a 48 or
72-hour total, essentially reducing the Monday
network as well). While this approach does not
take advantage of the some 6000 climate report-
ing stations, it does gain from the immediacy of
being able to analyse in real time (although the
climatological network has been used as input in
case studies). The density of the data reflects the
population density of Australia, and thus the
analyses are less reliable over the Lake Eyre basin
or the interior of Western Australia. These rainfall
analyses (archived by the NMOC) were used to
verify the rainfall forecasts from the two systems
over Australia south of 20°S, as the influence of
the lateral boundary conditions makes rainfall
forecasts near the northern boundary less mean-
ingful.

Anthes (1983) has reviewed means of verifying
categorical forecasts from mesoscale models, and
examples of operational verification of the US
NMC numerical rainfall forecasts are presented in
Junker et al. (1989, 1992). The statistics to be pre-
sented here are the bias, the critical success index
(CSI), the false alarm rate (FAR), and the prob-
ability of detection (POD) in different rainfall
categories. If the contingency table in Table § is
followed, these are defined as

BIAS=(NI + N2)/(N1+N3) .2
CSI=NI1/(N1-+N2+N3) 03
FAR =N2/(N1 + N2) ...4
POD =NI1/(N1+N3) .5

Bias represents the accuracy of a model to fore-
cast the correct area of a given threshold rainfall,
the CSI (or threat score) measures the accuracy of
the model to correctly forecast the location of
threshold rainfall. '

These statistics have been computed for 20
forecasts from the November to December 1993
trial period for which verifying analyses were
available for Tuesday to Friday. Only 24-hour
forecasts based at 2300 UTC were verified, in
order to approximately match the period of the
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Table 5. Contingency table defining terms in Eqns 2

to 5.
Event Event
observed not observed
Event forecast NI N2
Event not forecast N3 N4

Table 6. Rainfall verification statistics for 20 24-hour
forecasts between 15 October and 28 Novem-

ber 1993.
BIAS (6AY) FAR POD
RASP> I mm 1.17 0.24 0.64 0.42
RA75> 1 mm 1.30 0.28 0.62 0.50

RASP> 25 mm 2.03 0.04 0.94 0.13
RA75> 25 mm 0.84 0.09 0.81 0.16

verifying 24-hour rainfall observations. Statistics
for two forecast ranges will be shown here, the first
for forecast totals greater than 1 mm, to identify

the skill of the two systems to correctly discrimi-

nate between ‘rain’ and ‘no rain’, while the second
range is for rainfall amounts greater than 25 mm,
to compare the skill of the two systems in fore-
casting significant rainfalls (Table 6). It appears
that the bias of the RASP system to produce too
much heavy rain has been greatly reduced,
although the bias in a small over-prediction of
lighter rainfall has been slightly increased. The
other statistics indicate slightly better perform-
ance for the RA75 system, but it must be acknowl-
edged that this is only a very small sample.

Junker et al. (1989, 1992) present similar stat-
istics for forecast models over the United States,
and their statistics for the rain/no-rain case (cor-
responding to our ‘greater than 1 mm’ category)
are of a similar order, which is very encouraging,
but their skill as measured by CSI appears much
greater for the larger events, of which they have
many more. However, Mason (1989) and
Schaefer (1990) point out that CSI, in particular,
is highly dependent on the climatological prob-
ability of the event occurring, with CSI being
lower for rare events. Schaefer also makes the
point that ‘The score is a valid indicator of the
relative worth of different forecast techniques when
they are applied to the same environment’. Thus,
the magnitude of the CSI indices for the larger
rainfall events should be interpreted in the light of
their rare occurrence, and comparison of the CSI
for the two systems is the correct comparison to
make, subject to the proviso that the sample is
small.

Subjective assessment

All forecasts were subjectively assessed, com-
paring them with the RASP forecasts and with the
verifying RASP analyses, or with rainfall obser-
vations and satellite imagery as appropriate. The
broad character of the two sets of forecasts was
similar, as would be expected from the scatter
plots shown in Figs 2 and 3; this is not surprising
since the input data and lateral boundary con-
ditions are identical in the two systems. However,
in spite of case-to-case variability, there were
some general features which became apparent
after routine examination of a large number o
forecasts. '

For the MSLP forecasts these were: a slightly
better forecast of the WA trough and a rather bet-
ter forecast of the northern Australian heat low, a
tendency for slightly higher overall surface press-
ures (which was particularly noticeable in the
oceanic highs), slightly deeper lows and notice-
ably sharper mid-latitude trough patterns.

The rainfall forecasts from RA75 generally
depicted a more ‘banded’ structure than did the
RASP rainfall predictions, and showed a greater
similarity to the shape of cloud patterns. There
was a greater tendency for rainfall to be focused on
the windward slopes of ranges in on-shore flow,
and there was a tendency for the areas of forecast
rainfall, particularly the area of light rain around
major precipitation systems, to be reduced.

The upper-tropospheric forecasts generally
showed sharper trough/ridge patterns, with
stronger horizontal shears on the flanks of jet
steaks, and higher maximum speeds in the jet
streams.

A series of examples of forecasts from the trial
periods is presented in the remainder of this sec-
tion. These forecasts have been selected to dem-
onstrate the characteristic differences described
in general terms above, and thus are not necess-
arily those which showed the greatest forecast

_impact of RA75 over RASP.

Forecast based 1100 UTC 3 March 1993

Figure 4 shows RASP and RA75 36-hour MSLP
forecasts based at 1100 UTC 3 March 1993, with
the verifying RASP analysis. The features to note
here are the improved position of the low over
northwest WA, the better position of the WA
trough, and the higher pressures in the ridge
through Tasmania in the RA75 forecast. In
addition, the forecast trough-ridge patterns along
the southern boundary show a considerably
smoother progression in the RA75 forecast — a
consequence of the changed lateral boundary
condition blending.

Forecast based 2300 UTC 22 October 1993

Figure 5 shows RASP and RA75 36-hour MSLP
forecasts based at 2300 UTC 22 October 1993,
with the verifying RASP analysis. The chief
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Fig.4 Thirty-six-hour MSLP forecasts based at 1100
UTC 3 March 1993 from the RA75 (top) and
RASP (middle) systems. The verifying RASP
analysis is in the lower panel. The contour inter-
val in all panels is 4 hPa.

Fig. 5 Thirty-six-hour MSLP forecasts based at 2300
UTC 22 October 1993 from the RA75 (top) and
RASP (middle) systems. The verifying RASP
analysis is in the lower panel. The contour inter-
val in all .panels is 4 hPa.
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features to be highlighted in this forecast are the
higher forecast pressures in the Tasman Sea anti-
cyclone, and the stronger ridging from the Indian
Ocean in the wake of the trough through South
Australia (SA) in the RA75 forecast. Other differ-
ences are the sharper trough through SA, the
higher pressures in the low south of SA, and a
generally improved flow in the southwest of the
forecast area in RA75.

Forecast based 2300 UTC 26 October 1993

Figure 6 shows RASP and RA75 24-hour MSLP
forecasts based at 2300 UTC 26 October 1993,
with the verifying RASP analysis. Here the RA75
forecast shows a definite cold front through
western Victoria, with a second band of enhanced
cyclonic curvature further west, rather than the
broad zone of cyclonic curvature shown in the
RASP forecast. This appears to be a case where a






