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This paper substantiates and discusses the progressive improvements in medium-
range prediction skill resulting from enhancements to the horizontal and vertical
resolution of the Australian Bureau of Meteorology’s Global Assimilation and Pre-
diction system (GASP). Resolution sensitivity experiments designed to measure the
effects of anincrease in prediction model resolution alone are described. The results
of a parallel operational trial which led to the replacement of the wave 31, nine-level,
univariate configuration of GASP by the corresponding wave 31, 19-level (R31L.19)
.multivariate system are then presented. The operational R31L.19, and experimental
R53L19 predictions are compared with each other and with corresponding oper-
ational predictions, at still higher resolutions, from the European Centre for
Medium Range Weather Forecasts (ECMWF) and from the US National Meteoro-
logical Center. Finally, two case studies, one a significant severe weather event, and
the other a prediction of the spring 1993 stratospheric polar vortex, are shown to

illustrate the current capabilities of the system.

Introduction

In part 1 (Seaman et al. 1994), recent improve-
‘ments to the data assimilation and prediction
model initialisation methods used in the Aus-
_tralian Bureau of Meteorology’s Global Assimi-
lation and Prediction system (GASP) were
described. In this part, attention is focused upon
improvements to medium-range prediction skill
that are directly attributable to increases in hori-
zontal and vertical resolution. Such resolution
upgrades were made possible by the progressive
upgrading of the Bureau’s computing capacity
between 1990 and 1993.
Corresponding author address: Dr W.P. Bourke, Bureau of

Meteorology Research Centre, GPO Box 1289K, Melbourne,
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Following sections will describe: (a) sensitivity
experiments designed to study the effect, upon
medium-range forecasts, of enhanced prediction
model resolution alone; (b) a parallel trial, during
1992, of the GASP wave 31, 19-level (R31L19)
multivariate statistical interpolation (MVSI)
assimilation system, versus the then operational
R31L9 univariate (UVSI) system, which led to the
former replacing the latter in 1992; and (c) further
trials, during 1993, of the GASP RS53L19 system
that eventually led to its operational implementa-
tion in 1994. In (b) and (c), comparisons will also
be made with the performance of global models
from other operational centres. Finally, two case
studies of special interest will be presented.



20

Australian Meteorological Magazine 44:1 March 1995

Resolution sensitivity experiments

To understand further the impact of system
resolution on performance we examined the
sensitivity of the prediction skill due to model
resolution alone (as distinct from the improve-
ment that might occur as a result of assimilating
data at higher resolution). To explore specifically
the sensitivity to model resolution we utilised
high resolution analyses from the ECMWF for
initial conditions. The initial conditions obtained
from the ECMWF as spectral amplitudes at stan-
dard pressures (triangular truncation T106; 15
standard levels) were converted to the GASP
model format with appropriate truncation and
redefinition of sigma surfaces to match the top-
ography representation used at the relevant
resolution.

In implementing the 19-level version of the
GASP prediction model some changes to the par-
ametrisations of penetrative convection (Kuo
1974; Anthes 1977) and shallow convection
(Tiedtke 1988) were made relative to the nine-
level formulation described in Hart et al. (1990)
and in Tada et al. (1989). In particular, partition-
ing of the moisture supply between moistening
and heating was modified by choosing a value of
0.5 for the critical relative humidity in the Anthes
(1977) formula for the moistening parameter. For
layer relative humidity less than the critical value,
the convergence of moisture contributes only to
moistening, while for greater values both moist-
ure and heating occur with moistening decreasing
to zero as the layer approaches saturation. In
addition, the diffusion coefficients associated
with the shallow convection parametrisations
were reduced by 50 per cent, and the shallow con-
vective mixing is now also decoupled from the
lowest model level. These changes were made to
avoid an excessively active hydrologic cycle with
the 19-level model in the tropics in particular.
Finally, US real-time global sea-surface tempera-
ture analyses (Reynolds and Marisco 1993)
replaced the previously used climatological
temperatures.

The GASP model sensitivity to resolution was
examined by comparison of R31L9, R3I1LI19,
R63L9 and R63L19 predictions initialised with
ECMWF analyses for three initial conditions,
namely 1200 UTC on' 10, 12 and 14 January 1987.
These analyses had been prepared as part of a
study being sponsored by the Commission for
Atmospheric Sciences/Joint Scientific Com-
mittee (CAS/JSC) Working Group on Numerical
Experimentation on tropical prediction during
the Australian Monsoon Experiment (AMEX).
The anomaly correlation verifications of 500 hPa
geopotential averaged over these three cases are
shown in Fig.1(a) in both hemispheres for the four
resolutions. All predictions are verified against
the ECMWF analysis on a 3 X3 degree grid.

Although based on only three cases, the results
suggest a substantial gain in performance with
increasing horizontal and vertical resolution in
the southern hemisphere. However, in the north-
ern hemisphere at 500 hPa the most notable gain
in performance comes from increased horizontal
resolution. At 200 hPa (not shown) the positive
impact of both horizontal and vertical resolution
is quite marked in both hemispheres. An indi-
cation of the impact on prediction in the upper
levels of the model is shown in Fig. 1(b) which
shows the latitude-height plot of the bias error in
temperature prediction at five days averaged for
the three cases of R31L9 and R31L19 inte-
grations. The reduction in error in the definition
of the tropopause with the increased resolution is
quite marked, with the tendency to overestimate
the tropopause temperatures essentially elimin-
ated. The implied representation of the strato-
sphere in the nine-level model is clearly inad-
equate with errors of —6 K and +7 K above and
below the model level at approximately 70 hPa.

These results indicating potential gains in per-
formance as a function of increasing resolution
were becoming available as the design for the
operational implementation of the global system
incorporating MVSI was being developed. In
defining this initial implementation it was deci-
ded on the basis of the positive results obtained at
R31L19 and the then availability of computer
time to mount a parallel operational trial of the
system at that resolution, as described in the next
section.

Parallel operational trial of the
R31L19 MVSI system

“The R31L19 MVSI assimilation and prediction

system was run in parallel with the then oper-
ational R31L9 UVSI system for several months in
the second half of 1992. It should be noted that the
former system also utilised the incremental non-
linear normal mode initialisation described in
part 1, while the latter system employed the cor-
responding full field initialisation. Figure 2 shows
the verification scores (S1, bias, root mean square
(rms) error and anomaly correlation) of 500 hPa
geopotential for the southern hemisphere annulus
(20°-60° south) prediction to five days, averaged
over the month of September 1992 for several sys-
tems. They are the upgraded R31L19 MVSI-
based system (denoted as MV31), the then oper-
ational R31L9 UVSI system (G31), and the oper-
ational predictions from the ECMWF and from
the US National Meteorological Center (NMC).
The NMC results are from its aviation run (a rela-
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Fig. 1 (a) Southern hemisphere (upper) and northern hemisphere (lower) anomaly correlation verifications of 500 hPa
geopotential predictions between latitudes 20 and 60, at various resolutions, from ECMWF initial analyses and
verified against ECMWF analyses; (b) latitude-height plot of temperature bias error (K) in five-day predictions at
R31L9 (upper) and R31L19 (lower) resolutions. See text for details.
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tively early data cut-off of about three hours in
comparison to that of the Bureau (eight hours)
and that of the ECMWF (13 hours)). Each predic-
tion in Fig. 2 is verified against its own analysis.
For all verification quantities the ECMWF
T213L31 predictions are the most successful.
However, of particular note is the approach of the
R31L19 MVSI-based predictions to those of the
T126L18 results from NMC with in fact a reduced
bias in the former. From the viewpoint of the Aus-

(b

tralian operations the most relevant result is the
clear superiority of the R31L19 MVSI over the
R31L9 UVSI system. Also included on the panels
in Fig. 2 are error bars for the days three and five
predictions, indicating the approximate standard
error of estimate for the mean values presented.
These were calculated from the standard devi-
ation of the results over the month divided by the
square root of the number of degrees of freedom .
To allow for the temporal correlation in the
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Fig. 2 Anomaly correlation verifications during September 1992 of the southern hemisphere (20°-60° south) 500 hPa
geopotential R31L19 MVSI-based predictions (denoted MV31), the US NMC predictions (NMC), and the
ECMWF predictions (ECMW). The error bars for the day three and five predictions were computed as discussed

_ in the text,
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values, a time decorrelation length of five days
was assumed, giving effectively only six indepen-
dent samples (i.e. n=6) in computing the error
bars. This seems a conservative procedure which
should, if anything, overestimate the computed
standard error. For simplicity in presentation, an
average value over the individual experiments is
presented. The error bars indicate that the impact
at day three was highly statistically significant,
especially for the rms and anomaly correlation
measures. The day five results do not suggest very
high significance in a formal statistical sense.

More extensive testing of the MVSI-based
system was undertaken at higher resolution for a
limited period of data assimilation from a period
between 12 and 18 May 1992. Comparisons of
predictions for five base dates from 1200 UTC
May 14 to 18 were made for the following con-
figurations: .

(a) UVSI R31L9 denoted as G31;

(b) MVSI R31L19 denoted as MV31; and

(c) MVSI R53L19 denoted as MV 53.

In addition NMC and ECMWEF initial conditions
were used to initialise the GASP R53L19 model
as follows:
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Fig. 3 (a) Anomaly correlation verifications of southern hemisphere (20°-60° south) 500 hPa geopotential predictions, ‘
against their own analyses, for the five sets of initial conditions detailed in the text. (b) Similar verifications of the
US NMC operational predictions, and of the RS3L19 predictions based on the NMC initial conditions. (c) Similar
verifications of the ECMWF operational predictions, and of the RS3L19 predictions based on the ECMWF initial
conditions. (d) Similar verifications of all the R53L19 predictions (i.e. those based on MVSI and those based on

the NMC and ECMWF initial conditions).
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(d) NMC T126L18 initial conditions interfaced
for prediction in the GASP R53L19 model,
denoted as NG53; and

(¢) ECMWF T213L31 initial conditions inter-
faced for prediction in the GASP R53L19
model, denoted as EC53.

The verification scores averaged for the five
base dates for 500 hPa geopotential prediction in
the southern hemisphere annulus (20° to 60°S) are
shown in Fig. 3(a) for (a), (b) and (c), together with

the verifications of the corresponding operational
products from ECMWF and NMC. Again each
prediction is verified against analyses of the orig-
inating system. Although based on only five pre-
dictions, the gain of the R31L19 system (MV31:
the next to lowest curve in Fig. 3(a)) over the then
operational R31L9 system is evident, although it
is only at the resolution of RS3L19 that the MVSI-
based predictions match those of the T126L18
NMC system for this sequence of five predictions
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for May 1992. Figure 3(b) shows intercompari-
sons of the operational NMC predictions with the
R53L19 predictions based on the NMC initial
condition, Fig. 3(c) the intercomparisons of the
ECMWF operational predictions with the
R53L19 predictions based on the ECMWF initial
condition, and Fig. 3(d) the intercomparisons of
all of the R53L19 predictions (i.e. that based on
MVSI and those based on NMC and ECMWF
initial conditions). It is clear that truncation of the
higher resolution ECMWEF initial conditions.to
RS53L19 reduces the prediction performance, but
this reduction is less marked with the lower resol-
ution NMC initial condition.

The ECMWEF fields are generated operationally
at T213L31 resolution in the model’s hybrid
sigma coordinate system. The fields used here as
initial conditions had been interpolated to
T106L15 standard pressure-level data. The T106
resolution is thus not fully matched by the R53
representation but the impact of truncating the
ECMWEF analyses is not the essential concern
here; we are concerned with the quality of analy-
ses available at the resolution we are able to
implement (i.e. R53). The maximum loss of skill
associated with this truncation in both the model
and initial condition is suggested in Fig. 3(c)
although differences here also reflect the differing
model formulations as well.

The NMC Washington initial conditions here
were obtained as spectral fields at the full model
resolution of T126L18; in our processing they are
interpolated to 15 standard pressure levels using
the standard NMC (Washington) procedure for
reduction of surface pressure to mean sea level.
The spectral representation of these fields is then
analysed without aliasing at RS3L19. Again, the
intercomparison here is to assess the quality of
analyses available at the resolution of the BMRC
system. The closer equivalence of results in Fig.
3(b) in comparison to the divergence seen in
Fig. 3(c) reflects the overall superior performance
of the much higher resolution system operation-
ally available at ECMWF; the NMC resolution,
while substantially higher than the R53 GASP sys-
tem, is still well short of that used at ECMWF both
horizontally and vertically. The near equivalence
of all three R53L19 predictions (GASP, ECMWF
and NMC) suggests the close agreement of the
analyses from the various centres at this resol-
ution in the GASP model.

On the basis of the results of the parallel trials
from August to November 1992 the R31L19
MVSI global assimilation and prediction system
was implemented operationally in the Bureau of
Meteorology in December 1992. In continuing
research, further evaluation of the R53 GASP
system was undertaken as is described in the
following.

Assessment of the operational
system, and further developments in
1993

The R31L19 global MVSI-based assimilation and
prediction system ran operationally from Decem-
ber 1992 to March 1994, with predictions to five

-days available from 0000 and 1200 UTC each

day. A longer term perspective on the perform-
ance of this implementation of the Bureau’s large-
scale prediction system is seen in Fig. 4. Here we
show the mean monthly S1 scores in the Aus-
tralian region for 36-hour prediction of sea-level
pressure for persistence, for the hemispheric
R15L7 model that operated between 1976 and
1985, for the hemispheric R21L9 assimilation
and prediction system (1985-1990), the global
R31L9 UVSI system (1990-1992), and the
R31IL19 MVSI-based system (1993). Here the
verification analysis is an independent analysis
for the Australian region that has been oper-
ational since the early 1970s. Of note is the
marked gain provided by the enhanced analysis
component of the assimilation system introduced
in 1985 as a hemispheric scheme (HASP, the pre-
decessor to GASP), the ensuing gain with the
R31L9 global system, and more recent gains with
the R31L19 system. It is interesting to note that
S1 scores of 55 for 36-hour prediction-available in
1980-81 are now achieved at prediction ranges of
from 96 hours onwards, i.e. a gain of at least 2.5
days in accuracy has been achieved in the regional
prediction over the past decade with these
numerical systems.

The operational R31L19 MVSI system was rou-
tinely verified and the anticipated improvements
realised during 1993. It was also possible to trial
an R53L19 MVSI-based system against the MVSI
R31L19 system for much of 1993 as prelude to a
further upgrade to this higher resolution in 1994.
The comparison of the R53 and R31 system per-
formances measures the combined effects, within
the GASP system, of enhanced prediction model
resolution, and of assimilation at higher resol-
ution. The R53 option has become operationally
feasible with the upgrade of the Bureau’s Cray Y-
MP in 1993 from a two to a three central processor
facility. A substantial reprogramming of the glo-
bal prediction model was undertaken to enable
multitasking across the three processors. The
revisions to model software for spectral trans-
forms and overall model logic were designed to
provide multitasking and reproducibility of calcu-
lation and are set out in the appendix.

The overall impact of the MVSI and of the
increase in resolution up to R53L19, upon oper-
ational global analyses in the Bureau, is indicated
in the global observation-fitting statistics of
Table 1, which shows the rms statistics for mean






