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In July 1996 a new limited area numerical weather prediction model
and data assimilation system was implemented operationally by the
Australian Bureau of Meteorology to provide twice-daily 48-hour fore-
casts over the Australian region. The forecast model has a horizontal
latitude/longitude grid spacing of 0.75° in its operational form, but rou-
tinely runs over an inner mesh with a grid spacing of 0.25°. This sys-
tem, known as LAPS, was developed in the Bureau of Meteorology
Research Centre (BMRC). It is the purpose of this paper to provide a
detailed description of the new system, to document the results of the
pre-operational trials in the BMRC, to present examples of its perfor-
mance in significant weather events, and to indicate directions of fur-

ther development.

Introduction

The use of limited area models for operational weather
prediction over Australia by the Australian Bureau of
Meteorology (ABM) has a long history. The first real-
time forecasts commenced in 1969 using a quasi-
geostrophic model (Maine 1967), and the first opera-
tional limited area primitive equations model was
implemented in 1977 (McGregor et al. 1978). This
model had a horizontal resolution of 250 km with six
vertical levels. In 1986 significant improvements were
made in both model resolution (150 km with 12 levels)
and the representation of physical processes (Leslie et
al. 1985). In 1989 an intermittent data assimilation pro-
cedure was introduced (Mills and Seaman 1990). This
latter system, the Regional Assimilation and Prediction
(RASP) system, had a horizontal resolution of 150 km
with 11 pressure levels for the analysis and 15 sigma
levels in the forecast model. The analysis used a uni-
variate statistical interpolation scheme with mass-wind
blending using variational methods. RASP had a rela-
tively simple parametrisation of physical processes
which included a stability-dependent boundary layer
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with eddy diffusivities given as functions of bulk
Richardson number, vertical diffusion above the
boundary layer based on a mixing length hypothesis, a
surface heat budget with a prognostic surface temper--
ature equation, large-scale precipitation and a Kuo-
type cumulus parametrisation. In 1994 the resolution
of the RASP model was increased to 75 km and 17
sigma levels and the number of analysis levels was
increased to 12.

The RASP system was designed specifically for
extratropical numerical weather prediction (NWP). -
However, approximately half of the area of the
Australian continent lies in the tropics and there is a
need for improved forecasts there. The Tropical
Analysis and Prediction System, TAPS (Puri et al.
1992; Davidson and Puri 1992) which was implement-
ed operationally in November 1992 was developed to
address this need and overcome some of the problems
specific to tropical NWP. TAPS has a horizontal reso-
lution of 95 km and 19 levels in the vertical. The analy-
sis scheme is an adaptation of the scheme used in
RASP. The model includes detailed parametrisation of
physical processes which are similar to the ABM’s
operational Global Assimilation and Prediction
(GASP) system (Seaman et al. 1995; Bourke et al.
1995). TAPS also incorporates a number of novel fea-
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tures which include the use of profiles of tropospheric
moisture derived from GMS IR cloud imagery to sup-
plement the standard observing network (Mills and
Davidson 1987), tropical cyclone bogus data
(Davidson et al. 1993), satellite imagery to prescribe
convective heating and a diabatic dynamical nudging
scheme for assimilation and initialisation (Davidson
and Puri 1992). These features have led to improved
model performance in predicting severe weather
events, such as tropical cyclone tracks, monsoon circu-
lation and heavy rainfall events in the Australian trop-
ics (see Davidson and Puri 1992).

The last few years have seen a significant increase in
the ABM’s computing power. In addition there have
been significant developments in most areas of NWP
including improved numerics, parametrisation of physi-
cal processes, a considerable increase in the number of
meteorological observations, particularly satellite-based
observations, greater utilisation of these data through
improved analysis methods, and developments in ini-
tialisation techniques. There was thus a clear need to
upgrade RASP which has not had any recent major
improvements. There was also a need to unify the run-
ning of both RASP and TAPS within a single system.
Furthermore both RASP and TAPS were developed in
an era of scalar computers and were therefore not suited
to the current supercomputers which rely on efficient
vectorisation and parallelisation.

The following sections of this paper will describe the
design and structure of the components of LAPS, pre-
sent results of forecast trials in the form of skill scores,
and present some case studies demonstrating its perfor-
mance in a variety of weather situations.

Description of components of LAPS

Although LAPS is globally relocatable, its design has
been determined by specific features of the Australian
region. The Australian continent has significant areas
covering the tropical and extratropical domains, sur-
rounded by large oceanic areas. These features and the
associated variety of weather phenomena dictated that
flexibility in terms of domain location and size, grid res-
olution and physical parametrisations be designed into
the system. An additional consideration was the short
data cut-off required for the intended short-term (0-48
hours) forecast application. This requires the system to
be efficient so that the forecasts are available in a time-
ly fashion, and have access to locally retrieved and
processed remote sensing data (TIROS Operational
Vertical Sounder (TOVS), moisture profiles, cloud-drift
winds), and synthetic data to alleviate the lack of con-
ventional data over the large ocean areas surrounding
the Australian continent.

Model

The model equations are formulated on a latitude/longi-
tude grid. The governing equations are the multilevel
primitive equations for momentum, mass, temperature
and moisture written in the advective form (except for
the mass equation which is written in the flux form) and
using the sigma coordinate representation in the vertical.
Details of the form of the equations are as in McDonald
(1986) and will not be repeated here.

" The Arakawa A grid (non-staggered) is used, rather
than the more usual C grid. Purser and Leslie (1988)
have demonstrated that the loss in accuracy associated
with the A grid can be regained by using higher order
differencing (see below), and moreover high-order
schemes are simpler to implement on an A grid. A (and
B) grids suffer from mode-splitting; however, correction
terms have been introduced as suggested by Mesinger
(1973) and Janjic (1984) which significantly ameliorate
this problem.

The model can be run either as a fully-explicit code,
or in an operator-split form in which the horizontal
advection terms are updated separately on a slower
time-scale. The split form offers savings in computing
time over the fully explicit method. Within each of
these categories there are four possible time-stepping
schemes available: Miller-Pearce, Heun, Matsuno, and
Adams-Bashforth (see Miller and Pearce (1974);
Mesinger and Arakawa (1976) for details). The Heun

"and the Matsuno schemes were included primarily as

part of the development process. The Miller-Pearce
scheme, which is routinely used in LAPS, is a two time-
level scheme so it has low memory requirements. It is
the cheapest of the two time-level schemes to run,
requiring only three evaluations of the right-hand side
(RHS) of the prognostic equations per two time-steps.
Here the RHS of the prognostic equation is defined as
the sum of all terms of that equation except for the local
time derivative term. The Adams-Bashforth scheme
requires more memory (three time-level scheme), but is
faster to run (one RHS per time-step).

High-order spatial differences have been used wher-
ever possible to ensure that the accuracy is at least that
of second-order C grid models. In the horizontal
momentum equations there are three options for the sur-
face pressure gradient and geopotential gradient terms:
second, fourth, or sixth-order central differencing. The
default option is fourth-order differencing. In the calcu-
lations for the surface pressure tendency it was felt
desirable to use a mass conservative formulation, and
this is most easily achieved using second-order differ-
encing. The momentum equations are not in the conser-
vative form. Vertical advection terms are roughly sec-
ond-order accurate. There are six possible options for
the horizontal advection terms; first, third and fifth-
order upwinding and second, fourth, and sixth-order
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central differencing. These options can be used on a
field-by-field basis, i.e. one scheme can be used for the
momentum components, another for the mixing ratio.
The third-order upwind scheme (see, for example,
Takacs (1985) for details) is the routinely used option. It
has excellent phase properties, at the cost of introducing
some numerical dissipation. However, in practise, this
dissipation is no greater than the horizontal diffusion
used in models. When the Courant number is less than
unity, the relationship between Eulerian and semi-
Lagrangian schemes is much closer than one might at
first expect. In the context of one-dimensional advection
of a passive scalar by a constant velocity field,
Dietachmayer (1990) has demonstrated the formal
equivalence of the (Eulerian) single-step Lax-Wendroff
scheme and the semi-Lagrangian scheme based on qua-
dratic interpolation. The methodology used to develop
the Lax-Wendroff scheme can be readily extended to
construct arbitrary nth-order methods, which, under the
same conditions as above, can also be shown to be
equivalent to semi-Lagrangian schemes using the nth-
order polynomial interpolation. Given this equivalence
for admittedly simple equations, one might expect to see
very similar performance between Eulerian and semi-
Lagrangian methods when applied to more complex
problems. This conjecture is substantiated by the results
of Leslie and Dietachmayer (1997), in which the quali-
ty of numerical simulations of two-dimensional ‘hot
bubble’ experiments was found to have virtually no
dependence on the choice (semi-Lagrangian or
Eulerian) of advection scheme used. Thus, efficiency
considerations aside, the arguments used to support the
adoption of third-order semi-Lagrangian in NWP mod-
els apply equally well to our choice of Eulerian third-
order upwinding.

Physical processes

The physical parametrisations used in the model are the
same as used in the Global Assimilation and Prediction
system (GASP). The constant flux layer is parametrised
using the Monin-Obhukov formulation with stability-
dependent drag coefficient. The vertical eddy transports
in the free atmosphere are parametrised using the mix-
ing length formulation with stability-dependent mixing
lengths. The model has options to use either the Tiedtke
mass flux convection scheme (Tiedtke 1989) or the Kuo
cumulus convection parametrisation (Kuo 1974); the
mass flux scheme which includes shallow, mid-level
and deep convection is the normal option. A separate
shallow convection scheme (Tiedtke 1987) is used to
simulate transport of heat and moisture by low-level
non-precipitating clouds when the Kuo cumulus con-
vection is used. Large-scale condensation is applied if
the relative humidity exceeds a specific threshold.
Linear second-order horizontal diffusion is applied to all

model variables (except surface pressure). Ground
hydrology and heat conduction through the soil are also
included. The radiation scheme is the Fels-Schwarzkopf
scheme which uses a combination of Lacis and Hanson
(1974) parametrisation for solar wave lengths and the
Fels and Schwarzkopf (1975) method for terrestrial
wavelengths, and includes diurnal variation. Cloud
amounts and heights are diagnosed following Rikus
(1991). Details of the various parametrisations are given
in Hart et al. (1990) and Puri et al. (1992).

The analysis system

The analysis system is a limited area adaption of the glob-
al multivariate statistical interpolation (MVSI) analysis
described in detail by Seaman et al. (1995), and which
closely follows Lorenc (1981). Fields are analysed on the
same latitude/longitude/sigma coordinate system used by
the forecast model, the sigma vertical coordinate being
used to keep vertical interpolation between coordinate
systems to a minimum during the assimilation process.
The MVSI analysis interpolates to the analysis grid the
observed increments from a first guess of geopotential
height, geopotential thickness, and winds to produce
three-dimensional grid-point fields of geopotential and
wind components. Surface pressure data are transformed
to increments of geopotential before use.

Briefly, the analysed increment at a grid-point f, is a
linear weighted sum of the observed increments f;,
where both observed and analysed increments are nor-
malised by pre-specified root mean square six-hour
forecast (guess field or prediction) errors. That is,

fe=Zwi; ..l

The weights are determined by least-squares minimisa-
tion of ensemble error, solving the following equation,

w=(P+0)lq .2

where P and O are the normalised covariance matrices
of prediction error and observation error for all pairs of
observations, and q is the vector of normalised predic-
tion error covariances between observation points and a
grid-point. .

The specification of observational error and prediction
error has followed Seaman et al. (1995) for the initial
implementation of this system, but the prediction errors
will be refined based on statistics from this system as they
accumulate. Horizontal correlations use a Gaussian corre-
lation function, following Lorenc (1981), with a length
scale of 500 km. The height-wind correlation functions
are adjusted for geostrophic consistency outside the trop-
ics, but are progressively decoupled equatorward of 30°,
and allow the analysis of divergent wind increments fol-
lowing Daley (1985). The vertical correlation functions
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follow Hollingsworth and Lonnberg (1986), and a
Gaussian temporal correlation function with a time-scale
of six hours is used to account for asynoptic observations.

The MVSI is formulated to use large data volumes,
and smaller analysis subvolumes within which the same
data selection is made for all grid-points within the
analysis subvolume. Data used for the analysis within a
subvolume are chosen from an area larger than the analy-
sis subvolume itself. The maximum number of data
points which can be selected in a subvolume is 1000. In
the application described in this paper, two data volumes
are used, and analysis subvolumes are typically of the
order of 1000 km on a side, and overlap by two grid
rows. Analysis subvolumes may be further subdivided in
the vertical if data density indicates that this is necessary.
Quality control consists of a preliminary very wide gross
error check followed by ‘cross-validation’, in which each
datum is compared with an analysis with that datum
withheld. The reader is referred to Seaman et al. (1995)
for more detail on all aspects of the analysis system.

The moisture fields are analysed using a three-
dimensional univariate SI analysis (Steinle and Seaman
1996) with mixing ratio as the analysed variable.

Data used in the analysis comprise all available sea-
level pressure data, radiosonde geopotential, radar
winds, TOVS thickness and moisture data received over
the GTS and also locally processed TOVS data
(LeMarshall et al. 1994a), cloud-drift winds produced
by the ABM (Le Marshall et al. 1994b) and by the Japan
Meteorological Agency, wind observations received
from commercial airliners (AMDAR winds), and bogus
moisture data based on the cloud classification scheme
of Mills and Davidson (1987). Over the oceans south
and west of Australia bogus sea-level pressure observa-
tions generated in the Bureau's National Meteorological
Operations Centre (Guymer 1978) are used. Bogus data
to represent the tropical cyclone vortex (see Davidson et
al. 1993) are used when there is a named cyclone in the
LAPS domain. Data distributions are shown in Fig. 1,
which shows typical distributions for mean sea-level

Fig. 1 Typical data distributions available for LAPS analysis - MSLP (top left), 500 hPa temperature and bogus mois-
ture(top right), 850 hPa winds (bottom left) and 200 hPa winds (bottom right).
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pressure (MSLP), 500 hPa temperature and bogus mois-
ture, and 850 and 200 hPa wind. Most of the surface
observations over the oceans south and west of Australia
are synthetic data generated in the ABM’s National
Meteorological Operations Centre; the wind plots show
a mix of radar wind data over land, fleets of cloud-
tracked wind vectors (particularly over the oceans at
850 hPa), and AMDAR wind data, with long flight
tracks at the upper levels. The temperature data are seen
as widely spaced radiosonde reports over the land, and
dense swathes of TOVS data marking the orbital tracks
of the NOAA series of satellites.

First guess fields for the analyses are provided either
from the operational GASP fields, or from short-term
forecasts from LAPS generated during the data assimila-
tion process. As part of the routine monitoring and verifi-
cation of LAPS, data-fitting statistics for all fields, levels,
and observation types are routinely computed for the
guess, analysis and initialised analysis gridded data, using
the quality control flags generated by the analysis to
exclude erroneous or doubtful data. Typical examples of
these statistics are shown in Fig. 2 for a 10-day period at
both 1100 and 2300 UTC during pre-operational trials of
LAPS. The statistics are for the fit of MSLP data from
SYNOP stations, 500 hPa geopotential height from
radiosonde data, and 250 hPa root mean square vector
wind error for rawin data, to the guess field (six-hour
forecast), the analysed field, and to the analysed field
after initialisation (see below) for the final analysis.
Statistics for radiosonde height are only shown for the
2300 UTC analysis times due to the limited number of
radiosonde observations over Australia at 1100 UTC. It
can be seen that the guess fields are being corrected to fit
the data to near the specified observational errors. It can
be further seen that the initialisation makes relatively lit-
tle adjustment to the analyses. For the MSLP analyses,
particularly, this is a considerable reduction in the adjust-
ment of the fields from the RASP system (see, for exam-
ple, Table 2 of Mills and Seaman (1990)). As both the
analysis and initialisation schemes are different for the
two systems, it cannot be determined whether it is the
improved balance in the MVSI analyses or the differing
characteristics of the digital filter initialisation (see
below) to the RASP vertical mode initialisation, or a com-
bination of the two which is producing the improvement.
There is some suggestion that the fit of observations to
the analysed fields is less good when the guess field
errors are greater. This is a consequence of the assump-
tions of the MVSI analysis.

Surface boundary conditions

The model topographic heights and land/sea/sea-ice
mask are obtained by weighted averaging of the US
Navy six-minute global dataset to the appropriate model
grid. The weighting used is the Cressman (1959) influ-

Fig.2  Root mean square differences between observa-
tions and interpolated first guess, analysis and
initialised analysis fields for MSLP (hPa) at
SYNOP stations (top), 500 hPa geopotential
height (zpm, middle), and vector wind (m s-1) at
250 hPa for rawin observations (bottom). The
abscissa represents 20 analysis times during
March 1996, with alternate times being 2300
UTC and 1100 UTC.
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ence function with a decreasing radius of influence as a
function of increasing resolution. Similar procedures are
used to derive the sea-surface temperature (SST) on the
model grid. The dataset used is the operational ABM
one degree SST analysis (Smith 1995). Examples for the
topography generated for the 0.75° and 0.25° model
grids are shown in Fig. 3.
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Fig. 3 Topography (m) for the 0.75°(top) and 0.25°( bottom) resolution models. Contours plotted are 100, 300, 500, 700, 900,
1200, 1500, 2000, 2500 and the maximum values are denoted in metres.
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Initialisation
The initialisation scheme used in the model to control
spurious gravity-inertia oscillations is the digital filter
scheme of Lynch and Huang (1992, LH92). In this
scheme an adiabatic initialisation is performed by carry-
ing out two short model integrations, one forwards and
one backwards from the initial time. For each model
variable at each grid-point and level, this produces a
sequence of values centred on the initial time. Each
sequence is processed with a simple low-pass filter and
the resulting values comprise the initialised data. LH92
used a filter based on the Fourier transform of an ideal
frequency response function, modified by a Lanczos
window. For a cut-off frequency corresponding to a
period of six hours, a filter span of six hours is required;
this requires forward and backward integrations of three
hours. In order that the backward integration be physi-
cally reasonable, all irreversible processes must be dis-
abled. Therefore, both the forward and backward inte-
grations are performed with the physics switched off.
The major advantage of digital filter initialisation
(DFI) is its simplicity and ease of implementation in any
model. The DFI technique can be applied without
knowledge of the model normal modes which is espe-

Fig. 4
without (dotted) initialisation.

cially useful for limited area models or global models
'using other than standard geographical coordinates. The
technique uses values produced by the model, with the
same horizontal and vertical levels used for the forecast.
Thus any changes to the model formulation automati-
cally apply to the filtering process. The DFI technique is
very effective in suppressing high frequency noise. An
example of this effectiveness can be seen in Fig. 4 which
shows the variation in the surface pressure with time at
four different model grid-points for integrations with
and without initialisation. The small variations in the
initialised pressure traces probably reflect the switching
off and on of diabatic processes during initialisation and
model forecasts respectively. They could be reduced
further by the inclusion of diabatic proceses during ini-
tialisation, as described below.

A disadvantage of DFI is that it is more expensive in
terms of computer time, although as discussed in LH92
this can be reduced by careful design of digital filters
which allows the use of a shorter filter time span.
Although adiabatic initialisation is currently used, LH92
have also proposed a simple extension to include dia-
batic processes and Huang and Lynch (1993) have
demonstrated the effectiveness of this extension.

Variation in the surface pressure (hPa) with time at four different grid-points for integrations with (full line) and
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