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For more than a quarter of a century, Australian scientists have been active in
developing numerical weather prediction models for operational usage. One of the
earliest modellers was R.H. (Reg) Clarke, who in 1967 produced the first numerical
weather prediction for the southern hemisphere using the primitive equations of
motion.

In this paper we trace the development of limited area numerical weather prediction
over the Australian region from the early days to the present. Our primary emphasis
will be on the techniques used to solve the primitive equations; however, we also
examine other important aspects of numerical weather prediction. These include the
choice of lateral boundary conditions, the problem of making the best use of the
unique mix of conventional and remotely-sensed data available over the Australian
region, and the inherent predictability limitations of the atmosphere.

Finally, we discuss the directions limited area numerical weather prediction might

take in Australia during the 1990s.

Introduction

In a collogium held in Melbourne in 1967, Mr
R.H. (Reg) Clarke of the CSIRO Division of
Meteorological Physics stated that ‘Australian
meteorologists should consider the applicability
of primitive equation models to current forecast
problems’ (Clarke 1967). At the time, Reg was
attached to the Geophysical Fluid Dynamics Lab-
oratory (GFDL), then in Washington, but which
moved soon after to its current location in
Princeton. Following his return to Australia in
1968 Reg presented the first multi-level numeri-
cal forecasts for the southern hemisphere. These
had been carried out with the GFDL primitive
equations model which Reg helped to develop, his
major contribution being to the boundary-layer
formulation as described in another paper in this
issue (Hess 1992). Reg’s work in this area eventu-
ally was published in Monthly Weather Review
(Clarke and Strickler 1972). His words clearly
were heeded in that the Australian Bureau of
Meteorology issued the first southern hemi-
spheric operational model forecasts in 1973
(Gauntlett and Hincksman 1971; Gauntlett et al.
1972).
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Limited area (or regional) operational numeri-
cal weather prediction (NWP) over Australia, on
which this paper concentrates, has an even longer
history, with numerical forecasts (using one-level
models) being carried out at the University of
Melbourne in the early 1960s (Jenssen and Radok
1960). The first real-time forecasts issued by the
Bureau of Meteorology commenced in 1969
(Maine 1967). This quasi-geostrophic barotropic
model was far less sophisticated than the hemi-
spheric primitive equations model that Reg
Clarke introduced to the Australian meterological
community. Subsequently, a multi-level filtered
model replaced the barotropic model in oper-
ations (Maine 1972). However, as far as the
authors are aware, the first multi-level primitive
equations Australian region forecast was an ex-
perimental application of the British Meteoro-
logical Office’s operational model (White 1971).
It was not until 1977 that the Australian Bureau of
Meteorology implemented its own operational
limited area primitive equations NWP model
(McGregor et al. 1978). Since then, two major
operational upgrades have taken place: in 1986
significant improvements were made in both
model resolution and the representation of physi-
cal.processes (Leslie et al. 1985) and in 1989 an
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intermittent data assimilation procedure was in-
troduced (Mills and Seaman 1990).

At this stage it is necessary to define more pre-
cisely what we mean by the term ‘NWP’ in this
paper. Our concept entails two primary compon-
ents: firstly, an emphasis on integrating from
initial states based on real data (‘forecasting’)
rather than idealised initial states; and, second, a
requirement that the forecasts must be produced
in real time. The most important research goal of
NWP practitioners is to improve the quality of
these integrations, that is, to reduce the model
forecast error (MFE). MFE usually is defined in
terms of some measure of the difference between
the analysis, defined as the specification of the
state of the atmosphere at some point in time, and
the corresponding model forecast. For real-time
applications, model efficiency also obviously is of
crucial importance, but gains in efficiency gener-
ally are funnelled back into model improvements
directed at reducing the MFE. Indeed the objec-
tive of reducing MFE has been the preoccupation
of NWP modellers since the first forecasts in
1950, and considerable success has been achieved
since then. For example, Fig. 1 shows the six-
monthly running-mean of the S, skill score (de-
fined below) of the model forecast minus the S,
skill score of persistence, defined over the Aus-
tralian region, for the entire history of Australian
limited area NWP. Significant milestones, such as
the introduction of new models, are highlighted.
The S; score (Teweles and Wobus 1954; Anthes
1983) is an accepted objective measure of forecast
skill defined as

S, = 100Z|e]/X|max(d,.dp),

where ey is the error of the forecast pressure dif-
ference, d, is the observed pressure difference and
d;is the forecast pressure difference between two
points. Clearly, a lower S, score indicates a more
skillful forecast.

Fig.1 Six-month running mean of the S, skill score for
the Bureau of Meteorology’s regional NWP sys-
tems, measured against persistence. Historical
highlights are indicated. They include the intro-
duction of the filtered model (FM), the primitive
equations model (PE), the impact of FGGE data
(FGGE), the introduction of the 150 km 16-level
model (HR), the statistical correction scheme
(SC), and the regional data assimilation system
(RA).
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This improvement in model skill has been hard-
won, as there are many challenges in the devel-
opment of NWP algorithms, some common to
computational fluid dynamics (CFD) in general,
others peculiar to the discipline itself. In very
broad terms these may be split into three categor-
ies; numerical, physical and technological. The
numerical integration of a set of partial differen-
tial equations may appear straightforward, but is
in actuality beset with problems. One example is
the numerical treatment of the artificial lateral
boundaries present in limited area models.
Another is the phenomenon of ‘non-linear insta-
bility’, first identified in the pioneering work of
Phillips (1956, 1959). This instability arises when
non-linear interaction within the model attempts
to transfer energy down to length scales which the
model is incapable of resolving. It responds by
spuriously projecting this energy back up-scale to
a resolvable frequency (‘aliasing’) and the re-
sultant resolvable-scale energy growth leads
eventually to instability. In nature the down-scale
transfer of energy ends eventually in viscous dis-
sipation. In numerical models non-linear insta-
bility can be controlled by a number of techniques
such as the application of low-pass filters or
through the finite-difference algorithms them-
selves (Arakawa 1966).

The sheer number and complexity of physical
processes present in the atmosphere pose further
difficulties for NWP. Clouds play a vital role in
transporting water, heat and momentum through-
out the atmosphere but are very difficult to model
as they encompass, over a vast range of scales,
many physical processes most of which are only
poorly understood. Similarly, turbulence is a dif-
ficult problem even in the relatively ‘clean’ con-
text of simple laboratory experiments, but for
atmospheric applications there are many ad-
ditional complicating factors (for example, effects

- due to density stratification and heterogeneous
boundary-layer forcing). Representation of radi-
ative heating and cooling in a cloudy atmosphere
and the interaction of the free flow with the plan-
etary boundary layer also must be accounted for.
A description of the representation of physical
processes used by the Bureau of Meteorology Re-
search Centre (BMRC) operational model is given
by Hart et al. (1988). Moreover, even if these pro-
cesses could be modelled exactly, there are still
inherent limits to model forecast accuracy. In gen-
eral, future weather states are sensitive to small
variations in the initial state. The chaotic nature
of non-linear dynamical systems, such as the
primitive equations, was first discussed by Lorenz
(1963) and the estimate of a predictability limit of
about two weeks for global forecasts (Lorenz
1969) still is the generally accepted value.

The implications for limited area models ap-
pear mixed, and are possibly dependent on the
scale of the phenomenon simulated. In the re-
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gional-scale studies of Errico and Baumhefner
(1987) and Vukicevic and Errico (1990), it is
shown that predictability can be enhanced, in
comparison to global forecasts, by the use of one-
way lateral boundary conditions (in which ‘per-
fect’ large-scale data are continually fed to the
model through the inflow boundaries) and by sys-
tematic topographic forcing. Of course, enhanced
model predictability does not necessarily imply
enhanced atmospheric predictability. At very
high resolutions, such as those required for the
simulation of individual thunderstorms, the pre-
dictability problem can become severe, with rela-
tively small changes in the initial conditions (or
relatively minor changes in the physical para-
metrisations) leading to rapid solution divergence
(Lilly 1990). On the positive side, the a priori
classification of weather systems in terms of their
degree of predictability has profound impli-
cations for operations, in that it can be used to
provide the forecaster with error bounds on the
numerical forecast (Leslie and Holland 1991).

Finally, technology has driven NWP develop-
ment in two main ways; by providing ever-
increasing computer power and through the
steady introduction of new instruments for data
acquisition. The increases in computer power al-
low the use of higher resolutions, larger domains,
and more sophisticated numerical algorithms and
physical parametrisations. The associated hard-
ware changes (from scalar to vector to parallel to
massively parallel architectures) can have a pro-
found impact on the structure of the model code.
For example, the ‘on/off” nature of many physical
parametrisations is difficult to implement ef-
ficiently on massively parallel computers, particu-
larly on SIMD (single-instruction multiple-data)
machines. Of course, improvements in computer
technology are not just applied to models, but are
also used in processing the output to provide bet-
ter diagnostics and facilities such as animated
flow visualisation. Also it is clear that forecast
accuracy is related to the adequacy of the data
base, and in Australia data sparsity has long been
a major problem. Advances in observing systems
such as satellites, aircraft-borne instruments and
automatic weather stations will enhance the data
base significantly in the 1990s.

Within a broadly historical framework this
paper documents the evolution of limited-area
numerical modelling over the Australian region,
focussing on the following areas: the finite-
difference numerical algorithms used to perform
the model integrations; formulation of lateral
boundary conditions; methods for assimilating
available data; and schemes for the a priori esti-
mation of model forecast error. Particular empha-
sis is placed on techniques tailored to meet
operational requirements, such as model re-
liability and forecast timeliness. Therefore, major
areas such as particular methods of meteorologi-

cal data analysis, global modelling, Galerkin
methods (spectral and finite-element schemes),
and parametrisation of subgrid-scale processes
(usually referred to as the model’s ‘physics’), will
either not be covered or only touched upon.
Finally, we look at future directions that limited
area NWP may take in the next decade.

Numerical algorithms

In common with more general CFD, numeri-
cal techniques for integrating the governing
equations are judged on the basis of their robust-
ness, accuracy and efficiency. NWP differs from
CFD in setting such a high priority on robustness,
as it is considered vital that some numerical fore-
cast guidance be available for operational use at
all times. In contrast, an occasional model failure
istolerated in a research environment, and may in
fact be used as an indication that the problem
under consideration is simply too difficult for the
current model configuration to deal with success-
fully (Gresho and Lee 1981).

The primitive equations

The satisfaction of boundary conditions at the
ground is facilitated by the use of a terrain-
following vertical coordinate. The most common
choice for hydrostatic models is the ‘sigma’ rep-
resentation (Phillips 1957), for which the vertical
coordinate is o = p/p,.. The governing equations
can then be written as
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In Eqns 1 to 7, u and v are the horizontal velocity
components, w is the vertical velocity component
(w=doldt), ¢,T,0,p,p, are the geopotential, tem-
perature, potential temperature, pressure and
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surface pressure respectively, f is the Coriolis
parameter, and m is the map factor for the chosen
projection. One of the advantages of the Lambert
conformal map projection is that local derivatives
of the map factor are very small so that the f. term
can be neglected, and in operational Australian
region models using this projection the term has
always been discarded.

Early models

Methods for the time-integration of partial differ-
ential equations commonly are categorised as
either ‘explicit’ or ‘implicit’ (Richtmyer and
Morton 1967; Roache 1982). Explicit methods
suffer from a severe restriction on the allowable
size of the time-step (with a concurrent loss in
efficiency) when the governing equations support
very fast modes, as is the case with the full primi-
tive equations. In contrast with the simplicity of
the explicit approach, implicit methods require
the solution of a set of simultaneous equations
at each time-step, however the restriction on
the time-step is relaxed. Major centres around
the world with sufficient computer capacity
(for example, National Meteorological Center
(NMC), Washington, the UK Meteorological
Office, Japan Meteorological Agency) chose to use
explicit schemes such as the leap-frog, Lax-
Wendroff and Matsuno methods respectively (see
Mesinger and Arakawa (1976) for details of ex-
plicit time-differencing schemes). However, the
relatively limited computing resources available
in the early 1970s meant that regional NWP in
Australia was restricted to filtered models. Fol-
lowing the path set by the classical work of Char-
ney et al. (1950), the earliest forecast models
assessed for operational usage were filtered baro-
tropic models of various kinds (Maine 1967). As
mentioned above, a quasi-geostrophic barotropic
model was the first operational limited area NWP
model in Australia (Maine 1967). The domain
over which the forecasts were made is shown in
Fig. 2 and it has remained as the operational fore-
cast domain for the Bureau of Meteorology for
over twenty years. (It has been expanded recently
to minimise the impact of error propagation from
the lateral boundaries into the forecast region.)
Several years later a multi-level filtered model was
introduced operationally (Maine 1972).

The 1970s :

The 1970s saw the emergence of efficient semi-
implicit and split-explicit approaches (Robert et
al. 1972; Gadd 1978). Both recognise that the fast-
est modes are associated only with certain terms
in the governing equations (the RHS of Eqns 1, 2
and 4), but adopt different strategies for treating
these terms. The semi-implicit technique lin-
earises these terms and then time-averages them

Fig.2 The Australian region analysis/forecast domain,
introduced in 1969 and to be replaced in 1992 by a
larger domain that, in particular, extends further
into the tropics. The crosses show the grid-points
at the original regional resolution of 254 km.
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over two or three time levels, thereby rendering
them implicit. This implicit treatment of the lin-
earised gravitational mode terms results in the
allowable time-step being restricted only by the
slower advective and Rossby modes and typically
allows the time-step to be increased by a factor of
between four and six. The split-explicit method
uses an operator-splitting approach (Marchuk
1971) to separate the fast and slow mode compon-
ents of the equations, and the fast mode terms can
then be integrated separately using a series of
small time-steps. Efficiency of the method as a
whole is achieved as the fast mode terms are rela-
tively inexpensive to calculate.

In Australia the semi-implicit path was the only
one considered for the production of operational
24-hour predictions in the available time. Follow-
ing several years of model development (see, for
example, Gauntlett et al. (1976)) the filtered
equations model finally was replaced in oper-
ations by a semi-implicit primitive equations
model in 1977 (McGregor et al. 1978). The limi-
tations imposed by the computing environment
of the time considerably restricted the model con-
figuration to 250 km horizontal resolution and six
levels in the vertical. Representation of physical
processes in the model also was very simple. It
consisted of a constant flux surface layer with a
drag coefficient of 0.004 and 0.001 over the land
and oceans respectively; mixing-length theory
above the surface layer; and precipitation
processes comprised of large-scale ascent based
on a relative humidity threshold. A version of the
Arakawa-Schubert convection scheme was tested
initially but not used in the operational configur-
ation of the model.
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The 1980s

The 1980s was both a period of maturation, in
which the split-explicit and semi-implicit tech-
niques became established in NWP centres
around the world, and a period of active research
which saw the introduction and subsequent rapid
development of the semi-Lagrangian method. As
the name suggests, the method results from a
change in viewpoint from an Eulerian to Lagran-
gian perspective, which simplifies the governing
equations, but introduces an additional compli-
cation in that trajectories must now be calculated.
For the simplest case of passive advection of a
scalar quantity @, governed by the equation,

dQ _ ... 8
dt ’

a Lagrangian calculation for the value of Q at grid
point (x;,y;) at time £ 8¢ yields

Qxp,ypt + Al = Q(x*,y*,1), ... 9

where (x*,y*,1) is the beginning of the trajectory
which ends at (x;y,!+ Af). The numerical im-
plementation of Eqn 9 requires two calculations,
the evaluation of x* and y*, and an interpolation
from known grid-point values to find the value of
@ at that point. There are many ways to estimate
the trajectories and perform the interpolations
and this has led to a proliferation of publications
on the topic, beginning with the fundamental
paper by Robert (1981), which extended earlier
similar types of schemes to a formulation valid for
Courant numbers greater than unity. Further
important contributions were also made by
Bates, McDonald, Ritchie, Staniforth, Temper-
ton and C6té, and a comprehensive summary
of their work and others is given in the recent
review article by Staniforth and Co6té (1991).
The improvements introduced include ‘non-
interpolating’ schemes, global applications, gen-
eral improvements to the accuracy of both the
trajectory and interpolation procedures and, most
importantly, the extension of the approach to the
barotropic and full primitive equations in combi-
nation with both split-explicit and semi-implicit
schemes.

In Australia, operational NWP concerned itself
mainly with improvements to the existing semi-
implicit model, in particular increases in resol-
ution to 150 km in the horizontal and 12 levels in
the vertical, and the introduction of a much more
sophisticated physics package (Leslie et al. 1985).
By the end of the eighties the Australian region
analysis and forecast systems were integrated into
a six-hour cycle intermittent data assimilation
system referred to as ‘RASP’ (regional assimi-
lation and prognosis). The RASP system, which
has 16 levels in the vertical and is described in
detail in Mills and Seaman (1990), is discussed
further in a later section.

The 1990s

During the late 1980s and early 1990s a consider-
able amount of research was carried out within
BMRC on model formulation in an attempt to
develop a NWP model that would replace the
RASP model and fit within the multi-processor
supercomputer environment of the 1990s. There
was a number of key research findings that re-
sulted from this research effort and they are sum-
marised as follows. Firstly, contrary to the almost
universal opinion (Haltiner and Williams 1980)
that the non-staggered grid (or A-grid in the no-
tation of Arakawa and Lamb (1977)) was unsuit-
able for NWP modelling, it was demonstrated that
the A-grid was a very attractive one (Purser and
Leslie 1988). The argument against the A-grid was
that it was inaccurate relative to the other, stag-
gered, grids, due to the problem of two grid-length
noise associated with grid separation. Purser and
Leslie showed that simply by using high-order dif-
ferencing operators, which are introduced very
easily, finite-difference approximations could be
made at least as accurate as those on any of the
other grids. In addition, they pointed out that
none of the grids handle features at the highest
wave numbers and the noise generated in the A-
grid could be removed simply by the application
of well-designed low-pass filters (Purser 1987).

The arguments presented above for the hori-
zontal non-staggered grid were extended to the
vertical, where it was shown further that the use of
high-order operators in the vertical significantly
improved the accuracy of the forecasts and, once
again, demonstrated that the non-staggered grid
was a suitable choice (Leslie and Purser 1991). Of
particular interest is the use of ‘compact’ schemes
for high-order differencing in the vertical (Leslie
and Purser 1992). Such schemes both reduce
truncation error (by significantly reducing the size
of the coefficient of the leading truncation error
term), and help to avoid the stencil-width prob-
lems which occur near the ground and the top
boundary.

Given the research findings described above,
and the acquisition of a vector supercomputer by
the Australian Bureau of Meteorology, the choice
of models for the 1990s was reduced essentially to
either a semi-implicit, semi-Lagrangian scheme
(with no time-step restriction) or an explicit
scheme. Both approaches are very efficient on
vector machines. The choice finally settled upon
was a two time-level explicit scheme with third or
higher-order differencing on a non-staggered grid.
This choice was made basically because of the
simplicity of the code, the ease of introducing
high-order differencing, and because the semi-
Lagrangian scheme still has some unresolved
issues concerning the calculation of the departure
point, at least for very small-scale features with
strong deformation on a length-scale comparable
to the model grid spacing (Seibert and Moraiu






