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A new numerical weather prediction model has been developed for short-term
forecasting (up to 36 hours) over the Australian region. It is a primitive equations,
hydrostatic model which has variable resolution in the horizontal and vertical and
which can be used in a ‘telescoping’ manner to provide fine mesh forecasts over a
specified sub-domain.

The main features of the model are a vertical mode initialisation scheme, semi-
implicit time differencing, and the incorporation of physical processes including surface
fluxes of momentum, heat and moisture, large-scale and convective precipitation,
and a surface temperature diurnal cycle.

In an attempt to achieve simplicity and flexibility the model has been designed to
hold all variables in the memory of the computer, thereby greatly reducing both the
amount of coding, and the time required for a forecast.

The model has been run on a wide variety of case studies, designed to test the various
aspects of the model. Three examples are given here as they well illustrate the
forecasting capabilities of the model. The first case study is that of a Western
Australian coastal trough, for which the inclusion of the surface temperature scheme
is essential to capture the diurnal variation and movement of the trough. A second
case study is the movement of a cold front for which resolution and rainfall
parameterisations are crucial. Finally, an example of Tasman Sea cyclogenesis shows
that the role of resolution is decisive, and that the surface temperature prediction
scheme is necessary to predict the marked nocturnal cooling in the cold air surge west
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of the system.

Introduction

Numerical weather prediction (NWP) in Australia
is now into its second decade, the first operational
multi-level model having been introduced by the
Bureau of Meteorology in 1971 (Maine 1972; Noar
and Young 1972). This model was a *filtered’ model,
that is, one in which gravity waves are removed from
the equations by applying quasi-geostrophic scaling
assumptions.

The next model implemented operationally by the
Bureau of Meteorology was the so-called Australian
region primitive equations (ARPE) model
(McGregor et al. 1978). This model was introduced
in September 1977 and was a considerable advance
upon the previous filtered model in that the
assumption of quasi-geostrophy was not applied,
thereby allowing a wider range of scales of motion,
including all the gravity wave modes down to the
level of resolution of the model. This operational
version of the ARPE model had a horizontal grid

spacing of 254 km and six levels in the vertical, and
was run with virtually no representation of physical
processes. In spite of these limitations, imposed by
the needs of operational deadlines and available
computer resources, there has been a steady
improvement in the level of skill of the NWP systems
dating from the introduction of the improved
analysis scheme and the ARPE model in 1977. Figure
1 shows the S, skill scores at mean sea level (MSL)
and 300 mb over the period since the introduction
of the filtered model. Also indicated are some of the
major changes that have been made to the NWP
system. As a point of reference, the current level of
MSL S, skill is running in the low 40s compared with
the low 30s for regional models in the USA. This
difference of 10 points reflects both data scarcity and

- the limited computing resources that have hitherto

prevented the operational usage of more complex,
high resolution NWP models.
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Fig. 1 Mean sea level pressure and 300 mb geopotential
height S1 skill series for the operational prognoses
produced by the Bureau of Meteorology.
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While it has not been possible to make substantial
improvements to the operational version of the
ARPE model, continued development of the model
has been made in the research area. The benefits of
increased resolution (Leslie et al. 1981), improved
representation of physical processes (Leslie 1980;
Skinner and Leslie 1982), and improved analyses and
initialisation (Mills 1981; Mills and McGregor 1983)
have been documented using more advanced versions
of the ARPE model.

The next model developed at the Australian
Numerical Meteorology Research Centre (ANMRC)
was known as the moveable fine mesh (MFM) model
(Gauntlett et al. 1984), and was intended as a
research tool for performing detailed forecasts of
significant synoptic-scale phenomena at high
resolution (down to 30 km). The model has been used
to carry out a number of case studies, notably on
the southerly burster and on data sets prepared
during the Cold Fronts project {Ryan 1982).

These improvements could not be passed on to the
operational system due to the inadequacies of the
Bureau’s original IBM 360/65 computers. However
in 1982 the Bureau of Meteorology acquired a
FACOM M200 computer, a machine with up to
5000K bytes of available memory, and a moderate
instruction speed (approx. 9 MIPS). While it is not
one of the fastest computers available to weather
services around the world, it nevertheless made
possible the improvement of the operational NWP
systems both in terms of resolution and in the
physical processes that can be included in the model.
It was soon apparent, however, that to best use the

resources of the new computer, a radical departure
from the design of the previous models would be
necessary if the new model was to combine the
benefits of increased resolution and complexity with
operational efficiency.

With the last point in mind, work commenced on
a new ‘in-core’ version of ARPE early in 1984. The
basic aim was to hold all model variable arrays in
the memory of the computer, so that nearly all the
input/output operations were removed, thereby
greatly diminishing the total computer time required
for a forecast. The opportunity was also taken to
make the ARPE model more general and more
flexible, and to incorporate a procedure whereby the
model could be ‘telescoped’, that is, used to provide
forecasts of increasingly higher resolution over
subsets of the basic model domain. By nesting the
model within itself in this way, the in-core ARPE
could be used to provide the same type of high
resolution case studies as the MFM model. Finally,
the in-core ARPE model has been fitted with a
package of subroutines that allows for a better
simulation of what are usually referred to as ‘physical
processes’. Broadly, this term applies to the turbulent
vertical transports of momentum, heat, and
moisture, and to both large-scale and convective
precipitation.

This design has made it possible to replace the
original operationgl ARPE model, which had six
levels, 254 km grid spacing, and virtually no
representation of physical processes, with a 10-level,
150 km version of the in-core ARPE model, which
has a boundary layer formulation that is a function
of the Richardson number, diurnal radiation cycle,
a surface heat budget, and a precipitation prediction
scheme. Operational trials are currently being
undertaken with this form of the model. Thus,
although the gap between research capabilities and
operational reality will continue, it has been
narrowed substantially. However, the telescoping
fine mesh option cannot be utilised in the operational
environment. This means that in the foreseeable
future the horizontal resolution of the operational
model will be restricted to between 100 and 150 km,
whereas the fine mesh model in a research
environment can be run regularly at horizontal
resolution as low as 20 km.

In this paper the in-core ARPE model is described

. in full detail both in the main text and in the

appendixes. The model has been tested now on a
large number of cases designed to assess the relative
importance and influence of the various options
available in the model. Three case studies are
examined in detail here, chosen because they show
how the various features of the model play decisive
roles in particular weather events. In the first case
study, the surface temperature prediction scheme is
necessary for predicting the diurnal variation of
surface pressure over the continent and also in
providing forecasts of the diurnal variation of surface
temperature at selected stations. The second case
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study is an example from the Cold Fronts Research
Programme Phase Il (Ryan 1982) in which two
aspects of the model were tested, namely, the effect
of resolution on the prediction of the front and also
the effect of resolution and parameterisation of
cumulus convection on a developing trough in the
easterlies over the Tasman Sea. Finally, an east coast
cyclogenesis event reveals the crucial role played by
model resolution in predicting the intensity and
position of the low pressure system. Also’in this case,
the cold southerly air surge to the west of the cyclone
is predicted well only when the surface temperature
scheme is employed.

Description of the model

Model design

The basic strategy of the model was directed at
meeting the following requirements:

(i) Reliability, that is, the model should always
be computationally stable. This is achieved by
the use of a semi-implicit time integration
scheme and an energy conserving space
differencing scheme on the advective terms.
The semi-implicit scheme treats the gravity
wave terms implicitly, while the advective
terms are treated explicitly, but with a time
step set no higher than 80 per cent of the CFL
criterion.

(i) Efficient production of forecasts up to 36
hours ahead in an operational environment.
The tight schedule imposed by limited
computing facilities meant that a ratio of
computation time to total time close to unity
was desirable. To this end, the model has been
written with all arrays stored in-core, the only
input/output of data being at the specified
forecast intervals. This has resulted in a
computation to elapsed time ratio of about 0.8
(in operational priorities).

(iii) Simplicity and flexibility also are implied by
(ii) in that the amount of coding and system-
dependent operations are reduced greatly.

(iv) The inclusion of physical processes that are
necessary for the modelling of synoptic-scale
features, such as an adequate representation
of the planetary boundary layer (PBL), a
diurnal thermal cycle, and the simulation of
large-scale and convective precipitation.

Model details

The main model features are given in Table 1 and
are described in detail below.

Governing equations. The model is formulated in
terms of the primitive equations for the momentum,
mass, moisture, and thermal energy. These equations
can be written in either flux form or advective form.
The integrations are carried out on the staggered
Arakawa C-grid using a semi-implicit time
differencing scheme. Full details of the equations and
the solution procedure are given in Appendix 1.
The model domain. The basic domain is the current
Australian region analysis/forecast domain, shown
in Fig. 2. Forecasts up to 36 hours ahead are
performed on this domain. In addition, as will be
described in more detail below, a salient feature of
the model is that it can be ‘nested’ within itself to
provide higher resolution forecasts over a selected
area of interest. The number of grid- pomts in the
horizontal typically is about 2500.
Analysis/initialisation. The objective analysis scheme
used by the Bureau of Meteorology has been
described extensively by Seaman et al. (1977). It has
a domain which covers the area shown in Fig. 2, and
a horizontal grid spacing of 250 km. Geopotential
height, wind components, temperature, dew-point,
stream function, and velocity potential are analysed
or diagnosed at eight pressure levels (1000, 850, 700,
500, 300, 250, 200, and 100 mb). Observed thickness
and wind components are analysed by successive
correction, and the calculus of variations is used to
blend scalar and gradient geopotential information
on each constant pressure surface.

Table 1. Principal features of the ANMRC fine mesh model.

Model feature Description

Horizontal resolution
Vertical resolution
Temporal differencing
Spatial differencing

Semi-implicit.
Arakawa C grid.

Optional, typically between 30 km and 250 km.
Sigma coordinate, optional number of levels, usually between 9 and 15.

Flux form of momentum equations with second order differencing on ad-

vective terms.
Initialisation

Vertical mode initialisation.

Parameterisation -of physical 1. Stability dependent boundary layer, with eddy diffusivities functions of

processes

bulk Richardson number.

2. Vertical diffusion above boundary layer based on mixing length

hypothesis.

3. Surface heat budget with prognostic equation for surface temperature.
4. Large-scale precipitation.
5. Modified Kuo convection.
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Fig. 2 MSLP analyses at 0000 GMT and 1200 GMT 6 January and at 0000 GMT 7 January 1981 (a, b, ¢), 12-hour and
24-hour prognoses based on (a), and using full physical parameterisations (d) and (e), and 12-hour and 24-hour
prognoses without the surface temperature scheme ((f) and (g)).
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In the research mode, an objective analysis scheme
that includes a three-dimensional variational
blending of geopotential and gradient information
over the analysis domain is available. This scheme
has been used most commonly with the same
resolution as the operational model (see for example
Mills 1981); however, it has been used with a
horizontal resolution of 127 km over Australia, and
62 km over a region of North America (Mills and
Hayden 1983).

Keenan et al. (1984) have adapted the univariate
optimum interpolation objective analysis scheme of
Davidson and McAvaney (1981) to provide analyses
of surface (screen) temperature and dew-point at
3-hourly intervals over the Australian region, on a
1°x 1° latitude/longitude grid. These analyses can
be used to supplement the three-dimensional analyses
above.

The interpolation from the pressure surfaces of
the analysis scheme to the sigma surfaces of the
prognosis model is achieved using cubic spline
interpolation between the analysis levels, and
extrapolation using assumed lapse rates for
temperatures and thermal wind relationships for the
wind components. Surface values of temperature and
wetness are either derived from the values at the
lowest sigma level, or derived directly from the
surface temperature and dew-point analyses. In
either case great care has been taken to ensure that
the surface temperature and the temperature of the
lowest sigma level are consistent with the
requirements of the surface boundary layer
formulation used in the model.

The vertical mode initialisation scheme of Bourke

and McGregor (1983) is used then on option and with
a choice of filtering conditions. The inner fine-mesh
prognosis may be initialised either from an
interpolated version of the outer mesh initial state,
or from a separate fine mesh analysis which could
contain higher resolution information.
Lateral boundary conditions. (a) Coarse mesh
boundary conditions. The values of variables at the
lateral boundaries of the coarse mesh are specified
in two possible ways. The simplest method is to hold
all variables constant and to control the effects of
this overspecification by applying a filter at the
penultimate boundary points. An alternative and
preferred method uses the boundary relaxation
technique of Kallberg (1977) to nest the model within
the hemispheric spectral model developed by Bourke
et al. (1977). This technique is applied as follows:
suppose Agy, is the change in value over a timestep
of a variable, ¢ which may be u, v, T, q or ps«,
predicted by the model equations, and Ags is the
corresponding change in the spectral model value.
Then the near-boundary value of the tendency of ¢
is defined as a weighted average of A¢, and Ag,.
That is,

Ap=(l —a)Ap, + axd g
where « is a profile which drops off from a value

of 1 at the boundary to 0 at a specified distance from
the boundary. In this model « = 1 — tanh (aj) where
a = 0.5 and j is the number of grid-points to the
nearest boundary.

(b) Fine mesh boundary conditions. When a fine
mesh forecast is to be carried out, the coarse mesh
model is run first and the required boundary value
tendencies for the fine mesh stored on a data file.
The model is then executed on the chosen fine mesh
domain with the boundary values calculated using
the nesting procedure just described. That is, if Ap,
and Agp are the coarse mesh and fine mesh
tendencies respectively then the tendency used is

Ap = (1 — a) Agp +a Apc

Parameterisation of precipitation. The prediction of
precipitation consists of two successive adjustment
procedures: a cumulus convection scheme based on
a modified version of Kuo (1965), followed by a
large-scale saturation adjustment.

(a) Cumulus convection. The cumulus convection
scheme closely follows Kuo’s original scheme in that
it models the consequences of a simultaneous
occurrence of large-scale moisture convergence and
conditional instability. However certain changes have
been made on the basis of suggestions by
Hammarstrand (1977) who showed that the
unrealistically low precipitation rates produced by
the Kuo (1965) scheme could be improved by
increasing the partitioning of the large-scale moisture
convergence into the release of latent heat in the
cloud and decreasing the proportion that goes into
the moistening of the model cloud.

(b) Large-scale condensation. Large-scale
condensation is allowed to occur where the mixing
ratio exceeds 95 per cent of the saturation value at
any model level. The excess is treated as precipitation
and an adjustment is made to reduce the mixing ratio
to its saturated value and increase the temperature
such that moist static energy is conserved.

Full details of both the correction scheme and
large-scale precipitation are given in Appendix 2.

Parameterisation of vertical exchanges of momen-
tum, heat, and moisture. The surface turbulent fluxes
of momentum, heat, and moisture are calculated in
a manner similar to that proposed by Louis et al.
(1981) for the European Centre for Medium Range
Weather Forecasting (ECMWF) model. In this
approach it is assumed that the turbulent fluxes may
be computed from an eddy diffusivity formulation
in which the eddy diffusivities are functions of the
stability of the layer. In the surface layer the
similarity theory of Monin and Obukhov (1954) is
used to suggest the form of the functional
dependence on stability, while above the surface layer
the mixing length theory of Blackadar (1962) is
employed. To ensure continuity with the surface
fluxes, the dependence of the eddy diffusivity with
stability is assumed to be the same as for the surface
fluxes. Full details are given in Appendix 2.
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Prediction of surface temperature. The surface
temperature, T, is predicted following Bhumralkar
(1975)

a_TS = (Fg + F; # LFW)/Cy + (Ty — Ty/7-

ot
where Fg, Fy, and F,, are the fluxes of radiation,
sensible heat, and water vapor; T, is the deep soil
temperature; Cy is the heat capacity of the surface
layer; and 7 is the time scale for the restoring effect
of the deep soil layer. The method for calculating
Fy is given in Appendix 2.

The equation for T; is applied only over ground
and is solved using the implicit procedure described
by Bhumralkar (1975). Over the oceans the sea
surface, T, is held at the climatological value.

Initial values of T, are specified from either an
analysed field or by extrapolation to the surface from
the lowest internal model sigma-level.

Topography. In the present version of the model,
a heavily smoothed topography data set has been
used. A more realistic representation is currently
being prepared and will be available for future
numerical experiments in which topographic detail
plays an important part in forcing the flow.

Climatologically specified parameters. Seasonal
climatologies of albedo, deep-soil temperature,
ground wetness, and monthly values of sea-surface
temperatures are used for the radiation, boundary
layer, and surface temperature calculations.
Roughness lengths over the continent are specified
according to Garratt (1977), and over the sea using
Charnock’s (1956) formula.

Case studies

Various aspects of the model’s sensitivity to the phys-
ical parameterisations and resolution will be
described in this section. While different features and
resolution of the model will be demonstrated in the
different cases, the following are common to each
of the case studies:

(i) All forecasts were run using 10 vertical lev-
els in the model. Sigma levels were 0.995,
0.95, 0.9, 0.85, 0.7, 0.5, 0.4, 0.3, 0.2, 0.1.

(i) All forecasts were initialised from the oper-
ational analyses archived by the Bureau of
Meteorology. The telescoped forecasts were
initialised using the interpolated fields from
the coarse mesh model, with the same
representation of topography (i.e. highly
smoothed).

(iii) All outer (coarse-mesh) forecasts were run
with the same horizontal resolution as the ar-
chived operational analyses, i.e. 254 km, and
over the same domain.

(iv) It has been demonstrated by Leslie et al.
(1981) that lateral boundary conditions play
a major role in the accuracy of 24-hour prog-
noses, even well into the domain of the
model. Operationally these boundary values

are specified by a hemispheric prognosis
model. The aim of this paper, however, is
to demonstrate the features of the model,
rather than to simulate an operational anal-
ysis/prognosis system. For simplicity and to
eliminate errors caused by incorrect values
of boundary tendencies, boundary tenden-
cy values for the outer mesh forecasts in these
cases were specified using the archived
regional analyses for each case; i.e. ‘perfect
prognoses’ boundary conditions were
applied.

Case 1: West coast trough 0000 GMT 6 January —
0000 GMT 7 January 1981

This case was selected as one in which the effects of
the surface heating and the stability-dependent
boundary layer formulations could be demonstrat-
ed on the model’s 24-hour forecasts during a period
of intense heating during summer. While the west-
coast trough is present and evolves during this peri-
od, the situation is not strictly one of classical west-
coast trough development as described by Skinner
and Leslie (1982), in that little development of the
trough occurs over the 24-hour period of the
forecast. '

Figures 2 (a) to (¢) show the analysed mean sea
level pressure (MSLP) charts for 0000 and 1200 GMT
6 January and at 0000 GMT 7 January 1981. Figures
2 (d) and (e) show the 12 and 24-hour MSLP fore-
casts based at 0000 GMT 6 January with all physi-
cal parameterisations activated, while Figs 2 (f) and
(g) the equivalent MSLP forecasts, but without the
surface temperature prediction scheme turned on.
While there are no dramatic differences in the
24-hour forecasts over the continent, the modula-
tion of the surface pressure over the continent by the
diurnal cycle of radiation heating is apparent, with
the heat low in the northwest of the continent in the
12-hour forecast, being well positioned, while
without the surface heating the low is actually fore-
cast to be over the ocean. It should be noted that
this diurnal modulation of the surface pressure ex-
tends over most of the continent, as can be seen by
comparing the relative positions of the 1012 mb iso-
bar on the analysis and the two prognoses at 1200
GMT and 0000 GMT.

Figures 3 (a) to (d) show forecast cross-sections
across the west coast of the continent of potential
temperature from the model at 6, 12, 18, and 24
hours from the start of the integration of the fore-
cast without surface heating, while Figs 4 (a) to (d)
show the same cross-section from the model with the
surface heating scheme operating. The cross-section
extends along line A-B. General features are appar-
ent. After six hours a deep mixed layer has developed
over the continent under the influence of the strong
daytime heating, and the temperature gradient near
the coast is beginning to strengthen. By 1200 GMT
the deep mixed layer over the eastern part of the sec-
tion is no longer evident, although surface tempera-






