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Three modifications to the Australian Bureau of Meteorology’s Australian Region
Primitive Equations (ARPE) model are described. These include the introduction of
high resolution topography, a three-layer soil moisture scheme for the prediction of
surface moisture and a second-moment turbulent closure scheme for the vertical
transport of momentum, heat and moisture. A case study of an east coast cyclone
which inundated Sydney with extreme rainfall on 5 August 1986 is presented to
demonstrate the impact of these modifications. This case has been previously stud-
ied by the second author and the results here are an extension of that work. We
demonstrate that the ARPE initialisation procedure of simply interpolating the
coarse mesh topographical heights and model fields to fine mesh grid-points is
conditionally unstable and can produce excessive rainfall at isolated grid-points.
Computing new surface pressures and sigma surfaces based on the topographical
heights and adjusting the model fields to these surfaces provides a robust initial-
isation. Sensitivity of the results to model resolution and physics is illustrated. The
location, value of maximum precipitation and other objective measures of skill are
improved with the new model. It also produces a rain-band over the sea at the loca-
tion of the cloudband shown in the GMS satellite picture, which the existing model
does not. The skill of the new model, however, deteriorates for 24-hour precipitation

amounts greater than 50 mm.

Introduction

Numerical weather prediction (NWP) as a fore-
casting tool in the Australian Bureau of Meteor-
ology has a history spanning nearly two decades.
The first NWP system became operational in
1971 with the implementation of a seven-level fil-
tered baroclinic model (Maine 1972; Noar and
Young 1972). This model was replaced seven
years later by a primitive equations model re-
ferred to as the Australian Region Primitive
Equations (ARPE) model (McGregor et al. 1978).
The ARPE model, which operated on a grid with
six vertical levels and 250 km horizontal resol-
ution, covered the region shown in Fig. 1; it forms
the prototype for the model used today.
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The ensuing years have seen significant devel-
opment of this model with regard to initialisation,
resolution and inclusion of parametrised physical
processes. The aim of this paper is to describe
three new modifications to the ARPE model and
document their impact. The modifications are the
incorporation of a higher resolution topography
data set than the one currently used; a prognostic
equation for soil moisture (ECMWF Research
Department 1984); and the implementation of a
new vertical diffusion scheme based on the sec-
ond-moment closure models of Mellor and Ya-
mada (1974, 1982)' to replace the existing empiri-
cal parametrisation scheme of Gerrity (1977) and

+In the paper we follow the terminology of Mellor and Yamada

. (1974) and Galperin et al. (1988) to specify the level of com-

plexity of the turbulent closure model, since our model is based
on their results. Unfortunately alternative terminologies also
exist in the literature. This type of model is sometimes referred
to as a turbulent kinetic energy (TKE) model or as an order 1.5
model (Stull 1988).
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Fig.1 Domain over which the ARPE model operates.
Subgrids A to C represent the regions over which
the 75, 50 and 30 km east coast low simulations
are performed.

Phillips (1979). A modification to the horizontal
filtering scheme has also been made to ensure
smoother transition between unfiltered and fil-
tered variables.

These changes have been tested on a variety of
cases of cold fronts and topographically modified
fronts known as Southerly Busters (Mclnnes
1991). In addition to this they have been success-
fully incorporated into a limited area model of the
Antarctic region. The case study which is pre-
sented here is an east coast low which was respon-
sible for the worst flooding of the Sydney metro-
politan area in over a century (Lynch 1987; Hess
1990). The simulations are performed at various
resolutions in order to assess the robustness of the
new scheme.

We begin by briefly describing the modifi-
cations to the model. These sections are followed
by a synoptic overview and the modelling results
for the case study. We conclude the paper by dis-
cussing the strengths and weaknesses of the new
model.

The model

A detailed description of the ARPE model with
regard to the equations and solution procedure is
given in Leslie et al. (1985), however, for com-
pleteness, a brief summary of the most relevant
features of the model and its initialisation pro-
cedure is given here.

The governing equations are the flux form of
the hydrostatic primitive equations for momen-
tum, mass, thermal energy and moisture, utilising
a normalised pressure or sigma (o) coordinate in
the vertical. The equations are solved numerically
with a 150 km grid resolution over the domain
shown in Fig. 1. The positioning and number of
vertical levels is variable; however, computing
constraints limit the maximum number of levels

to about 14. In the operational configuration, only
12 levels are used. A semi-implicit time differenc-
ing scheme is used to solve the equations of
motion on a staggered Arakawa C-grid (Messinger
and Arakawa 1976). The model is initialised using
objective analyses produced routinely by the Bu-
reau of Meteorology at 1100 and 2300 UTC each
day (Seaman et al. 1977). These data are enhanced
at the surface with additional surface temperature
and dew-point information using an optimal
interpolation objective analysis scheme (Keenan
et al. 1986) and finally, dynamical consistency of
the initial fields is insured by the application of a
vertical mode initialisation scheme (Bourke and
McGregor 1983). Analyses provide the boundary
conditions which are applied using a nesting pro-
cedure. The model is capable of being run at
higher horizontal resolutions anywhere within the
Australian region grid shown in Fig. 1. The higher
resolution simulations are ‘one-way’ nested
within the coarse resolution simulations.

The topography schemes

The current topography scheme

The ARPE model topography is presently ob-
tained by interpolating elevations from a 1°X1°
latitude-longitude data set from NCAR to the
coarse grid (150'km) and applying a light smooth-
ing procedure. Fine mesh simulations use in-
terpolated values of the coarse mesh topography.
This means that the spatial resolution of the fine
mesh topography is no better than the coarse mesh
topography. The fields of surface pressure, wind,
temperature, mixing ratio, and the model par-
ameters are also interpolated to the fine mesh
grid-points. Below, we demonstrate that this pro-
cedure can lead to incompatibilities in the fields,
particularly in regions of strongly changing topo-
graphic gradients. The incompatibilities are
exhibited by excessive precipitation at a single,
isolated grid-point.

The new topography scheme

The new scheme for high resolution simulations
obtains elevations interpolated from a 5° X 5 lati-
tude-longitude data set from NCAR. Because of
the initialisation problem mentioned above, a
new initialisation procedure was devised for the
high resolution topography. The elevation data
interpolated to the fine mesh grid-points are fil-
tered using a Shapiro filter (Shapiro 1975) to
eliminate 2Ax waves and any negative elevations
are set to zero. Surface pressure values from the
coarse model are interpolated to the fine mesh,
reduced to sea level, and then adjusted to the
heights of the new topography. Once the new sur-
face pressures are known, new sigma surfaces are
calculated and the mean fields of horizontal wind
components U and V and temperature T are log-
arithmically interpolated to the new sigma sur-
faces, using spline functions under tension.
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The hydrological cycle

The current surface moisture scheme
In the current ARPE model the surface mixing
ratio R, is found from the diagnostic relation

Rs=szsat+(l_Sw)kaax .

where S, is the soil wetness (held constant at 0.3),
R, the saturated mixing ratio at the surface and
Ry max the mixing ratio at the lowest model
level.

The new surface moisture scheme

In the new formulation a three-layer model is used
to predict the amount of liquid water in the
ground (ECMWF 1984). This formulation is anal-
ogous to that for temperature. Soil layers from top
to bottom have depths of D;=0.072m,
D,=6D; m and D;=6D, m, respectively. The
mean liquid water for the surface layer W and for
the middle (deep) layer W4 obey the following
equations:

IW, _ = E, AW — W)
t  puo +Pet 12,Dy(D, + D5) -2
Wy _ MW= Wy) AW, —Wy) 3
6t D2D3 l/ZDz(Dl + D2) o

where W, is the climatological value of liquid
water in the bottom layer (held fixed for each
simulation), E; the evaporative flux at the surface,
Py the rain rate (ms~!), A the diffusivity for
water, py, o the density of water and t the time. For
consistency we require

W< W, and Wy< 6W,,, .. .4

where W, = 0.025 m. If the conditions in Eqn 4
are exceeded, run-off is assumed to take place.
The factor of 6 in Eqn 4 arises from the ratio of the
depths of the soil layers; the value of 0.15 (i.e.
6 W_..,) is taken from the study of Mintz and Ser-
afini (1989). The soil wetness is calculated from

—minf Vs
Sw mm(w ,1) ...5

sat

where W, =0.75W_,., which accounts for the
soil acting as if it were saturated before W, reaches
Wax- The initial surface moisture field is ob-
tained from analyses of surface temperature and
dew-point data (Keenan et al. 1986).

We recognise that vegetation needs to be par-
ametrised in the model. The simple bare soil
model used in this study is merely an interim step;
plans are under way to introduce a more realistic
parametrisation of land-surface interaction in the
near future.

The diffusion schemes

The current ARPE vertical diffusion scheme
The vertical diffusion scheme used in the existing
ARPE model is a first-order closure scheme based

on the scheme used in the limited fine mesh
(LFM) model of Gerrity (1977) and Phillips
(1979). For simplicity we shall refer to it as the
LFM scheme. Although the LFM scheme achieves
its purpose of mixing momentum, heat and moist-
ure, it has internal inconsistencies in its formu-
lation. .

The atmosphere in the LFM scheme is divided
into two parts: the planetary boundary layer
(PBL) and the remainder of the atmosphere. In
the lowest model layer a simple stability-depen-
dent drag formulation for the surface stress 7, is
used:

2= PsCp U Uy max .6

where Cp, is the drag coefficient, p; is the air den-
sity at k max, Uy ,,, the horizontal velocity vector
at k max and U ={U} ..x + VE max]”. The drag co-
efficient is determined empirically and over land
it is a function of the topographic height.

Since the second lowest model layer is assumed
to lie above the PBL, the turbulent stress at that
level can be neglected. The following finite differ-
ence approximation to the vertical diffusion equa-
tion can then be made:

k4 — _ Gyw ~ YW 7
ot k max 0z 2pk maxAZk max
where W represents the mean quantities U, V, @
and R, yis the equivalent turbulent fluctuation, w
is the vertical velocity fluctuation and z is the ver-
tical direction. This assumption restricts the ver-
tical resolution of the formulation. In implement-
ing Eqn 7, a compromise is reached between
strictly obeying this assumption and resolving the
boundary layer. The lowest model level is taken to
be at Oy max = 0.98 (i.e. Azy oy~ 170 m).

The turbulent fluxes at the surface are elimin-
ated from these equations using Eqn 6 and

awspst=Hs=pstCDU(Ts_ Gcma) - -8
Liw; p,=LE;=Lp,Cp U(R;— Ry max) .9

where H; is the surface heat flux, E, the surface
evaporative flux, C, the specific heat at constant
pressure for air ancr L the latent heat of vaporis-
ation.

A further contradiction arises in this formu-
lation now when we assume non-zero turbulent
fluxes at model levels above the lowest layer by
parametrising the vertical fluxes using a K-theory
formulation:

yw=K P ...10
where the eddy diffusivity, K, is an empirical
function of the bulk Richardson number.

The vertical levels used in this model are:
c=0.98, 0.95, 0.92, 0.88, 0.84, 0.80, 0.75, 0.70,
0.60, 0.50, 0.40, 0.30, 0.20, 0.10. The LFM tur-
bulent diffusive scheme is applied operationally
at all vertical levels, including those outside the
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PBL, and the equations are solved explicitly using
the Dufort-Frankel differencing procedure (Hal-
tiner and Williams 1980).

The second-moment closure scheme
The second-moment closure scheme used here is
based on the model developed by Mellor and Ya-
mada (1974, 1982), Yamada and Mellor (1975),
Yamada (1983), Hassid and Galperin (1983) and
Galperin et al. (1988). The term second-moment
means that, unlike in the LFM method, we now
_cemploy.equations for second moments of turbu-
lent quantities to derive expressions for the eddy
diffusivities. We call the level of complexity of
the model level 2%, following Galperin et al.
(1988).

The model is divided into two parts as before:
the lowest layer and the remaining levels.
However this time we choose the lowest model
level to be in the surface layer (constant flux layer)
where Monin-Obukhov similarity theory applies,
Oy max = 0.999 (AZy o = 8 m). The non-dimen-
sional gradients of wind speed @y, potential tem-
perature ®y and mixing ratio ®g are functions of
the stability z/L:

o) ()5

.11

k max
z 9
=)= .12
()= (%)%l .
z kz z
z = = ...13
QE(L) ( )az K max CI’“<L>
where ui = 1/p, 0,=—Hyd/p,Cyuy, ro=—EJ/

Ps Uy, kis von Kérman sconstant (ﬁ 0.4),Listhe
Obukhov length,

L=—

ug

(e)(5e)
6vkmax pscp

The dependence of @y, and @y has been deduced
from field experiments (see e.g. Dyer 1974; Hicks
1976). In the unstable case (z/L) <0

(I)HE(DE=<1—16<%>>_% ...15(a)

¢M=<1—16<%>>—%. ...15(b)

and in the stable case (z/L>0)

¢HE¢EE¢M=<1+5<%>> ...16

These allow us to integrate Eqns 11 to 13 and with
the use of Eqn 14 to solve for the surface turbulent
fluxes by iteration.
At higher model levels we can express Ky and
Ky as
KM=qlSM and KH=qlSH .17

where q is the root mean square turbulent velocity

..14

fluctuation (q% = u2 + v2 + w2), | the length scale
(mixing length) and Sy and S stability functions.
In the original Mellor-Yamada level 2V2 (1982),

"the stability functions Sy, and Sy were written as

functions of wind shear and temperature gradi-
ents (their Eqns 33 to 35). These equations can
also be expressed in terms of the turbulent energy
production and dissipation (their Eqns 38 to 39).
Yamada (1983) found that by setting the ratio of
energy production to dissipation to the value
unity, the calculations were not greatly affected in
these equations. Galperin et al. (1988) later
showed that the ratio of energy production to dis-
sipation was equal to unity plus O(a?) whereais a
non-dimensional measure of the departure from
isotropy (Mellor and Yamada 1974). Making
these approximations but retaining the prognostic
energy equation increases the robustness of the
model. The price for this is that the sum of the
turbulence energy components no longer equals
q? exactly, but is g2 + O(a?).

The stability functions Sy; and Sy can be written
as

Su= A1 —3C, — 51 34,G (B, - 3A,)

B,
X (1~ 6A') 3C,(6A, +B,)
+(l—9A AZGH)(1—3AZGH(6A +By) ...18

6A,
A2<’ B—1> ...19

1 —3A,Gy(6A, +By)
(Galperin et al. 1988) where Gy=
—(/q)Xg/0)68/3z and A,, A,, B, B, and C, are
constants.

The mixing length 1 is given by

= K2 ...20

()

Sy=

where

l=a—— 21

h
f qdz
0

h is the height of the boundary layer and a is a
constant with value 0.2.

The equation for the turbulent kinetic energy is
given by

09 _gudU_ v B
at 2 Yoz Wz +63T
9 84 _a
+—(qu“612 Bl
Z50.4B" ),
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where Bj is a constant (B; = 0.3), y,, the counter-
gradient heat flux (7, = 5(Hy/p,C Wy h)), w, the
convective velocity (W, = u(— h/f(L)/’ in convec-
tive conditions; w, = 0 otherwise and

w2
sqs333%
=B3(1_6AISMGM+12A|SHGH) ...23
where
2 2 2
G E]_Z[<£> + (ﬂ> } .24
q 9z 9z

In Eqn 22 the effects of buoyancy have been taken
into account in parametrising the triple corre-
lation terms.

Equation 22 without the diffusion terms is
solved analytically, then the diffusion equation is
solved using an implicit, tri-diagonal, Gaussian
elimination technique. The vertical levels used in
this model are: =0.999, 0.99, 0.98, 0.95, 0.90,
0.85, 0.80, 0.70, 0.60, 0.50, 0.40, 0.30, 0.20, 0.10.
This second-moment formulation allows greater
resolution of the boundary layer than does the
LFM scheme as discussed above. However, with a
fixed number of levels, this increase in resolution
near the surface must be compensated for by de-
creasing resolution higher in the model atmos-
phere.

Case study

East coast low, 2300 UTC 4 August 1986 to
2300 UTC 5 August 1986

This event is of interest since it produced wide-
spread flooding throughout the Sydney region, yet
was poorly predicted by the limited area forecast
model in operation at the time. The meteorology
of the formation and development of the August
1986 east coast cyclone have been described by
Lynch (1987). The storm formed on the coast
north of Sydney and moved slowly southward as it
intensified. Between 1700 UTC 4 August and
1700 UTC 5 August, the latitude-corrected press-
ure drop was 0.8 Bergeron (a latitude-corrected
Bergeron is defined as the 24-hour pressure drop
in hPa h™~! multiplied by the ratio (sin 60/sin ¢)
where ¢ is the latitude). The minimum pressure
for this period was 999 hPa. The high rainfall
amounts over Sydney resulted from the extremely
slow movement of the system over this area. Fig-
ure 2(a) shows the rainfall pattern for the 24-hour
period up to 2300 UTC 5 August 1986, during
which time the heaviest rainfall occurred. The
rainfall maxima show both topographical and
convective influences. The GMS-3 IR satellite
image of the cloud pattern at 2300 UTC 5 August
1986 is shown in Fig. 2(b).

Modelling results
In the first part of this study, a series of four model
runs was performed at resolutions of 150 km over

the entire grid and at 75, 50 and 30 km over the
regions A to C, respectively, in Fig. 1. In the sec-
ond part of the study, the separate impact on
rainfall prediction of the new topography scheme
and physics (vertical diffusion and soil moisture
scheme) are determined through sensitivity ex-
periments which are carried out at 50 km resol-
ution.

The 24-hour model-predicted fields of total
precipitation are presented in Fig. 3. The corre-
sponding topography used at the four resolutions
isshown in Fig. 4. The 150 km resolution run (Fig.
3(a)) yields a precipitation maximum of 28 mm.
This is slightly higher than the 25 mm maximum
obtained using the ARPE model. Also of interest
is the position of the precipitation maximum.
It is located approximately midway between
Katoomba and Norah Head (see Fig. 2(a) for
location) about one gridlength north of the maxi-
mum obtained using the ARPE model.

At 75 km resolution, the maximum precipi-
tation is more than three times higher than at
150 km resolution. The maximum of 90 mm is
located just to the north of Nowra. The shift in
position from the 150 km run is presumably due
to the slightly different topography representation
at each of the resolutions. Also of interest is the
narrowing of the rain-band out to sea. Unfortu-
nately, no quantitative rainfall data exist over this
area, however this pattern is consistent with the
cloudband present in the satellite imagery in Fig.
2(b). The precipitation pattern for the 50 km res-
olution run shows the rainfall contours becoming
more elongated in a north-south direction with
the maximum of 130 mm still lying to the north of
Nowra.

Finally at 30 km resolution, the maximum pre-
cipitation produced is 180 mm, with the centre
lying just to the south of Katoomba. A second
maximum of 140 mm is positioned slightly south
of Nowra. Although both are still lower than the
observed maxima of 250 and 300 mm respect-
ively, good qualitative agreement has been
achieved. Over the sea, however, a reduction of
over 40 mm of rain has occurred. This is attri-
buted to the proximity of the boundary upon
which no precipitation calculations are per-
formed (the domain shown here is in fact the
entire computational domain for the 30 km resol-
ution simulation).

We now study the effects of the fine mesh ini-
tialisation procedure. The results will be com-
pared to a previous study of this east coast low
situation by Hess 1990 who followed the previous
practice of using limiting values for Ky and Ky of
1 m2 s™! at the upper model levels. The present
ARPE model allows more momentum mixing (the
limit for Ky is 10 m? s™1), while the Ky limit is
kept the same. Three experiments were con-
ducted, each at 50 km resolution. Experiment 1
utilises the existing ARPE model with the low
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Fig. 2 Diagram showing (a) the precipitation amounts over the 24-hour period prior to 2300 UTC 5 August 1986, and
(b) the infrared satellite imagery at 2300 UTC 5 August 1986. ’

(a) _ (b)

Nowra

148 150

resolution topography, first-order closure verti-
cal diffusion scheme and no surface moisture
scheme. The low resolution topography at 150 km
resolution is shown in Fig. 5(a) while the same
topography after interpolation to the 50 km grid is
shown in Fig. 5(b). Comparison of these diagrams
shows that the region of the mountain range
between about 33° and 35°S is not affected greatly
by interpolation from the 150 km topography. In
comparison, the northernmost part of the ridge
shows substantial differences. Since most of the
rainfall in this event occurs along the coastal re-
gion between 33°and 35°S, we expect that errors in
the initial fields through the lack of adjustment of
model fields to interpolated topography would be
minimal here.

Figure 6 shows the total precipitation produced
by this model over 24 hours. Two maxima are
apparent, one near the coast to the south of Nowra

10 160 170

with a maximum of 70 mm and a second further
north and inland near the town of Tamworth (Fig.
2(a)) with a maximum of 119 mm. The first of
these is located close to but further south than the
observed rainfall pattern which placed the maxi-
mum rainfall around the Sydney region and
southward along the coast to Nowra. The amount
of precipitation produced by the model underesti-
mates the observed precipitation by up to several
hundred millimetres. The second maximum to
the north is entirely spurious as observations for
this event show that no more than 10 mm of rain-
fall were recorded at Tamworth during the 24-
hour period, and in fact no more than 50 mm of
rain were recorded over the northern parts of New
South Wales for the entire month. Examination of
the model-simulated rainfall at earlier times indi-
cates that over 70 per cent of the rainfall was
produced in the first 12 hours of the simulation
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Fig.3 Total precipitation in mm produced by 24-hour model simulations of the ARPE-HR model at (a) 150 km,

(b) 75 km, (c) 50 km and (d) 30 km resolution.

@

(b)

and was mostly due to convective processes.
However, the 12-hour rainfall total near Nowra
(48 mm) is almost entirely due to large-scale pre-
cipitation rather than subgrid-scale convection.
The reason for this spurious rainfall apparently
relates to the way in which the topography is in-
corporated into the model for higher resolution
nested runs as discussed above. The results of
Hess (1990), interpolated to 50 km, gave a maxi-
mum near Tamworth of about 27 mm, much less

than the excessive rainfall of the existing
model.

In Experiment 2, the LFM vertical diffusion
scheme has been used in conjunction with the new
high resolution topography data (Fig. 7). Adjust-
ment of initial fields to the new topographic
heights is also performed. At 24 hours the total
rainfall in the vicinity of Nowra is now 90 mm
with the maximum located slightly more to the
north and offshore. Presumably this difference is






