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The current generation of numerical weather prediction models is capable of providing
a diverse variety of forecasting guidance derived objectively from the model output.
These range from quantities immediately available, such as maximum and minimum
temperatures, regions of strong winds or large temperature gradients, through to
derived quantities such as frontogenesis functions and indices of severe weather.

Hitherto, little usage has been made of this forecasting guidance, particularly in the
Australian context. In this paper, as a first attempt to redress that situation, the full
range of forecasting guidance quantities currently available from the new Australian
region primitive equations (ARPE) model is discussed, and two case studies are
presented to illustrate the possible value of these quantities in particular synoptic

situations.

Introduction

Up to the present time, the range of numerical
weather prediction (NWP) model output routinely
made available to the Australian Bureau of
Meteorology has been very limited. Basically, the
main model variables of wind, temperature, moisture
and mean sea level pressure are displayed along with
a few other derived quantities such as vertical motion
and the vertical component of vorticity.

Similarly, the means of assessing the skill of the
NWP model forecasts have been restricted almost
entirely to gross statistics such as the S, skill score
and root-mean-square wind and temperature errors.
Such statistics are relatively insensitive to the
important fine-scale features of the model forecast,
and neglect entirely the skill of most of the objective
model output.

With global NWP models providing good forecast
guidance of the evolution of cyclones and
anticyclones up to five days ahead, and nowcasting
providing accurate very short-term forecasts of severe
weather by extrapolation of high resolution
observations (Bodin 1983) an obvious emphasis for
the use of high resolution NWP models is to provide
a wide range of primary and derived quantities which
can be expected to give guidance in predicting the
occurrence and severity of significant weather events
6 to 24 hours in advance (i.e. in the ‘gap’ between
the normal nowcasting period and the period of
‘conventional’ NWP guidance).

It is the aim of this paper to draw attention to the
ever-increasing role of NWP model output in
generating products that relate more closely than in
the past to the literal meaning of the term NWP; that
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is, the predicted behaviour of atmospheric systems
with time-scales of hours and space-scales of tens of
kilometres.

The current initiative is part of a longer-term
design to produce a cycled analysis-initialisation-
forecast system, parameterised with respect to
resolution and cycling frequency. This system is
planned to provide both very short-term (up to 12
hours) and short-term (12 to 36 hours) forecasts of
mesoscale and synoptic-scale systems, utilising high
resolution satellite retrievals, a new generation NWP
model, and an interactive graphics system for
displaying and disseminating model products.

A package of diagnostic weather-related indices
has been developed for use in Australian conditions,
using output from the new high resolution ARPE
model (Leslie et al. 1985). This paper describes the -
indices which are available currently, and
demonstrates their usefulness by a series of prognoses
from two events of severe weather over the
Australian continent.

Brief description of the NWP model

A new version of the ARPE model has been
developed (see Leslie et al. 1985 for full details of
the model) for operations and research. The main
features of the model are given in Table 1. The model
utilises the primitive equations of motion to predict
the following basic variables: horizontal wind
components u, v; temperature T; mixing ratio q;
surface pressure p*; surface temperature Ts; and
surface moisture availability, Ws. These variables
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Table 1. Principal features of the BMRC fine mesh model.

Model Feature

Description

Horizontal resolution
Vertical resolution

Temporal differencing
Spatial differencing

Initialisation
Parameterisation of physical processes

Optional, typically between 30 km and 250 km.
“Telescoping’ option available.

Sigma coordinate, optional number of levels, usually
between 9 and 15.

Semi-implicit.

Arakawa C grid. Flux form on momentum equations with
second order differencing on advective terms.

Vertical mode initialisation.

1. Stability dependent boundary layer, with eddy
diffusivities functions of 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 cumulus convection.

are provided at the initial time by an analysis scheme
(Seaman et al. 1977) and are then prepared for the
model by a vertical mode initialisation scheme
devised by Bourke and McGregor (1983). Following
the model forecast, the predicted fields are then
passed to a post-processing step to calculate the
various forecasting guidance quantities that are
described in Section 3. Finally, the desired quantities
are displayed on either a VDU or as hard copy.

The new ARPE model represents a considerable
advance on the early version (McGregor et al. 1978)
especially in the design of the model. The new model
has variable resolution in the horizontal and the
vertical, and can be used in a ‘telescoping’ manner
to produce higher resolution forecasts over a
specified subset of the model domain. All model
variables are stored in the memory of the computer,
thereby greatly reducing the elapsed time for a
forecast. The increased resolution and the time saved
by the improved efficiency of the model have allowed
the inclusion of more of the physical processes that
are required for the modelling of synoptic-scale
features, such as a diurnal temperature cycle,
representation of the exchanges of heat momentum
and moisture in the planetary boundary layer, and
the prediction of precipitation from both large-scale
uplift and moist convection.

Definition of the NWP model
output quantities

As was stated in the Introduction, the range of
quantities that have been calculated from the ARPE

model output is very large. For convenience they will

be listed below in groups.

Quantities related to temperature

Diurnal variation of screen temperature, including
maximum/minimum temperatures in the forecast
period. The ARPE model now has a diurnal cycle,
as mentioned in the brief description of the NWP
model. This enables the surface, and near surface,
temperature to be computed at each time step.
Therefore maximum and minimum temperatures, or
temperatures at any given time, can be output from
the model, and displayed whenever required.

Occurrence of frost and snow. It is possible to use
the predicted temperature fields as indicators of the
presence of frost and snow. In the present model,
frost is assumed to form if the model temperature
of screen level is less than 2° and the wind speed is
less than 2 knots. Over the Australian continent,
snow is assumed to be falling when there is
precipitation and the 0° isotherm reaches the ground.

Regions of high horizontal temperature gradient.
Areas of high temperature gradient are of interest
because they may indicate zones of transition or
discontinuity. For example, frontal regions might be
expected to have strong temperature gradients both
in front of (warming) and behind (cooling) the front.
Coastal areas favouring sea breeze or land breeze
formation might also be expected to exhibit strong
horizontal temperature gradients, as might adjacent
areas with and without heavy cloud cover.
The quantity calculated, TG, is defined by

aT 3T,
TG = (&) + (&)
ow) +(ay)l

where T is temperature.
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Thermal advection. The amount of thermal
advection at a given point or in a given area is of
importance because it is a component of the heating
rate. If the thermal advection is high and positive
(negative), rapid heating (cooling) should be
expected.

The thermal advection, TADYV, is given by

TADV = - @2 + 3G
X

dy
.2

where u and v are the horizontal components of the
wind velocity.

Quantities related to wind

Regions of strong wind. The NWP model predicts
the horizontal wind field, V = (u, v), at all model
levels so it is possible immediately to determine the
regions where strong winds (including jets) are
present. When the wind speed |v| = (u* + v?)*
exceeds a critical value, V., dependent on the height
above the ground, the region over which this occurs
is tagged. Thus, when

lv|>V

crit

the region of strong winds is displayed.

Divergence of the horizontal wind fields. The
horizontal wind is available at all model levels, so
the scalar divergence field, D, at a given level, is
calculated as ’

du | av
ax ay

D =
.4

The divergence field is of interest because of its
intimate connection with the vertical motion field
and hence the distribution of clouds and
precipitation.

Rotation of the horizontal wind field — vorticity.
The vertical component of vorticity, or the rotation
of the horizontal wind field, is defined by

o

=%  x

The vertical component of vorticity is a useful
quantity because it is a measure of the amount of
cyclonicity. If it is large and negative, or is changing
rapidly, then a cyclonic feature of interest is present.

Advection of vorticity. As in the case of thermal
advection, the advection of vorticity is of value
because it is a contributor to the local rate of change
of vorticity at a given point. If it is large and negative
(positive) then there is increasing (decreasing)
cyclonicity taking place. The advection of vorticity,
VADY is defined by

VADV = - X 4 9,
ax ay
.6

Vertical velocity. The vertical velocity field is a very
useful quantity in a high resolution primitive
equations model because of its direct connection with
significant weather associated with uplift or
subsidence, such as clouds, precipitation, and frontal
regions.

The quantity defined in the model is the vertical
motion in pressure coordinates.

w=Dp
Dt

Quantities related to moisture

Cloud cover. Model cloud cover is estimated from
the vertical moisture profiles. Following
Smagorinsky (1960), the local cloud c¢over at a given
level is approximated by

|, (=070 x 1.3,
(1 - 0.70)

X = max [0, min |

where ¢ is the Phillips vertical co-ordinate (Phillips
1957) and h is the relative humidity. If it is assumed
that there is no overlapping cloud, then the net cloud
cover above level k is given by

r, =T, +0-T)X, ... 9

Condensation resulting from large-scale uplift. In the
scheme utilised by the ARPE model water is
condensed, and latent heat is released when the
mixing ratio, q, reaches saturation, q,. Not all of
the excess condenses because the temperature and
therefore q_ is increased by the rélease of latent
heat. To good accuracy the condensation rate is given
by

C =(q - q)/2AtQ1 + qus/chTz)] ... 10
and the large-scale precipitation rate is

K
1 ¢ CGAp
0,8 k=1

P.= —

.11
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where p, is the density of water, C, is the
condensation rate of level k, Ap, is the thickness
(in mb) of the k th layer, At is the timestep of the
model, R is the universal gas constant for dry air,
g is gravitational acceleration, and Cp is the specific
heat capacity of dry air at constant pressure.

In the model output display package, it is possible

to display the large-scale rainfall as it stands, or to
display only when there are regions where heavy
precipitation has occurred.
Condensation resulting from moist convection.
Moist convective processes are parameterised
according to the scheme proposed originally by Kuo
(1965) and modified by Hammarstrand (1977). In
this approach cumulus convection is assumed to
occur when there is low-level moisture convergence
underneath a layer of conditionally unstable air.
When these conditions prevail, surface air is lifted
along a dry adiabat until the lifting condensation
level is reached, then it is lifted further along a moist
adiabat until it reaches equilibrium relative to the
environment. In this way a model ‘cloud’ with
temperature and mixing ratio (T, q ) is ‘grown’ and
the cloud so formed is assumed to mix immediately
and completely with the environment (T, q), heating
and moistening the environment by amounts AT,
Aq proportional to the difference between the cloud
and environmental values. The convective
precipitation, P_, is then given by

kbasc
p = £T ¢ (T, - DyAp,

v
gk L
P 12

where £¢T is a constant of proportionality, and Kpace
and kmp are the pressure levels of the cloud base
and cloud top respectively.

Cloud top heights of large cumulus and
cumulonimbus clouds. The Kuo moist convection
scheme also enables the height of the cloud tops of
the grid-point clouds to be calculated. The cloud
grows to a height at which the moist static energy
intersects the environmental sounding. The cloud top
height field can then be displayed if required.
Relative humidity. The relative humidity field is
clearly of great interest because it reveals the presence
of features such as dry and moist tongues of air. Dry
and moist tongues of air are important in
thunderstorm situations, where moist low-level air
is capped by dry mid-tropospheric air. The field
displayed is RH where

RH = q/q
.13

Quantities related to boundary layer processes

Surface turbulent fluxes. The vertical turbulent fluxes
of momentum, heat and moisture at the surface

determine the nature and height of the planetary
boundary layer (pbl). The pbl is represented in the
ARPE model by attempting to resolve it into a
number of discrete levels. The viscous sub-layer is
ignored and the pbl is assumed to consist of a surface
layer extending from the roughness height Zo to the
lowest model level usually taken to be about 50 m
above the ground, capped by a transition layer
ranging from 50 m to several kilometres.

The current representation of the surface layer is
by the version of the Monin-Obukhov similarity
theory adopted by Louis et al. (1981). In this
formulation the surface turbulent fluxes are
parameterised by an eddy diffusivity formulation;
that is

du av
7,= —pK — 17, = -pK —
oz 7 "9z
. 14
_ a9 _ aq
H = - pcpth, Mq = —p qu

where K , K,, K_are the eddy diffusivities of
momentum, heat and moisture respectively. The
particular forms chosen for these diffusivities are
given by modifying the well-known Prandtl drag
coefficient, C,, for a neutral, constant-flux surface
layer to account for the effects of stability; that is

K, =k u A, F R)

K, = K, = K u, A, F, (R) g

where F (R) and F,(R) are functions of the
Richardson number, R, k o is the von Karman
constant, and Az is the thickness of the surface layer.
Height of the boundary layer. There are a number
of ways of determining the total height of the
planetary boundary layer. In the ARPE model only
a very simple estimation is used at present. The top
of the boundary layer is assumed to be the level at
which the vertical gradient of potential

temperature, ‘;_9, is greater than a critical value,
r4

Yeric 18 Vi Where 2°C per kilometre in the current
formulation.

Quantities related to severe weather

Index of convective instability — total-totals index.
Many indices for convective stability have been
devised over the years. They are designed to forecast
those areas where thunderstorms and heavy
convective showers are likely to occur. The familiar
Showalter is one such index but it has now been
superseded. The index used in the new ARPE model
is the so-called total-totals index, TT, which is
defined by
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TT = Ty, + TDy, — 2T . 16

850 850 500
where T and TD are the dry-bulb and dew-point
temperatures respectively in °C at the pressure levels
indicated. The threshold values for the total-totals
index are approximately 44 for light to moderate
thunderstorms, and 50 for severe thunderstorms.
Other indices and techniques are available for
predicting thunderstorms activity and these will be

investigated in the future.

Index of turbulence — Richardson number. The non-
dimensional Richardson number is defined by
R =2 %, [y
0 0z iz ~
.17

where © and [ are the mean layer values of potential
temperature and wind speed. The Richardson
number is usually interpreted in the following way.
If R, is below a critical value (usually taken to be
somewhere between 0.20 and 0.25) then turbulence
theory shows that the turbulence can be sustained
by the mean flow. If R, exceeds the critical value,
turbulence is suppressed and the layer is essentially
laminar.

The Richardson number is therefore a useful
diagnostic in locating areas of turbulence, as Downey
and McGregor (1978) have already demonstrated in
a case study of convection in a strongly sheared
environment.

Frontogenesis. Cold frontal systems are a major fea-
ture of the Australian synoptic patterns, and they
have recently been the subject of a number of major
field programs (Ryan et al. 1982). The use of diag-
nostics in the study of fronts is now becoming
widespread (Hoskins et al. 1980; Wilson and Stern
1985).

Hoskins et al. (1978) introduced the so-called Q-
vectors which are the time rate of change of poten-
tial temperature gradient moving with the geostroph-
ic velocity; that is

D
2 Vg V.0 T
Dt -

o)
I

where Vg = (u,, V,) is the horizontal geostrophic
wind vector.

The geostrophic frontogenesis function, GFF, is
readily related to the Q-vector. GFF is defined as the
rate of change, moving with the geostrophic motion,
of | V © |* due to the geostrophic motions; that is

(%+ggy)|ye|2 S 19

GFF

2Q.V, 6

Fire danger indices. It is possible to calculate direct-
ly the meteorological component of fire danger in-
dices. The corrections to be made to take into ac-
count the other component factors such as quantity
of fuel, degree of curing of grass, and so on, can
be included to obtain the actual fire index. In this
study, the following indices are used (Purton 1982):
Grassland — McArthur Mark 4 grassland fire danger
index.

The expression for the meteorological component

of this index is

log (GFDI) = -~ 0.6615 + 0.01201T +
0.2789(V)%* — 0.09577(RH)%* ... 20

where T is the air temperature (°C), V is the wind
speed (km h™!) and RH is the relative humidity
(%).

Forest — McArthur Mark 5 forest fire danger index.
The expression for the meteorological component
of this index is

FFDI = 2.0 exp ( — 0.450 — 0.0345 RH +
0.0388T + 0.0234V). L.o021

It seems reasonable to calculate these fire danger
indices and to display them when they exceed
threshold values. They would thus serve as a warn-
ing that the meteorological conditions are favoura-
ble for the outbreak of fires.

Case studies

Two case studies have been chosen to illustrate the
value of the model-derived forecast guidance quan-
tities. As it so happens, both cases are from the
warmer months of the year, and are events occur-
ring over southeastern Australia (see locality map,
Fig. 1), but they serve to illustrate the value of most
of the quantities. Examples from other months are
to be found elsewhere, for example a case of a strong
winter-time cold surge is given in Leslie et al. (1985).

Case 1 Severe moist convection over South Aus-
tralia 13 November 1979 to 15 November 1979

Synoptic setting. This case was an example of severe
thunderstorm activity over two successive days in
November 1979. A detailed description of the event
is given by Colquhoun et al. (1982) and only a brief
outline will be presented here. On the first day an
area of thunderstorms developed over Eyre Penin-
sula (morning and afternoon of 13 November). The
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Fig. 1 Location map indicating places referred to in the
text.
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triggering mechanisms were the release of convec-
tive instability by surface heating below an area of
generally weak middle tropospheric uplift resulting
from an approaching cut-off low, with an upper jet
moving slowly in from the west-northwest. Low-level
moisture was available from a moist tongue which
had extended from the Guif of Carpentaria to
southeastern Western Australia during the preced-
ing three days, apparently interacting with the low-
level convergence ahead of the northward extension
of the cut-off low. In the 24-hour period from 2300
GMT 11 November this moist tongue moved slowly
eastwards to be located along the west coast of Eyre
Peninsula. Temperatures over Eyre Peninsula in the
afternoon reached the low 30s.

The convection over Eyre Peninsula and its result-
ant precipitation raised dew-points in this area to
18-20°C, and with stronger synoptic forcing the con-
vection reintensified over the South Australian Gulf
systems early in the morning of 14 November and
continued throughout the day, extending south-
wards. Severe damage occurred in the Barossa Val-
ley and near Port Broughton in the mid-afternoon,
with damage tracks extending east-southeast over a
period of 2 to 3 hours. With the more intense con-
vection during the afternoon, the cloudband took
on some frontal characteristics and in the last 6 hours
of the second forecast (0500 GMT-1100 GMT 14
November) showed rapid clearing behind the cloud-
band and some acceleration of the system.
Forecast guidance from numerical model output.
Although model forecasts were carried out on both
days only the forecasts for day 2 are presented here
as they amply illustrate the capabilities of the model.

The sequence of mean sea level pressure (MSLP)
numerical analysis charts and a selection of GMS
satellite pictures for the period 0000 GMT 13 Novem-
ber to 0600 GMT 14 November are shown in Figs
2 and 3. The base time for the model forecasts was

Fig. 2 (a) to (f) GMS infrared satellite pictures at 6-hourly
intervals from 0000 GMT 13 November 1979 to
0600 GMT 14 November 1979,
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Fig. 3 (a) to (d) Mean sea level pressure analyses at
12-hourly intervals for the period 1100 GMT 12
November 1979 to 1100 GMT 15 November 1979.
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1100 GMT 13 November. The broadscale operational
numerical analyses and forecast MSLP charts offered
little guidance concerning the occurrence of signifi-
cant weather. However, other numerical forecast
quantities were much more informative.







