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ABSTRACT

A case study of the application of the
quasi-geostrophic omega equation to a baro-
clinic situation over the Australian region
shows substantial discrepancies between the
computed omega fields and observed cloud and
cloud-free areas. The implications for 'vert-
ical coupling in the filtered model are
discussed and a program suggested which would
establish the relative importance of using a
more complex form of the omega equation and
increasing the vertical and horizontal. resol-
ution.

INTRODUCTION

The importance of baroclinicity and attendant jet stream features in sig-
nificant weather manifestations is well known to synoptic meteorologists and has
received considerable attention in the literature over the past 40 years.* With the
development of numerical models in the last 20 years an important and still largely
unanswered question is the significance of resolving:baroclinicity and jet streams
in these models in terms of the subsequent effect on their forecasting utility.

In view of its simplicity and vorticity based formulation the filtered
baroclinic model forms a suitable base to discuss the importance of these features if
only at a first order level. As part of an examination of the sensitivity of this
model to configurations of baroclinicity this paper examines a case study of the vert-
ical motion fields obtained from the quasi-geostrophic omega equation in terms of their
relation to cloud features and the theoretically and observationally based character-
istics established in the literature.

BASIC EQUATIONS

The three equations utilised in the operational filtered baroclinic
model at the World Meteorological Centre, Melbourne (Maine 1972, Noar and Young 1972)
are:

(1) A simplified form of the prognostic vorticity equation

* Suitable reviews can be found in Riehl 1962, Reiter 1963, and Palmén and
Newton 1969. .
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(iii) the quasi-geostrophic omega equation

%w 3 2 3.
V2w + fo 37 = fo 3 [J(w,Ea)] - VeI, p)] .3
From eq 1 it is readily apparent that the only real 'development terms'
are those associated with vertical coupling, namely Ea gﬁ and %;f, since in short-wave

systems the first term on the right hand side simply advects existing vorticity.
These 'development terms' are in turn dependent upon the two basic fields of vorticity
and vertical motion. Inspection of eq 3 indicates that within the quasi-geostrophic
framework the vertical motion fields are determined by differential vorticity advect-
ion and the Laplacian of thermal advection, both of which might be expected to be
large in the vicinity of baroclinic zones. As a starting point for examining the
importance of such zones to the forecasting capability of the model through eq 1, it
is appropriate to examine a case study of the vertical motion fields obtained from
€q 3 in relation to cloud features and generally accepted synoptic concepts. Before
examining these results in detail some attention is given to the interpretation of
eq 3 within a relatively simple physical framework.

PHYSICAL INTERPRETATION OF THE QUASI-GEOSTROPHIC OMEGA EQUATION

Equation 3 establishes the diagnostic form of the 'vertical motion' field
required to maintain geostrophic balance in the vorticity field of a hydrostatic
atmosphere given the presence of either thermal advection or differential vorticity
advection, or both. A detailed interpretation of the component terms is given in
Fig 1.

RESULTS OF THE CASE STUDY

A case study was selected where:

(1) Satellite data indicated substantial cloud features over the
Australian continent where the use of conventional data could be
maximised.

(ii) A baroclinic zone and attendant jet stream were indicated.

A synoptic sequence meeting these requirements occurred during the period
18-21 September 1970. Figures 2 to 5 show daily sequences of:

(1) Conventional MSL and 500 mb analyses superimposed on the
infrared imagery from ITOS 1.

(ii) Cross-sections from Mount Gambier (MG) to Halls Creek (HC) on
which component terms of the vertical motion field obtained
from solving the quasi-geostrophic form of the omega equation
are superimposed. The lateral and vertical extent of the cloud
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shown in the cross-sections is based upon the interpretation of
aerological soundings, surface reports, and the conjunctive use

of IR and TV imagery from ITOS 1 and ESSA 8. The objective in
presenting the cross-sections is to minimise the number of charts
displayed and emphasise vertical continuity throughout the major
area of interest. A typical example of the horizontal distribution
of the vertical motion fields.is shown in Fig 6.

There are two major characteristics in the 4 day MSL and 500 mb sequence.

(1) MSL cyclonic development in the Bight and subsequent slow movement
east and southeast.

(ii) Progression of a jet streak across the continent.

The cyclonic development at MSL is clearly reflected in the attendant
cloud mass in the Bight while an equally spectacular feature is the clear tongue and
equatorward juxtaposed cloud band which attends the progress of the jet streak.

On 18 September 1970 (Fig 2(a)) vortices are clearly identifiable west of
Perth and the South Island of New Zealand.* One cloud band extends eastward from
Port Hedland while another extends south of Alice Springs and terminates in the Bight.
A clear tongue is apparant between the major band through central Australia and the
vortical band near Perth, and is closely aligned with the propagating 500 mb jet
streak (Fig 2(b)). The cross-section in Fig 2(c) shows the relation of the cloud
mass over the central and south central region of the continent to the sectional
thermodynamic and kinematic structure of the atmosphere. At this time there is cloud
on both the immediate cyclonic and anticyclonic and anticyclonic sides of the in-
truding nose of the jet stream, the base being somewhat lower on the equatorward side.
Over Alice Springs the cloud extends from 650 mb to 300 mb, the base occurring just
above an established low level baroclinic zone. Unlike the cloud further south, it is
not identified in terms of the omega fields shown in Fig 2(d-f). By contrast the marked
subsidence over Adelaide, which is.largely the result of cold advection, is in good
agreement with the cloud cut off in that area. The maximum vertical motion indicated
between Woomera and Oodnadatta is associated with both differential vorticity advection
and warm advection while on the equatorward side of the jet these contributions are
weaker and tend to counteract one another. Above 600 mb the vertical circulation
indicated by the computed omega fields must be regarded as 'indirect' with cold air
ascending and warm air descending. While this is energetically consistent with the
propagation of the jet core, the lack of suggestion of the mechanism for the cloud
band near Alice Springs has important implications which will be discussed later.

On 19 September 1970 the clear tongue extends almost to Oodnadatta
(Fig 3(a))} and two distinct cloud masses are evident, one extending east-west through
Alice Springs, the other southwest of Woomera. There has been very little change in
the MSL pressure configuration but the 500 mb jet streak has extended further eastward
as evidenced by the location of the 60 kn isotach in Fig 3(b) compared to that in
Fig 2(b). Again the clear tongue is closely aligned with the propagating jet stream
and Fig 3(c) shows the sharp contrast between the relatively clear zone over Oodnadatta
and -the cloud masses on either side. A point of some interest here is the marked shear
zone between 700 and 500 mb over Oodnadatta, which is consistent with subsiding traject-
ories in this area. Figure 3(d) on the other hand shows that the computed omega fields
- again bear little resemblance to the observed cloud and clear tongue features. Ascent

* Because the satellite photographs are based on information obtained over several
orbits, there is a time differential of 4 to 5-hours from one side of the picture
to another. Discrepancies between the location of fronts in the 'synoptic’
analyses and cloud bands in the satellite photographs can result.
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is indicated throughout almost the entire region (Fig 3(d)) predominantly as a result
of warm advection (Fig 3(f)). A weak region of subsidence associated with different-
ial vorticity advection near 300 mb is indicated in Fig.S(e).

By 20 September 1970 a low pressure centre has developed near Ceduna at
both MSL and aloft. The clear tongue is not as distinct as on 19 September while the
500 mb jet streak has continued to move eastward. The cross-section in Fig 4(c)
continues to show the complex multi-layer structure of the jet stream above 400 mb,
and the combination and broadening of the baroclinic zones between 700 and 500 mb
over Oodnadatta and Alice Springs. The major cloud area is now confined south of
Oodnadatta and there is better agreement between the omega fields and the cloud dis-
tribution at this time. Figure 4(d) shows a broad indirect circulation with ascent
largely on the cyclonic side of the jet and descent on the anticyclonic side. The
maximum ascent over Adelaide is largely associated with differential vorticity advect-
jon (Fig 4(e)), while the extended cirrus at 300 mb over Woomera correlates well with
the warm advection component indicated in Fig 4(f). Figure 4(e) shows a major region
of subsidence at 500 mb directly under the jet streak which is largely counteracted by
continued warm advection (Fig 4(f)).

On 21 September the. major cloud regions are located in the south and east
coast regions. An elongated MSL trough extends from eastern Victoria to southwest
New South Wales (Fig 5(a)) while the 500 mb low lies off the southwest coast of
Victoria. The MSL and 500 mb centres south of Perth on 20 September are no longer
evident. The cross-section in Fig 5(c) shows the continued presence of the jet stream
between Woomera and Alice Springs, the near complete absence of cloud north of Woomera,
and the persistent cloudiness over Adelaide and Mount Gambier. Marked low level sub-
sidence (Fig 5(d)) is associated with cold advection in the vicinity of Alice Springs
(Fig 5(f)) while weak ascent at 500 mb on the cyclonic side of the jet stream is
associated with differential vorticity advection (Fig 5(e)). On the anticyclonic
side of the jet stream, warm advection at 300 mb is offset by the vorticity advection
component.

The omega distributions at 850 mb and 500 mb at 2300 GMT 19 September 1970
(Fig 6) are typical of the period examined and exhibit the following characteristics:

(1) The fields tend to be cellular with pronounced latitudinal extent.

(ii) The cell like ascent and descent areas are in fair agreement with
the cloud distribution over areas where the large scale trough-
ridge systems are readily defined.

(iii) While there is some suggestion of line structure through western
and central Australia there is only weak correspondence with the
location of the observed cloud and clear tongue areas.

SUMMARY

The vertical motion fields obtained by solving the quasi-geostrophic
form of the omega equation are in fair agreement with cloud and cioud-free areas some
distance from the jet stream. In the immediate vicinity of the jet stream there
is little correspondence between the omega fields and the observed juxtaposed clear
tongue and cloud mass. The possible reasons for the lack of agreement and the im-
plications thereof are now discussed.
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DISCUSSION

The possible reasons for the lack of agreement between the computed omega
fields and the observed cloud and cloud-free zones are:

(1) The adjustment to the propagating jet is largely adiabatic and
dominated by factors not included in the quasi-geostrophic
formulation.

It is well known that ageostrophic motion in the vicinity of the. jet
stream is a large fraction of the geostrophic component (Reiter, 1963), and
Krishnamurti (1968) in a case study of cyclone development over North America has
shown that the deformation and differential divergence terms in the more complete
omega equation can, in localised areas, be of comparable magnitude to the vorticity
and thermal advection components. On the other hand, in the concept of a folding
tropopause adjustment elucidated by Danielsen (1964), the geostrophic advection
components are regarded as playing a significant role.

(ii) The diabatic contribution through latent heat release is sufficient
to offset the terms in the quasi-geostrophic formulation.

Krishnamurti (1968) has established from a parameterised form of the
latent heat contribution in a developing cyclone that this term can be a significant
fraction of the components of the quasi-geostrophic formulation. However the latent
heating largely reinforces the latter terms, and would generally require an initiating
mechanism that one would expect to find in an adiabatic formulation.

(iii) The poor horizontal and vertical resolution of the computational
grid, combined with the difficulties of objective analysis in a
relatively data sparse but high gradient region of the jet stream
renders the computations less than meaningful.

The current means of introducing the 'first guess analysis input', is a
1000 mb contour analysis and a 1000-500 mb thickness analysis. The latter is sub-
sequently climatologically decomposed in order to build up the 850 and 700 mb 'first
guess fields'. The first guess 300, 200 and 100 mb fields are established from a
regression relation between the 500-300, 300-200, and 200-100 mb thicknesses and the
500 mb temperature (Seaman 1972). While the thilkness approach is an appropriate
means of ensuring hydrostatic consistency, in the data sparse areas there are obvious
difficulties in applying a climatological decomposition to individual cases. In the
'better' data regions over the Australian continent, the vast separation of radio-
sonde and to a lesser extent rawind stations poses severe problems in subsequent
interpolation in the high gradient regions of baroclinic zones. This aspect is
illustrated by comparing Fig 3(c) and Fig 7. 1In 3(c) the thermodynamic and kinematic
structure has been analysed by hand, invoking thermal wind consistency and high

- vertical resolution, while in Fig 7 the analysis has been performed objectively in-

voking thermal wind consistency but with broad vertical resolution. The differences

in structural detail are readily apparent, particularly the resolution of.baroclinicity
on the cyclonic side of the jet stream. The synoptic implications might therefore

be expected to be quite different. The aspect of vertical resolution was alluded to

by Krishnamurti (1968), who suggested that in his case study this was the only means

of explaining the large subsidence values at jet stream level on the lee side of the
Rockies. The importance of horizontal resolution is obvious from the width of the
cloud-clear tongue area, which extends over barely 3 to 4 grid points.

What then are the implications of using the quasi-geostrophic formulation
within the given observational and analysis framework of the Australian region?
Referring back to eq 1 it is fairly clear that the inability to correctly resolve
vertical motion fields associated with baroclinic zones may lead to an inability to
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predict frontal wave type developments in the filtered model or alternatively give
rise to spurious developments of systems. Secondly if the modes of adjustment in
the vicinity of these zones is not captured even in part by the quasi-geostrophic
formulation, the inherent errors contained in inferring the wind field from the mass
field (eg, via SIRS data) could subsequently and drastically be reflected in the
prognosis cycle. In this light if the filtered model is to continue to be the back-
bone of operational forecasting, the following research aspects are suggested for
consideration.

(1) Test the utility of the more complex formulation of the omega equation
by including:

(a) the deformation -and differential divergence terms

(b) 1latent heating: IR satellite photographs could be of
great assistance in providing the lateral and vertical
extent of the regions of major importance. The para-
meterisation for the heating could follow Kuo (1965)

(¢) static stability enhancement of the omega fields along
‘the lines suggested by Sanders and Olson (1967) and
utilised by Kaplan and Paine (1972).

(11) Test the effects of increased vertical and horizontal resolution in
detailed case studies over the Australian region. An objective cross-
section analysis scheme based on fitting polynomials or splines to
the isentropic structure may greatly assist in the timely resolution
of the baroclinic features of interest, and would be commensurate
with increased spatial resolution. Some aspects of horizontal res-
olution have been examined previously by Seaman (1969).

CONCLUSION

A case study has shown substantial discrepancies between .omega fields
based on the quasi-geostrophic form of the omega equation, and cloudiness in the
vicinity of a baroclinic zone. Since the only development mode in a filtered baro-
clinic model is through the 'omega' or vertical coupling terms, this may have
considerable influence on the prognostic performance of the model. The relative
importance of utilising a more complex form of the omega equation as opposed to in-
creasing the vertical and horizontal resolution should now be established if the
filtered model is to have improved operational usefulness.
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SYMBOLS

E{ Local time derivative
J(, ) Two dimensional Jacobian
Y Stream function
Ea Absolute vorticity = & + f
£ : Relative vorticity

dp . . L. . :
w = It Vertical motion in isobaric co-ordinates
P Pressure (vertical co-ordinate)
V2 Two dimensional Laplacian
\Y 'Del' operator
o Static stability parameter
f Coriolis parameter

'

fo Average value of 'f'
0 Geopotential
vV o= -kxW = Non divergent component of;the wind
~ e

i, j, k form a right handed system of unit vectors
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