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The Antarctic First Regional Observing Study of the
Troposphere (FROST) project had three one-month Special
Observing Periods (SOPs) during which the commitment was
made to ensure that all additional data collected were passed on
via the Global Telecommunication System (GTS) to operational
centres for use in the construction of the analyses. These analy-
ses can be regarded as the best available for these times of year,
given the special effort to include additional data south of 50°S
during these periods.

The availability of these high-quality analyses has stimulat-
ed us to refine the Melbourne University numerical cyclone
tracking algorithm, with additional synoptic guidance gained
from a manual analysis of southern hemisphere cyclones in the
winter SOP (July 1994). Using the refined scheme we have com-
piled and compared statistics of cyclone tracks obtained objec-
tively from the Australian GASP (Global Assimilation and
Prediction) system analyses and manually from semi-indepen-
dent analyses. Our results show that the cyclones found by the
numerical and manual approaches bear considerable similarity
to each other, even for complex systems for which such unanim-
ity might not have been expected. In general, the automatic
algorithm tended to ‘find’ more systems than did the manual
analyst, with these extra systems being predominantly those
identified as weak and/or open. The results emphasise the dif-
ference in perception of what constitutes a low.

The overall behaviour of cyclones revealed by the objective
scheme in July 1994 was consistent with that identified in vari-
ous climatologies in that many systems were generated in the
western part of the ocean basins and moved to the east and, to a
lesser extent, to the south. A concentration of tracks was found
just to the north of the Antarctic continent. On the other hand,
this specific month was anomalous in a number of respects; this
was reflected in the nature and distribution of cyclone activity.
The consistency of the findings with those of an experienced,
practising synoptician means that the state-of-the-art numerical
algorithm can be applied to numerical analyses and model out-
put with confidence.

Introduction
The behaviour of cyclonic systems is of central er, climate and climate variability over the southern
importance in the processes which determine weath- hemisphere (SH) (e.g. Simmonds and Murray 1999).

Despite the significance of these features, little work
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behaviour in an integrated and comprehensive man-
ner. This has been partly because of the huge invest-
ment of time and effort required to track manually
cyclones from a series of daily weather maps or satel-
lite images. Notable contributions to this have come
from Taljaard (1967), Streten (1973), Kep (1984) and
Leighton and Deslandes (1989). In more recent times,
however, as the meteorological community has
become more interested in the temporal variability of
the atmosphere both in reality and in the facsimiles
produced by computers, the need for objective and
efficient computational methods for finding and
tracking lows from numerical grid-point data has
become apparent. Several schemes have been
designed to locate lows by searching for grid-point
minima of the mean sea-level pressure (MSLP) (Rice
1982; Lambert 1988; Le Treut and Kalnay 1990;
Konig et al. 1993; Serreze et al. 1993).

The scheme of Murray and Simmonds (1991)
(MS) differs from these in that it searches for lows
on a spline-fitted surface, which allows both
‘closed’ and ‘open’ depressions to be found. Their
scheme has proved very robust and reliable, and has
been used to reveal many aspects of synoptic behav-
iour in long datasets. It has been applied to the
examination of observational analyses (e.g. Jones
and Simmonds 1993, 1994; Godfred-Spenning and
Simmonds 1996), as well as to the output from
model climate and sensitivity experiments (e.g.
Simmonds and Wu 1993; Murray and Simmonds
1995; Simmonds and Law 1995).

This having been said, it is always important to
bear in mind that there are a number of assumptions
which have to be made in devising a scheme and that
these may have to be re-thought as better quality
analyses are produced and our understanding of the
relevant synoptic processes improves. The mid to
high southern latitudes comprise the domain of con-
cern in this paper. The quality of operational analyses
has improved considerably in that region in recent
times (e.g. Cullather et al. 1996; Giovinetto et al.
1997) as has our understanding of synoptic structures
and processes (e.g. Turner et al. 1998).

In our objective to produce a new version of the
University of Melbourne cyclone tracking scheme we
were fortunate to have access to data from the
Antarctic First Regional Observing Study of the
Troposphere (FROST) project (Turner et al. 1996a).
One of the specific goals of FROST was to ‘gain
insight into the hemispheric-, synoptic-, and
mesoscale atmospheric processes important in the
Antarctic and over the' Southern Ocean ...” There
were three Special Observing Periods (SOPs) in the
project (July 1994, 16 October - 15 November 1994,
and January 1995). During the FROST SOPs com-

mitment was made to ensure that the additional data
collected were passed on via the GTS to operational
centres for use in the construction of the analyses.
Hence, these analyses can be regarded as the best
available for these times of year, given the special
effort to include additional data south of 50°S during
these periods. In this study we confine our attention to
the winter SOP (i.e. July 1994).

The availability of the high-quality analyses con-
structed during FROST were thus an important impe-
tus to undertake the present revision of our cyclone-
tracking scheme. Such revision, however, should also
take cognisance of synoptic experience, a point also
made by Sinclair (1997). One of us (RML) has for
many years studied and documented the behaviour of
SH cyclonic systems (Leighton 1992, 1994a,b;
Leighton and Deslandes 1989, 1991; Leighton and
Nowak 1995). This work has been undertaken by a
practising professional synoptic meteorologist using
manual techniques. Cyclones whose centres were
tracked manually fitted into one or more of the fol-
lowing classes: identifiable closed circulations (with

‘or without associated fronts); wave lows which devel-

oped into closed circulations; thermal (heat) lows;

tropical lows; and tropical cyclones. This synoptic

experience has provided important guiding principles
in the light of which the automatic cyclone-tracking
scheme has been refined. We see the two approaches
to documenting and understanding cyclone behaviour
and variability as complementary and emphasise the
importance of retaining traditional synoptic experi-
ence in the exercise. (Mass (1991) has also spoken of
the value of this ‘two-pronged’ approach and com-
mented that the operational insights gained over the
last half-century should be combined with recent
numerical modelling and observational studies to
establish improved conceptual models of cyclone
evolution.) For example, the task of tracking cyclones
from synoptic charts is assisted by the availability of
satellite cloud imagery. The interpretation of such
imagery by the manual analyst may allow the reten-
tion of more information than if they had been treated
as PAOBS (Australian surface pressure bogus data) in
an assimilation scheme.

In summary, in this study we use high-quality
analyses from July 1994 to:

« refine the automatic cyclone tracking scheme by
making use of the analyses from the winter
FROST SOP and by making use of the skills of an
experienced synoptician;

+ obtain the best compilation of cyclone tracks for
July 1994;

« compare the cyclone behaviour revealed by the
objective numerical algorithm with that obtained
from manual analysis.
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Datasets

We have used two sets of Australian Bureau of
Meteorology analyses for July 1994 in this study. The
first is the Global Assimilation and Prediction
(GASP) system model (uninitialised) numerical
analyses which are available at six-hourly intervals
and at a resolution of R53 (Seaman et al. 1995;
Bourke et al. 1995); however, to allow a direct com-
parison with the manual analyses, all the tracking
undertaken here was performed with the analyses
taken at 12-hour intervals. The second analysis set
used is the hand-drawn SH 12-hourly operational
MSLP analyses, produced at the National
Meteorological Centre (NMC). These have been con-
structed following the procedures outlined by
Guymer (1986). Briefly stated, analyses are based on
the systematic location of fronts, lows, troughs and
ridgelines from the characteristic imagery patterns
and the traditional methods of extending the influence
of conventional data points. Special attention is paid
to the use of time section techniques, and to the struc-
ture of the 1000-500 hPa thickness field.

Methods

The essentials of the existing, original scheme of MS
can be summarised as follows. Latitude-longitude
data are transformed by bicubic spline interpolation to
a polar stereographic (PS) array centred on either the
North or South Pole. To avoid loss of information
upon regridding, the resolution of the polar stereo-
graphic array should be at least as fine as that of the
latitude-longitude data over most of the grid; the res-
olutions tested are nominally 1° and 2° (actually
0.955° and 1.91° at the pole and 0.478° and 0.955° at
the Equator, respectively).

The low-finding routine begins by searching this
array for a grid-point maximum of the Laplacian of
pressure, V2p. The position of the associated pressure
minimum is then located by iterative approximation
to the centre of the ellipsoid of best fit to the pressure
surface, which is defined by a bicubic spline function
fitted to the array data. If a closed centre cannot be
found or does not lie within a very small distance, the
routine also searches for an ‘open depression’. The
Laplacian of the pressure in the vicinity of the centre
(V2 .) is taken to be a measure of the strength of the
system, and systems which fail to reach a specified
minimum strength are normally excluded.

Tracking was accomplished in a three-stage
process in which (1) a subsequent position is predict-
ed for each cyclone, (2) a probability of an identifica-
tion between the projected cyclone and each cyclone
present at the new time is reckoned, and (3) a match-

ing is made which maximises the calculated probabil-
ities of association between the projected and new
positions, allowing the tracks to be extended by one
analysis period.

The availability of séveral digital datasets and
manually plotted tracks for the FROST SOPs has pro-
vided a basis for introducing some improvements to
the finding and tracking algorithm and for refining
parameter settings as outlined below.

Screening and resolution

To prevent the appearance of a large number of weak
and insignificant depressions, it has been the prac-
tice to impose a minimum of the value of the
strength V2 .~ This quantity is a proportional mea-
sure of the depth, D, which for a paraboloidal
depression of ‘radius’ R on a flat field, is given by

D =0.5(0%p/0r)R?= 0.25V?p R? .1

Since the Laplacian is not constant but normally
decreases rapidly away from the cyclone centre, an
average value of the Laplacian (V2 ) over a radius of
a few degrees is calculated. In previous studies, a
radius of four degrees latitude was chosen, in order to
give a value characteristic of the system as a whole; it
also has the effect of smoothing the normally some-
what noisy VZp field. With the higher resolution
analyses used in this study, the radius has been
reduced to two degrees latitude. In addition to this, the
averaging is now done about the VZp maximum,
rather than the pressure minimum (or inflection
point), which may in some cases lie rather toward the
periphery of the concave region. The V2p . Criterion
very effectively removes weak depressions at low lat-
itudes, but is not very effective in the high vorticity
environment of the circumpolar belt, where the
scheme often generates a cascade of open depressions
along a trough line. The depressions do tend to lie in
the positions where one would expect to find them,
but they are more numerous than is thought realistic,
and the ripples which give rise to these depressions
may or may not be meteorologically significant.
Although the amplitude of the ripples along the
trough line may be small, the curvature of the field
across the trough is sufficient to allow them to pass
the V2p . Criterion.

One means of favouring large, low vorticity sys-
tems over small, high vorticity systems is to smooth
the field in some way. Any measure that preferential-
ly damps short wavelength components will have a
smoothing effect. Truncation to a lower wave number
of spectral data or reducing the resolution of grid-
point data (in either the latitude-longitude or polar
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stereographic form) will attenuate the higher wave
numbers, but this will not necessarily reduce the num-
ber of minima; in fact it has been found that doubling
the PS grid size (from 1° to 2° at the pole) actually
increases the number of open and closed lows by
about 15 per cent. On the other hand, smoothing
always reduces the number of minima and the ampli-
tudes of the ripples. Such diffusive smoothing has
been found to be very effective with grid-point model
fields in removing short wavelength noise (which
may not be easily recognisable in the presence of
large-scale pressure gradients) and is probably useful
for attenuating waves in the variable fields associated
with topography (Gibbs phenomenon) in spectral
models. A given amount of smoothing ‘also tends to
reduce the differences between the numbers of
cyclones in different datasets.

Smoothing is performed on the PS grid in Mass dif-
fusive passes. Corrections, Ah, are made to the field,
h, where

- 2
Ah=(rueldn, ) Vh 22

pass)
Tgir 18 the diffusive radius (the standard deviation of
the spreading) and the Laplacian for the (conformal)
polar stereographic grid is calculated by

V2hyi= (UAQN? (hiyy iy j+h oy +hi 40 ) .3
where ¢ denotes latitude and (below) its prime indi-
cates colatitude. Because the number of diffusive
passes required for numerical stability at the periph-
eral colatitude ¢' . (= 100° for a hemispheric search)
where the grid size, A($) is smallest,

npassz(rdiff/A(q)'max))Z:{ rdiff/(Apolecosz(q)'max/z)) }2 4

increases as the square of the resolution, the time
taken for a given radius of smoothing increases as the
fourth power of the resolution. A 1.4° hemispheric
smoothing at 1° polar resolution requires 13 passes,

which takes more than half the CPU time used in find-
ing the cyclones at each analysis time on a SUN
Solaris Sparc 10 workstation (see Table 1).

The -appropriateness ;and degree of smoothing
may also depend on the type of model or assimila-
tion scheme used, the resolution, the type of feature
(high or low) sought, and the atmospheric level. For
synoptic-scale MSLP lows in the GASP, ECMWEF,
and UKMO analyses, a single value of rgq = 2°
seems to give the best results. When this amount of
smoothing is applied, the differences in cyclone
positions using 1° or 2° PS resolution are minor. In
the following we have used 2° polar resolution,
which requires only a moderate amount of computer
time per smoothing.

Spurious lows over topography
The extrapolation of pressures to mean sea-level pro-
duces spurious lows in all datasets. When surface
temperatures are higher than those characteristic of
the free atmosphere at the same elevation, as is often
the case over the Himalayas and the Andes, lows will
tend to be analysed over the mountain ranges. When
the temperatures are lower, highs will be found over
the topography, and lows will form over the valleys
and around the coasts to fill the gaps between the
highs. In the datasets we have used, this frequently
occurs on either side of the Andes and consistently
around Antarctica. The post-processor for the GASP
data uses temperatures from the second model level
(M. Naughton, personal communication), which have
a smoother variation than those of the lowest level or
of the surface. The MSLP analyses do not follow the
small-scale features of the topography, but the reduc-
tion still places a very prominent 1050 hPa high over
the centre of Antarctica. Given the ambiguity of
defining MSLP over elevated topography, in the fol-
lowing all lows found where the topography is greater
than 1000 m are discarded.

Spurious lows are found not only over the moun-
tains themselves, but also in places where there is

Table 1. CPU time in seconds for steps in finding cyclones from 1 and 2 degree arrays.

Array resolution (lat.-lon. and PS) 1° 2°

Reading and extension of lat.-lon. array 0.1 0.0

Bicubic splines (global lat.-lon. array) 0.6 0.2

Interpolation to PS grid (one hemisphere) 1.8 0.4

Smoothing, ry;q = 1.4°(2°) 4.9 9.5) 0.4 0.7
Bicubic splines (PS array, one hemisphere) 0.3 0.1

Cyclone finding, ry;q;= 1.4°(2°) 1.0 0.7) 0.8 0.5)
Total ’ 8.7 (13.0) 1.9 (1.9)
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large curvature in the topography, since errors in the
temperatures used for the pressure reduction can also
produce artificial curvatures in MSLP. Because the
Laplacian of the pressure is already used as a measure
of strength and a screening criterion for lows, the
remedy adopted is to apply a penalty to this quantity
in proportion to the Laplacian of the topography (z,).
Hence, for a cyclonic system to be analysed, the
‘adjusted’ Laplacian of MSLP

(Vzp)adjusted = V2p -a |szs | .5

must at least satisfy the minimum strength criterion,
as specified below. The modulus sign is used because
the sign of the error is not always known. The value
for o of 0.005 hPa m™! was chosen so as to eliminate
as many of the topographically locked lows as possi-
ble without affecting what were thought to be legiti-
" mate lows.

Steering

In applications of the tracking scheme to date, only
the previous motion and the synoptic climatology of
the dataset were used for estimating cyclone displace-
ments. Both predictors may be regarded as too statis-
tically, rather than physically, based, and therefore not
particularly adaptable to following the ever-changing
patterns of synoptic development. Another obvious
source of infermation is the upper level wind at some
suitable level. It is commonly assumed that the 500
hPa wind velocity multiplied by a factor of 0.5 or 0.6
gives a good measure of the ‘steering flow’. Because
the flow at this level is almost geostrophic, it can be
readily inferred from the 500 hPa geopotential field.
Murray and Simmonds (1995) found cyclone move-
ments to be well correlated with the 500 hPa wind.
Although the movement of a cyclone is partly deter-
mined by the effects of friction, diabatic heating, and
upper level diffluence, the concept of steering for
short term extrapolation of the atmospheric state is
probably adequate.

In the effort to keep our scheme as simple as pos-
sible to use we have taken the attitude that the only
input field should be the MSLP and hence we wish to
obtain an estimate of the steering velocity from this
field alone. Although the wind velocity at the centre
of a closed low is zero, the average velocity around it
is not. This is because the isobars on the side with
higher background pressure (in the SH mid-latitudes
this will be to the north) of the low are more closely
spaced than on the low pressure side. This is equiva-
lent to the maxim that movement is in the direction of
the air in the warm sector. One may think of most
mobile developing lows as being perturbations
embedded in a large-scale pressure gradient. The

steering velocity may thus be computed from the
geostrophic velocity associated with the pressure gra-
dient averaged over a small area around the cyclone
and scaled by an appropriate numerical factor. This is
effectively what the synoptic analyst does when s/he
looks at a MSLP chart. The averaging is carried out
by calculating the pressure at erd equally spaced
points on a circle of radius r_, , around the cyclone
position (r,,, , has been set to the distance equivalent
of 5 degrees of latitude in this study)

op 1 "pred Rprgd
(a) =5 Y PO cos(®y | 2 cos?(6) .6
ave prgd i=1 i=1
op 1 Mprea " pred
(W) = —— X p@®)sin®)/ X sin’®) i
ave r2 prgd i=1 i=1

where ; is the bearing of the ith point on the circle.
From these, one can calculate the surface geostrophic
velocity averaged over the vicinity of the cyclone

(usurf geos)ave =-k x(l /pf)(Vp)ave .8

(where p is the density, fis the Coriolis parameter, and
k is the local vertical unit vector) and scale this to
obtain the steering velocity

(usleer) = Y (u surf geos)ave '"9

From experience with MSLP data, a scaling factor, y=
2.0 appears to be about the optimum.

As one approaches the equator the geostrophic
approximation becomes less accurate and will overes-
timate the wind. To attenuate the steering velocities in
tropical latitudes, the 1 / f factor above is replaced by

1 tan! (¢/dgy) )2 1
L =( .10

Faten + \ 12" (90%%0g,) | 2005ing

where  is the rotation rate of the Earth, and we take
¢gv = 8°. This particular form of the multiplicative
factor was chosen because it varied continuously and
monotonically between a value of unity at the pole to
zero at the equator. The function also assumes values
reasonably close to unity through most of the extrat-
ropics. (At latitudes 60°, 45°, 30° and 10° the values
of the factor are 0.94, 0.89, 0.78 and 0.37, respective-
ly.) The decrease of values effectively allows for the
diminishing correlation of velocity and pressure gra-
dient as the equator is approached.

There is another minor modification which was
required before the steering velocities calculated
above could be used. Spuriously large pressure gradi-
ents along topographic slopes may not always gener-
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ate lows, but they do result in large prediction veloci-
ties when spatially averaged MSLP gradients are
employed as discussed above. To guard against this,
the calculated velocities are linearly graded from their
full values to zero over the topographic range 200 -
1000 m; this keeps any tracks that do form over the
slopes fairly subdued.

There are probably three main advantages of using
steering velocities based on the information in low-
level fields, in our case the MSLP. Firstly, minor per-
turbations are carried in the direction and with a speed
which is close to that of the geostrophic flow in which
they are embedded. Secondly, large mature symmetri-
cal systems are given very little movement, which is
what is expected with such systems, which have
attained a barotropic structure and thus have almost
zero upper-level flow above their centres. Finally,
complex systems are given the right sort of rotation,
which is very difficult to mimic with a statistically
based method.

Because the change in the steering velocity during
one analysis interval is generally not small in compari-
son with its total magnitude, a forward projection of the
cyclone's position is not very accurate. For this reason,
the positions of cyclones at the earlier time are project-
ed forward half an analysis interval and the positions at
the later time regressed half an analysis interval.

In the refined version of our scheme displacement
predictions may be made using any one of three meth-
ods, namely, a continuation of previous movement, the
climatological velocity, or a steering velocity or from a
weighted combination of these. In earlier uses of the
scheme, only the first two were used in combination.

Because the climatological velocities for a data
series or model integration are not known a priori, it
was necessary to generate them by doing several
passes of the tracking and analysis, using progres-
sively refined velocities. This labour is obviated by
the use of steering velocities, which appear to give
better predictions of cyclone movement than either of
the earlier methods. From tests we have conducted,
the retention of a small climatological component
does not appear to confer any discernible advantage
when steering is also used, even at the first interval of
the tracking of a low, when no information about its
previous movement is available. On the other hand,
the retention of the previous movement component
has been found to increase the skill of the tracking; an
optimum recipe is 40 per cent previous movement
and 60 per cent averaged MSLP gradient steering,
with steering velocities being multiplied by a factor of
2.0. For starting each track, only the steering compo-
nent is available, and it was not clear whether its
weighting should be increased to 100 per cent for this
time step. Doing this showed no apparent increase in

skill, and it was therefore concluded that the 60 per
cent weighting comes close to representing the corre-
lation between cyclone movements and steering
velocities. Logically, one would expect that the
weighting of previous movement should be increased
for shorter time intervals and reduced for larger. Tests
did not demonstrate this to be the case, and so the
same weighting has been used for both 6 and 12-
hourly tracking intervals.

Probability calculation

The tracking scheme relies on having suitable cyclone
positions and accurate predictions of cyclone dis-
placement in order that the positions projected to the
new analysis time lie close to actual cyclone positions
at that time. But inasmuch as these desiderata do not
always obtain, it is necessary to establish criteria to
decide how the projected and actual cyclones are to be
associated, and which are to be deemed to have been
born or to have died.

In the scheme as used up until now, the choices
have been guided by calculation of a probability of
association according to the function

9= D5t qage-2r2/(R2+r2) A1

(where q is set to zero should the above expression
result in a negative value). In the common case of a
strong established system, in which g, = Dage = 1,
the function decreases with distance r, becoming zero
at radius R (which has been set at the equivalent of 12
degrees of latitude). When the depression at either the
earlier or the later time is open, g, is given a value
of less than unity, and, when the depression at the ear-
lier time is newly found, ¢,,.< 1. This type of penal-
ty scheme helps the identity of the stronger and more
established systems to be maintained, as one would
expect them to be in actual fact.

Because the ambient pressure gradients in the west
wind belts of the SH are large, it is possible for a dis-
turbance to have a large vorticity but no closed iso-
bars. It has therefore been found useful to create a
third category of depressions, which may be open or
closed, but which fail to attain specified levels of
strength. Some weak closed lows are found in the trop-
ics and subtropics, where large-scale pressure gradi-
ents are weak, but most weak lows are open. Instead of
excluding these systems at the finding stage, they are
retained and tagged. During the tracking computation,
the probability function is penalised by giving g, a
value yet lower than for either strong closed or open
depressions. Values adopted are g, = 1 (closed), 0.75
(open), 0.5 (weak) and Gage = 1 (old), 0.75 (new).
Hence, for example, for a new cyclone which is also
weak (as is often the case), the maximum value of the
probability function would be 0.375.






