Aust. Met. Mag. 39 (1991) 167-180

A numerical scheme for tracking cyclone
centres from digital data
Part II: application to January and July
general circulation model simulations
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An objective scheme (described in Part I) has been used to study the distribution and
movement of southern hemisphere extratropical cyclones generated by a general
circulation model for January and July. The model cyclones reproduced a number of
the important features of cyclone behaviour reported from earlier observational
studies. Systems moved in the expected east-southeast direction, with maximum
speeds in mid-latitudes. The circumpolar trough and the major Antarctic embay-
ments were found to be regions of maximum cyclone density and of net dissipation.
Contrary to earlier findings they were also found to be regions of active local cyclo-
genesis. The model results appear to correspond rather more closely to the distri-
bution revealed from recent ECMWF analyses than from earlier studies.

Introduction

We have reached the point at which a number of
global models are providing good simulations of
the mean state of the atmosphere and are becom-
ing increasingly relied upon for investigating the
effects of changes to its forcing. Evidence suggests
that current general circulation models are able to
capture the observed levels of variability (e.g.
Simmonds and Dix 1989; Simmonds et al. 1990)
but it has not been clear whether individual lows
and frontal systems are well modelled. This is of
particular importance in the mid-latitudes of the
southern hemisphere (SH), where virtually all of
the atmospheric poleward heat flux is effected by
the transient eddies (Oort and Peixéto 1983).
Until recently, synoptic climatologies for the
SH have all been performed by manual techniques
and none have been carried out for model results.
However, two authors have recently used objec-
tive methods to study cyclone distributions.
Lambert (1988) used an automated cyclone find-
ing program to calculate and compare observed
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and simulated area-normalised cyclone densities
averaged over five northern hemisphere (NH) and
SH winters. Le Treut and Kalnay (1990), using a
scheme to find and track cyclone centres, com-
pared observed and simulated frequencies of NH
and SH cyclone occurrence, cyclogenesis and
cyclolysis for the two 50-day Special Observing
Periods of the First GARP Global Experiment
(1979).

In this paper we present the results of a study of
the behaviour of January and July SH extratropi-
cal cyclones generated by the Melbourne Univer-
sity general circulation model (GCM) (Simmonds
1985; Simmonds et al. 1988; Simmonds and Dix
1989). An automated scheme, described in Part |
(Murray and Simmonds 1991) has been used to
locate and track depressions from numerical
mean sea level (MSL) pressure analyses. The
methods used are somewhat more complex than
those used by the schemes referred to above. A
summary of the principal features of the scheme is
given in the next section.

We have compared our results with a number of
observational studies of SH cyclones dating from
the 1960s. The early compilations of Karelsky
(1961,1963) (recently updated by Leighton and
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Deslandes (1989)) give cyclone and anticyclone
statistics for the Australian region based upon
long series of synoptic data. His latter paper in-
cludes the only maps of central pressures avail-
able. The first definitive synoptic climatology for
the entire SH was published by Taljaard (1967),
who plotted tracks of cyclones and anticyclones
over the SH and determined their patterns of
movement and distribution in the four seasons,
using analyses prepared during the IGY (1957-
58). His work is complemented by the frequencies
of surface fronts in summer and winter during the
earlier part of the IGY by van Loon (1965).
Following a subsequent data gathering effort,
Neal (1972) plotted tracks and cyclogeneses and
gave the regional distributions of anticyclones,
cyclones and cyclogenesis for the two single
months of the GARP Basic Data Set Analysis
Project (November 1969 and June 1970).

In two studies cyclone movements were derived
from the analysis of cloud imagery. Streten and
Troup (1973) found the geographical variation of
vortex frequencies and speeds according to state
of development for the summer and intermediate
seasons over the period November 1966 to March
1969. Regions of cyclogenesis were associated
with high frequencies of early development vorti-
ces (types W, A and B in the classification of
Troup and Streten (1972)) and cyclolysis with
those of dissipating vortices (type D). Carleton
(1979) followed this up with an investigation of
winter cyclonic activity during the five SH winters
1973-77 using infrared imagery.

Le Marshall and Kelly (1981), in their account
of the SH climatology derived from World
Meteorological Centre analyses, showed the re-
gionally and zonally averaged anticyclone and
cyclone densities for January and July 1973-77.
Kep (1984) plotted and tracked cyclones from the
positions of lows marked on operational analyses
for each month during the ten-year period 1972-
81 and prepared tables of frequencies of cyclones
and cyclogenesis.

A variety of data periods and analysis methods
have been used in the various works cited above.
Summer and winter have been associated with the

.single months of January and July or with periods
of several months. Most workers have given
frequencies as areal densities, but Kep has meas-
ured cyclone occurrence in numbers of tracks
crossing 10° meridian segments at 10° longitude
intervals. Taljaard (1967) defined a low as being a
centre with a closed contour at a contour interval
of 2.5 hPa, Kep (1984) used the centres marked on
operational charts, while Streten and Troup
(1973) and Carleton (1979) identified cyclones
from vortex signatures. In the GCM study de-
scribed here, both open and closed cyclonic fea-
tures have been analysed, subject to a minimum
cyclonic curvature in the pressure surface. This
diversity should be allowed for in making com-
parisons.

Application of the scheme

Finding and tracking the lows

The GCM data to which the scheme was applied
uses spherical harmonic basis functions rhom-
boidally truncated at wave number 21, with 9
levels in the vertical. It is forced by ‘perpetual’
diurnally-averaged January or July insolation
with specified albedo, specified concentrations of
carbon dioxide and ozone, and prescribed sea-
sonal sea-surface temperatures and snow, sea-ice
and cloud cover. The GCM incorporates moist
convective adjustment and a surface layer based
on Monin-Obukhov similarity theory. The model
is run for an initial 60 days to allow the atmos-
phere to stabilise and then for a further 600 days.
Surface pressures (py) are reduced to MSL by
downward integration of the hydrostatic equation
from lowest model sigma level (p=0.991p,), as-
suming a lapse rate of 6.5°C/km.

The daily MSL pressures produced by the
model for days 61 to 660 were interpolated onto a
61X61 SH polar stereographic (PS) grid, which
has a resolution of 3.8 deg. lat. at the South Pole.
This grid was used in all stages of the scheme.

In the first stage of the scheme the centres of
lows were positioned using an iterative differen-
tial routine, with pressures and pressure deriva-
tives being defined by bicubic spline inter-
polation. Two types of cyclonic centre were
analysed. The centres of closed depressions were
located by minimising the pressure. Open de-
pressions (cyclonic disturbances with no closed
isobars) were identified with points of inflexion
on the interpolated pressure surface and were lo-
cated by minimising the absolute value of the
pressure gradient. To exclude heat lows and other
insignificant cyclonic features unlikely to be as-
sociated with migratory storms, a criterion was
applied (hereinafter known as the ‘concavity test’)
which requires a minimum average value of V2p
overasmall area around the analysed centre. (The
condition which was actually used stipulated
that

V2p+0.1V2p=0.5hPa/(deg.lat.)2, ... 1

where the overbar designates an average over the
grid-points within a radius of 4 deg.lat.)

Cyclone paths were then tracked by a program
which estimates the subsequent displacement and
pressure change of each cyclone at each analysis
time. The displacement is based on a weighting of
the movement during the previous time interval
and the climatological zonally averaged cyclone
velocities, the pressure change on a weighting of
previous tendency and persistence. Probabilities
of association between the projected cyclones and
those actually present at the following analysis
time were computed on the basis of their differ-
ences in position and pressure. Matching was
performed by determining the combination of
associations having the greatest overall prob-
ability.
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The numerical values of the chief parameters
used for tracking the GCM cyclones are as

follows: was — 036
wp = 0.30
Kip = 1.4 hPa/deg. lat.
re = 12.5°
Popen = 0.6
Ppew = 0.75

The meanings of these quantities and the methods
used to locate and track the lows are as set out in
Part 1. The velocities originally used to aid the
prediction of cyclone movements are not tabu-
lated as these were subject to a process of optim-
isation, wherein the zonally averaged output vel-
ocity statistics were fed back into the tracking
program and statistics were recalculated. This was
repeated a few times until stable values were ob-
tained.

Analysis of track statistics

The analysis program caiculates zonal and re-
gional averages of the frequency, velocity, central
pressure and pressure tendency of cyclones, and
the frequencies of cyclogenesis and cyclolysis
from the accumulated track histories. Cyclone
frequency has been reckoned both as a density and
as a flux. Cyclone density refers to the average
number of systems per unit area at any one time;
cyclone track flux is used to denote the average
number of systems passing within unit distance of
any point per unit time. In the present study, flux
has been reckoned as a vector quantity whose
eastward and northward components represent
the net number of eastward (northward) crossings
per unit length of meridian (parallel) per unit
time.

Inclusion of systems in the statistics was made
conditional on the survival of a system for a mini-
mum lifespan (i.e. the difference between the
times at which it was first and last recorded) of 24
hours (2 analysis times), except in the case of
cyclogenesis and cyclolysis for which a 72-hour
minimum lifespan was stipulated. The zonal and
regional statistics of cyclogenesis and cyclolysis
were obtained from the counts of the first and last
recorded positions of each system. For calculating
the other quantities, the position coordinates and
central pressures of each system, and their tend-
encies, were interpolated by cubic splines at 1/5-
day intervals and statistics were aggregated from
all sampled (recorded and interpolated) positions.
Regional distributions were compiled on the PS
grid with the application of a smoothing pro-
cedure. Zonal means were computed from sum-
mations over 5° latitude intervals and were not
smoothed. Summations of cyclogenesis and
cyclolysis were normalised for area and time;
those of cyclone density and net flux were normal-
ised for area and number of sampling periods.
The area for each grid-point was taken as the
square of the map factor (3.82 deg. lat. X

0052{1/2(¢po[e_¢)})-

Smoothing of the regional statistics was carried
out as follows. The average values of system prop-
erties (velocity, pressure and pressure tendency)
were obtained by contributing a weighted fraction
of the value, gy, of the quanity, g, at each sampled
position, k, to the total for each grid-point (i, j)
within the radius rjx<ry. The weighting factors
were of the form,

ral—rik
a2+ ri(ra¥rg® —1)

» ("ljk<rsl),
L2

wijk = w(rijk) =

where r;j is the distance between the grid-point
(i, j) and the sampled position, &, and w(r) was a
function chosen to decrease monotomcally from
1(r=0) to 0 (r=ry,), with most of the fall-off oc-
curring within a radius r;. The sum of the
weighted values of the appropriate quantity, g;;,
for each grid-point, taken over the entire run, was
divided by the sum of the weights for the grid-
point, i.e.

Ellkwlj,‘k
k

Zo= ... 3
q'_l Zwl:jk -
k

Values of r; =10 deg. lat. and rp=2.5 deg. lat.
were selected to ensure continuity of the analysis
in poorly represented locations and give an accu-
rate, but not too noisy, plot.

In the case of frequency distributions the same
weighting function was used but the sum of the
weighted counts distributed for each sampled pos-
ition was normalised to unity. A smaller pass
radius was used (ry =5 deg. lat.) since continuity
was not required. Cyclone density was reck-
oned,

Wijk ... 4
NZ( W:;k)
i’

where the summation in the denominator effec-
tively extends over the grid-points within a radius
r. of each sampled position, k, and N is a normal-
isation factor for area and sampling period.
Frequencies of cyclogeneses and cyclolyses were
similarly calculated, only the starting and finish-
ing positions, respectively, being counted. Net
flux was found as for cyclone density except that
the weight apportioned to each grid-point was
multiplied by the sampled velocity, i.e.,

= NI(ikVk ...5
(ZW.,k)
iy

The zonally averaged net flux was taken to be
given, with sufficient accuracy, by the product of
the zonally averaged velocity and cyclone den-
sity.
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Regional averages

Figure 1 shows the storm tracks for January and
July and gives an impression of their alignment,
density and variability. To reduce the clutter, only
lows from the second half of each simulation (days
361-660) and lasting four or more daily positions
(72 hours lifespan) are shown. The statistics which
follow have, however, been compiled for all
systems having a lifespan of at least 24 hours,
unless otherwise stated. Variation between the
patterns of tracks plotted for the first and second
300 days of each model run was imperceptible,
which seems to indicate that the 600-day inte-
gration period constitutes a representative time
span for the construction of the GCM climat-
ology.

Fig. 1 Tracks of cyclones for (a) January and (b) July.
(Only those for days 361-660 and lasting at least
four daily positions are shown.)

Cyclone density

The distribution of cyclone occurrence is rep-
resented in contoured form in Fig. 2 as a spatial
density. In both seasons one observes a high level
of cyclonic activity over the high latitude oceans,
the distribution being somewhat more closely
confined towards the Antarctic coast in January
than in July. Maximum densities occurred in the
eastern sector at latitude 60°S, their location poss-
ibly being determined by the tighter meridional
temperature gradients at these longitudes and by
entrainment of tropical air in the south Atlantic,
as discussed later. At higher latitudes one notes a
tendency for depressions to congregate in the Ross
and Weddell Seas and, in January, near Prydz
Bay.

Fig.2 Cyclone densities for (a) January and (b) July
(contour interval 10~3 cyclones deg. lat.—2),
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The high latitude distributions of cyclones are
similar in form to those of Taljaard (1967) and
Le Marshall and Kelly (1981), but peaked more
strongly in the circumpolar trough around East
Antarctica and extended further south than was
found by abovementioned authors. Large num-
bers of cyclones were found in the Ross and
Weddell Sea areas. It is possible that the low
frequencies reported in earlier studies may reflect
the patchy gathering of data and the difficulty in
observing cloud vortices in these regions. The
GCM cyclone distribution shows much better
agreement with the more recent observed densi-
ties of 1000 hPa geopotential lows calculated by
Lambert (1988) from ECMWEF analyses for the
winters of 1980-84.

Many heat lows are evident in continental areas
during summer, as might be expected. Taljaard
found large numbers of depressions over northern
Argentina in all seasons; however, the abnormal
densities of lows over the Andes in our results for
January and July are almost certainly connected
with an unrealistic reduction of surface pressures
to sea level.

Cyclone track flux

The vectors in Fig. 3 show the net flux of storm
tracks for January and July. There is a fairly gen-
eral east to east-southeast movement of systems
throughout the mid-latitudes, with a maximum
concentration of cyclone tracks at 60°S. The
eastward component of the net flux is shown in
contoured form in Fig. 4. This is the dominant
component over the hemisphere, except at low
latitudes and over Antarctica where there are
some regions of negative (westward) flux. Not sur-
prisingly, therefore, the pattern is similar to that
of cyclone density, but it will be seen that vector
averaging has all but eliminated any contribution
from the random movements of spurious de-
pressions over South America and of heat lows
over the subtropical continents, indicating that
the shallower systems were not migratory in
character.

A conspicuous feature of this plot and of the
tracks in Fig. 1 is the strong channelling of cyclone
paths along 60°S between 40°E and 120°E. The
tracks of Kep (1984) are also more concentrated
in the eastern sector but not nearly so sharply re-
stricted in latitude. A similar discrepancy between
simulated and observed behaviour was found by
Le Treut and Kalnay (1990), who noticed a rather
more tightly zonal alignment of tracks in a 20-day
integration of the T-63 ECMWF forecast model
than in the case of the ECMWF analyses for the
same period (10-30 October 1979). The authors
suggested that this might be related to an excessive
zonalisation of the flow in the T-63 model which
(like ours) does not incorporate gravity-wave
drag.

A number of US authors have delineated
characteristic cyclone and anticyclone tracks

from ridges in frequency isopleths. The compi-
lations of Klein (1957) and Whittaker and Horn
(1982) show the ‘principal tracks’, or more cor-
rectly axes of high frequency, of systems in the NH
for various months. The complexity of their pat-
terns no doubt reflects the distribution of land and
sea in that hemisphere. By comparison, the pat-
terns of movement of cyclones in the SH appear to
have much less structure.

The maps of Taljaard (1967) show well defined
spiral arms of high cyclone frequency entering the
circumpolar trough from the central South Pacific
and the Gran Chaco of northern Argentina, par-
ticularly in winter. Similar axes were revealed in
the frequencies of surface fronts for part of the
same (IGY) period by van Loon (1965), in the dis-
tributions of early development vortices of

Fig. 3 Net flux vectors of cyclone tracks for (a) January
and (b) July (1 grid space =0.01 cyclones deg.
lat.~! day~1).
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