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A numerical scheme for tracking cyclone
centres from digital data
Part 1I: application to January and July
general circulation model simulations
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(Manuscript received November 1990; revised March 1991)

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 resuits 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 mcan state of the atmosphere and are becom-
ing increasingly rclied upon for investigating the
cffects of changes to its forcing. Evidence suggests
that current general circulation models are able to
capture the obscrved levels of variability (c.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 Peixdto 1983).
Until recently. synoptic climatologies for the
SH haveall 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 comparc 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 Obscrving
Periods of the First GARP Gilobal 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
1983: 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 featurcs 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 carly 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 (p,) 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
1sobars) 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

2p+0.1\/2p=0.5hPa/(deg.lat.)?, ... 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: s — 036
wp = 0.30
k)'p = 14 hPa/dcg. lat.
Fe = 12.5°
Pu[?('n = 0.6
Pm'\\' = 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 werc ob-
tained.

Analysis of track statistics

The analysis program calculates zonal and re-
gional averages of the frequency, velocity. central
pressure and pressure tendency of cyclones, and
the frequencics of cyclogenesis and cyclolysis
from the accumulated track historics. Cyclone
frequency hasbeen 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:
cvclone 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
castward and northward components represent
the net number of eastward (northward) crossings
per untt 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 cach 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
COSZWZ(%)O/('A(D)”

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, gx, of the quanity, g, at each sampled
position, k. to the total for each grid-point (i, j)
within the radius 7k <<ry;. The weighting factors
were of the form,

. 2 T
Fo” TR
3 3.
ra” Frpp(ra/r” — 1)

ik <ry),
L2

Wik = w(rjk) =

where rj; 1s the distance between the grid-point
(i, /) and the sampled position. k. and w(r) was a
function chosen to decrease monotonically from
1(r=0)to 0 (r=ry;), with most of the fall-off oc-
curring within a radius rs. 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.

ZfiA“‘//k
k

gij= <
ZW,/A
k

Values of ry =10 deg. lat. and r,=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 =35 deg. lat.) since continuity
was not required. Cyclone density was reck-
oned,

7= [\/Z ___H'I‘/k R ... 4
S P (;“'i’/'k)

o

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.c.,

f],/.: NZ( WiikVk ) ... 5
k ;Wi’j’k
V)

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 103 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 cast-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 isthe 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 castern 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.~ 1l day~1).
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Fig. 4 Net eastward flux of cyclone tracks for (a) Jan-
vary and (b) July (contour interval 5X 103
cyclones deg. lat.— 1 day~1!).

Streten and Troup (1973) and Carleton (1979),
and in average brightness charts prepared from
daily satellite cloud pictures for various seasons in
1969 by Yasunari (1977). By contrast, the aver-
ages of Le Marshall and Kelly (1981) and of Kep
(1984) arc rather more zonally symmetric and
show little evidence of the features noted by Tal-
jaard. The evidence appears. on balance, to sup-
port the belief that a weak development of spiral
axes of high frequency over the western south
Atlantic and central South Pacific Oceans is a
persistent feature of the cyclone distribution.
Streten (1973) found that the axes of five-day
averaged cloudiness were located close to the
scale-separated 700 hPalong-wave troughs for the
corresponding periods and suggested that the

bands might represent the channels of energy flow
into the mid-latitude westerlies. James and
Anderson (1984) have shown that the trade wind
easterlies, deflected by the Andes into the prevail-
ing northwesterly winds over central South
America, may constitute a source of low-level
moisture which could be entrained in the mid-
latitude westerly flow. This would encourage the
growth of baroclinic waves over the south
Atlantic, with downstream effects on the high
frequency transient (cyclonic) activity over the
Indian Ocean. A similar but less persistent mech-
anism was postulated over the central Pacific
Ocean.

We can look for spiral arms in the plots of
cyclone flux for the 600-day GCM simulations
(Figs 2 and 4) and in the tracks in Fig. | (although
it should be stressed that the alignment of
frequency ridges is not necessarily the same as the
average direction of movement of depressions).
The development of these features was only rudi-
mentary in July but more obvious in January. In
the latter month there was a marked tendency for
lows to form over continental areas, particularly
South America, at around 20-30°S and track
southeast across towards the westerly belt: this
resulted in a considerable number of depressions
passing over the western sides of the ocean basins
at 30°S and almost none on the castern sides. No
indication of this phenomenon is evident in the
tracks of Kep (1984).

Storm tracks south of 60°S. e¢specially in Jan-
uary, tended to turn southwards and converge
upon the Antarctic coast. The effect was most pro-
nounced along the eastern shores of the major
Antarctic embayments. Retrograde motion is
quite common in respect of the tracks of individ-
ual systems: however, it is interesting to note in
Fig. 3 a cyclonic curvature in the mean paths of
cyclones, which is evident over the Ross and
Weddell Seas.

Velocities

The mean eastward motion of cvclonic storms is
shown in Fig. 5. A corresponding plot is not
shown for the meridional component, but the di-
rections of the velocity vectors are the same as for
the net flux (Fig. 3). The distributions of average
velocity components were fairly zonally symmet-
ric, except for the undulations in the i1sotachs at
lower latitudes which are suggestive of phase lock-
ing in the model, possibly associated with the
specification of the model topography. Maximum
eastward velocities were recorded in the 40-50°S
latitude zone in both seasons. with peak values of
10-11ms !inJanuaryand [1-12ms ~!inJuly
occurring in the Atlantic and Indian Ocean scc-
tors. (These maxima have been rounded down a
little in this plot by the smoothing.)

Central pressures

The most notable features of the central pressures
of GCM cyclones (Fig. 6) are the zonal symmetry



Murray and Simmonds: Tracking cyclones from digital data, Part [1: application to GCM 173

Fig. S Average eastward velocities of cyclones for (a)
January and (b) July (contour interval 2 m s—1!),
(Solid contours indicate eastward and broken
lines westward velocities.)

Fig. 6 Average central pressures of cyclones for (a) Jan-
uary and (b) July (contour interval § hPa).

LR

of their distribution and their rapid falling away
with latitude between 40° and 50°S. In these
respects they arc in agreement with those of
Karelsky (1963). given for the Australian region
only. His charts show that at around latitude 40°S
pressures are minimum over the Great Australian
Bight in January and maximum over Bass Strait
in July: there is some indication of these features
in thec GCM plots but it is difficult to correlate the
smaller scale details of the distributions. Further
south the central pressures became higher again,
but the levels over East Antarctica are probably
unrcalistic owing to the great depth over which
the cxtrapolation to mean sea level has taken
place.

The variation of average central pressures of
cyclones for each month was similar in form to
that of the climatological mean (or normal) press-
ure (vide Simmonds et al. 1988) for the respective
600-day periods, but the central pressures were of
the order of 15 hPa lower than the normal press-
ures at most latitudes. Perhaps of more signifi-
cance than the central pressures are the differ-
ences between central normal pressures (Fig. 7).
Contrary to what one might expect, it will be ob-
served that areas of maximum difference do not
correspond to those of minimum average central
pressure (Fig. 6). Minimum differences for both
seasons were found in the Ross, Weddell and
Lambert basins and in an arc around the coast of



174

Australian Meteorological Magazine 39:3 September 1991

Fig. 7 Normal pressure minus average cyclone central
pressures for (a) January and (b) July (contour
interval 2.5 hPa),

castern Antarctica. These coincide with the arcas
of greatest cyclone density shown in Fig. 2. It thus
appears that the presence of large numbers of
systems over the polar seas contributes to a lower-
ing of average pressures and hence to a dimin-
ution of the amplitudes of the pressure variations
in these places. It is of interest to note also that
there 1s a good correspondence between the lo-
cations of the minima of the pressure difference
and those of the standard deviations of the daily
MSL pressure analysed from the same GCM data
as used here (Simmonds et al. 1990).

Fig. 8 Positions of cyclogenesis for (a) January and

(b) July (cyclones lasting at least four daily
positions).

Cyclogenesis and cyclolysis

The points of cyclone formation (Fig. 8) may be
comparcd with the points of dissipation (Fig. 9).
In order to accentuate their diflerences, the re-
spective plots have been drawn to include the
starting and ending points of only those cyclones
recorded on at least four consccutive days. As
alrecady mentioned, cyclonic systems have a tend-
eney to drift poleward during their lifetimes and
this will be seen to have resulted in a more
pronounced clustering of cyclolyses toward high
latitudes than in the case ol cyclogeneses.
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Fig. 9 Positions of cyclolysis for (a) January and (b)
July (cyclones lasting at least four daily pos-
itions).

A number of authors (Streten and Troup 1973;
Carleton 1979: and Budd 1986) have identibhed
characteristic cyclogenetic and cyclolytic regions,
the latter being ascribed particular embayments
of the Antarctic coastline. Evidence of such dis-
tinctive and localised regions in the plotted pos-
itions of Taljaard (1967) and Kep (1984) is
tenuous. A comparison of the plotted cyclogen-
eses of Kep and his corresponding frequency iso-
pleths leads one to believe that a degree of false
detail is introduced in contouring areal frequen-
cies from small numbers of events and that too

much may have been read into them by some
commentators. For this reason the GCM distri-
butions of cyclogenesis and cyclolysis have been
presented as plotted positions rather than as
frequency isopleths.

It should be noted that the differences between
the distributions are only relative, with lows form-
ing and decaying in comparable numbers at all
latitudes. Both processes will be seen to peak
strongly in the circumpolar trough (in July more
so than in January), indicating considerable in
sitit development in this region. This finding is out
of keeping with the results of the aforementioned
authors who found latitudinal maxima of cyclo-
genesis near 45°S in both seasons and no appreci-
able cyclogenesis (in the areas analysed) over
Antarctica. This and the close correspondence of
the GCM distributions of cyclogenesis and
cyclone density would seem to suggest that day-
to-day variation in cyclone numbers and tracking
errors were exaggerating the incidence of cyclo-
genesis. On the other hand it may be that the
difficulties of detecting new and short-lived
systems have led workers in the past to underesti-
mate the level of baroclinic activity at high
southern latitudes. Of relevance to this is the
study of Mechoso (1980) who has demonstrated
the possibility of local cyclogenesis over the
Antarctic slopes, caused by a combination of
orography. surface drag and strong temperature
gradient.

The problem of spurious cyclogenesis can be
related to the calculated lifespans of cyclones. For
cyclones lasting 24 hours or longer the average
lifespan of both January and July cyclones was
reckoned to be 4.0 days and 3.7 days. respectively.
These durations seem to be in accordance with
experience, although we do not have any specific
observed estimates with which to compare them.
On the other hand, the frequency distribution of
cyclone lifespans (Fig. 10) is very skewed, with
large numbers of systems being registered at only
one or two analysis times and a much smaller
number surviving 20 days or longer. We are not
vet able to judge how well the GCM results reflect
this aspect of the evolution of cyclonic systems in
the real atmosphere.

Zonal averages

Cyclone density

The zonally averaged cyclone densities for Jan-
uary and July are shown in Fig. 11. The GCM
results may be compared with the meridional pro-
files of Taljaard (1967) and Le Marshall and Kelly
(1981). which have been redrawn as areal densi-
ties. One observes a sharply peaked maximum of
cyclone occurrence near 60°S in each season, and a
subsidiary maximum at about 80°S, correspond-
ing to the lows analysed over the Ross and
Weddell Seas. Overall, the distribution south of
45°S for January appears displaced poleward of
that for July by a few degrees.
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Fig. 10 Frequencies of GCM cyclones by lifespan (dif-
ference between times of cyclogenesis and
cyclolysis) for July (solid) and January
(dashed). Faint lines indicate total numbers of
tracks in 600 days and bold traces the integrated
lifespan (in days) represented by these tracks.
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Fig. 11 (a) Zonally averaged cyclone densities (103
numbers deg. lat.—2) for January (dashed) and
July (solid). (b) Meridional profiles in the same
units from Taljaard (T) and Le Marshall and
Kelly (IeMK).
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The model results agree with those of these
authors in the placement of the circumpolar max-
imum, but differ in other respects. Both of these
observational studies display a more gradual fall-
ing away of densities to the north of 60°S and no
indication of a secondary peak at high latitudes.

The numbers of cyclones at low latitudes in all
three data sets were greater in January than in
July, owing principally to the persistence of heat
lows in continental areas. These will be seen to
have been underestimated by the scheme as a
result of the stringent screening of shallow de-
pressions that had been found necessary to aid the
tracking. From 35-50°S lows were more frequent
in July. At higher latitudes the January distri-
bution occupies a more poleward situation than in
July, in contrast to the case with the observed
profiles.

Cyclone track flux

The latitudinal variation of the castward flux of
cyclones (Fig. 12)is similar to that of cyclone den-
sity, but the peak has moved slightly to the north
(from about 61° to 59°S) where the eastward
movement is more rapid. The secondary high lati-
tude maximum is absent owing to the low speeds
of systems south of 70°S.

Fig. 12 Zonally averaged net eastward fluxes of cyclone
tracks (10~3 numbers deg. lat.~! day~—!) for
January (dashed) and July (solid).
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The results may be compared with those of Kep
(1984) (reported by Budd (1986)) who obtained
maximum numbers of meridian crossings in the
eastern sector in the band 50-60°S in both
seasons. His peaks are broader than those of the
GCM results and particularly so in July (although
this was partly a result of using 10° latitude
bands).

Velocities

The zonally averaged cyclone velocity compon-
ents are shown in Fig. 13. It will be seen that the
pecak eastward velocity occurred in the 45-50°S
zone in both seasons but was a little greater in
winter, being 11.0m s~ linJulyand 10.2ms~ 'in
January. Average scuthward movement in cach
month was 2-4 m's ~ ! in mid-latitudes (25-50°S)
falling to 1 m s~ ! in the circumpolar region.
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Fig. 13 Zonally averaged eastward (bold) and

northward (lower curves, faint) cyclone velocity
components (m s—!) for January (dashed) and
July (solid).
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The maximum speed for January, 10.4 m s~ !
(8.0 deg. lat./day) in the 45-50°S zone, was
somewhat lower than the 9.5 deg. lat./day ob-
tained by Streten and Troup (1973) for 40-50°S in
summer; also, the speeds of the model cyclones
fell away more rapidly at higher latitudes. Streten
and Troup did not have observations for winter
but their speeds for spring and autumn were
slightly greater than in summer, which is in line
with our simulations.

Systematic errors in cyclone displacements
have been studied by Akyildiz (1985) and also by
Grotjahn (1990), using an objective feature-based
scheme. The likelihood of similar errors in the
GCM results and the dynamical reasons for them
warrant further investigation.

Central pressures and tendencies

The zonally averaged central pressure and normal
pressure for each season (Fig. 14) varied in a simi-
lar fashion, with minima of both functions occur-
ring at the same latitudes. The fall of central
pressure with increasing latitude between 45° and
60°S in July was more rapid (1.1 hPa/deg. lat.) and
in January less so (0.9 hPa/deg. lat.) than the mer-
idional pressure gradient (1.0 hPa/deg. lat. in both
months). The difference between the central and
normal pressures (lower curves) might be taken as
ameasure of the mean relative depth of lows at the
latitude: this is seen to have increased from 14 hPa
at 40°S to 17 hPa at 60°S in July and to have
decreased from 14 hPa to 12 hPa over the same
interval in January. This finding would reflect the
greater amplitudes of systems in the winter
months.

At high latitudes the difference graphs for Jan-
uary and July are similar in form, with the minima
in each at around 65° and 80°S corresponding re-
spectively to the regions of low relative depth off
East Antarctica and over the West Antarctic
basins seen in Fig. 7. The curve for January is
about 5 hPa lower and is displaced 5° further
south than in July. This displacement may be as-
sociated with the contraction of the sea-icec margin
in summer.

Fig. 14 (a) Zonally averaged central pressures (hPa) of
cyclones (bold) compared with normal pressures
from the same simulations (faint) for July
(solid) and January (dashed). (b) The difference
graphs (normal-central pressure) for the two
months are shown in the lower box.
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Fig. 15 Zonally averaged central pressure tendencies
(hPa/day) of individual cyclones for July (solid)
and January (dashed).
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In Fig. 15 we show the zonal average of the cen-
tral pressure tendency of cyclones as a function of
latitude. A mean falling tendency in mid-latitudes
of the order of 1-2 hPa/day is in agreement with
the overall poleward migration (1-2°day) of
systems and the meridional gradient of central
pressure (1 hPa/deg. lat.). The zonally averaged
tendencies are, of course, much smaller than the
rates of intensification and dissipation of indi-
vidual storms, which are characteristically in the
range 12-20 hPa/day.
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Cyclogenesis and cyclolysis

The latitudinal variations of cyclogenesis and
cyclolysis are given for cyclones lasting four or
more daily positions in Fig. 16. As noted before,
the distribution of cyclolysis is biased poleward of
that of cyclogenesis, with formation being pre-
dominant north of 50°S and dissipation south of
60°S. (The corresponding graphs for cyclones last-
ing two daily positions were found to demonstrate
the same feature, although less strikingly.) Area
normalisation of the zonal averages has been
omitted in order that total numbers of new and
decaying cyclones at different latitudes may be
compared.

Fig. 16 Total number of (a) January and (b) July cyclon-
genesis (faint) and cyclolysis (solid) in 5° lati-
tude zones (for all systems lasting at least four
daily positions during the 600-day period).
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Variability

The movement and distribution of cyclones dur-
ing any one season may undergo considerable
change from vyear to year (Budd 1982) as shown in
the plotted cyclone tracks and zonal cyclogenesis
statistics of Kep (1984), and in the meridional
profiles of cyclone frequency of Le Marshail and
Kelly (1981). An appreciation of the magnitude of
this variability and the time-scales over which it is
built up are of some importance in constructing
any climatology of cyclone behaviour and in
establishing secular trends.

In reality, interannual variability in the circu-
lation patterns may be the result of changes in
ocean heat storage, sea-ice extent and cloud cover.
and of dynamic processes occurring within the
atmosphere. In the model climate only the last
would be operative and the effects of ocean, ice
and cloud would need to be studied with reference
to separate modelling experiments.

A measure of the variability in the behaviour of
GCM cyclones may be obtained by finding the
standard deviation of means taken over a suitably
representative sampling period. The standard de-
viation of 30-day means of a few selected quanti-
ties in 10° latitude zones are shown in Table |,
together with the respective 600-day means and
the difference between the means for the first and
second 300 days.

Discussion and concluding remarks

The behaviour of the GCM cyclones described in
this paper appears to be in agreement with most of
the features of cyclonic behaviour known from
observational studies and synoptic cxperience.
The movement of systems was in a generally east-
southeast direction with maximum speeds of 10-
11 ms~1(8deg.lat./day) near45°S in summer and
winter. Cyclone tracks were most concentrated
near 60°S in both scasons. Longitudinally.
frequencies were greatest in the Indian Ocean scc-
tor where cyclone paths tended to be restricted to
a narrower range of latitudes. There was a marked
tendency for systems to slow down and dissipate
close to the Antarctic coast and over the Ross and
Weddecll Seas. In July the eastward migration of
cyvclones was more rapid and extended further
north than in January.

In some respects the behaviour of the GCM
cyclones appeared to be at variance with pub-
lished climatologies. We have noted (i) a tendency
for migratory systems to originatc over the conti-
nents in summer. (ii) a lower than observed rate of
eastward movement in mid to high latitudes. and
(111) a too sharply peaked meridional profile of
cyclone density in winter. These discrepancies
may be related. at least in part. to the physics of
the GCM or the spectral truncation.

The isolation of real differences between ob-
served and model synoptic climatologies is ren-
dered difficult by a number of unavoidable biases
encountered in performing this type of investi-
gation. On the one hand the distributions of
cvclone frequencies and other propertics calcu-
lated in this study are sensitive to a variety of
factors related to the operation of the scheme.
These include unrealistic pressure reductions
(over South America and Antarctica). peculi-
arities of the interpolation, latitude-dependent
variations in the grid resolution and background
pressure gradients, criteria used in the definition
of a low. variation in consecutive daily cyclone
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Table 1. Variability statistics (for cyclones lasting 24 hours or longer) showing the 600-day means, the difference
between the two 300-day means, and the standard deviations of 30-day means.

Latitude Cyclone density

Fastward velocity

Central pressure

Zone (105 numbers deg. lat. 2) (ms 1) (hPu)

(°S) Ave, Dif. S.D. Ave. Dif. S.D. Ave. Dif. SD.
(a) Junuary
20-30 0.32 0.01 0.08 2.2 0.0 0.8 1001.2 0.7 1.0
30-40 0.43 0.00 0.11 6.6 0.8 1.0 1002.3 0.5 1.2
40-50 0.55 -0.02 0.14 10.0 0.4 0.9 996.8 1.3 2.0
50-60 1.74 0.05 0.44 8.2 0.4 0.8 983.4 0.1 1.2
60-70 2.86 -0.05 0.48 4.1 -0.1 0.7 980.7 0.4 23
70-80 1.05 0.22 0.28 0.9 0.3 1.4 986.0 1.8 4.9
80-90 1.08 0.05 0.28 =0.2 0.4 1.3 992.5 1.1 59
(h) July
20-30 0.12 0.03 0.05 3.2 0.1 1.9 1008.9 0.3 2.3
30-40 0.46 0.01 0.11 8.4 0.2 1.1 1004.9 0.4 2.1
40-50 0.90 -0.04 0.23 10.8 0.5 1.1 9933 0.1 1.9
S0-60 2.04 0.01 0.38 9.8 0.0 0.6 976.8 —1.1 1.7
60-70 2.25 0.02 0.36 6.0 0.3 0.6 974.0 0.1 1.9
70-80 1.29 0.07 (.25 1.1 -0.4 1.3 987.7 I.1 4.3
80-90 1.08 0.06 0.34 0.6 0.5 1.4 9941 = 1.0 4.9

numbers. and tracking errors. A number of these
factors also apply to observational studies where
there may be problems with data coverage and
quality. From theorctical and recent obser-
vational studics it appears hikely that the sparsity
of data at high southern latitudes may have re-
sulted in an underestimation of cvelonic activity
in this region by carlier authors. and that the oc-
currence of GCM cvelones over the Ross and
Weddell Seas and parts of the Antarctic continent
and the high frequency of local evelogenesis in the
circumpolar trough may be realistic and not just
an artifact of the tracking scheme.

Owing to the inherent limitations of manual
techniques, the statistics available from carlicr
work are mostly limited to frequencies of eyelone
occurrence and cyelogenesis. In most of these
studies, the delincation of preferred tracks has
been inferred from ridges in cyvelone frequency
1sopleths rather than from the actual alignment of
depression paths. Very hittle has been docu-
mented concerning average velocities, central
pressures and Hifespans. Unfortunately the ab-
sence of digitised track histories rules out the
possibility of reworking the data to obtain these
and other statistics. These remarks underline the
need to conducet a similar objective analysis of
cyvelone behaviour from real numerical data to
help us fill these gaps in our knowledge.

From the foregoing considerations we suggest
that the behaviour of the extratropical cyvelones
cmbodied m the GOM data s realistic and that
the scheme may be applied with confidence to a
number of climate simulations. The possibility of
biases. such as we have drawn attention to, would
not be a deterrent toats apphication to compara-
tive studies.

An important application of the scheme will be
its use i GCM sensitivity studies, and specifically
those germanc to expected future climate changes.
Data from these experiments have mainly been
used for studving changes in the mean states of the
atmospheric varables, but the features of most
iterest may be the changes induced in synoptic
behaviour and the implication these will have for
climate. An example of the type of application we
have in mind would be an clucidation of the role
of thermal contrasts and surface fluxes in the sca-
ice zone in accounting for the concentration and
latitudinal variability of cvclonic activity in the
polar occans. Other examples would include the
synoptic changes induced by changes in sca-
surface temperatures and carbon dioxide.
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