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Abstract: A study is made of the formation of
secondary cyclones in a restricted part of the
Australlian area, with especial reference to the
application of Sutcliffe's development theorye.

1t has been found that by the use of this theory
1t is possible to obtain reasonably rellable
indications of secondary development prior to the
event, and even more rellable negative indicatlons,

l. INTRODUCTION

Rapid development of secondary cyclones in the
area from the Eastern Bight to Tasmania is responsible
for a number of prognostic chart failures, The number is
not great as will be seen, but the failure 1s usually
complete for the area, On a large percentage of
occasions also, the forecast for South Australla (southern
districts), Victoria or Tasmania is a partial or complete
failure.

" This paper glves a summary of the results of a
short perlod of study of the development of secondary
cyclones,

Before proceeding further, the term "secondary
cyclone" should be defined, The definition adopted 1is
as follows:- .

"A secondary cyclone is an entirely new cyclonic
circulation, with a pressure minimum, which forms to the
north or northwest of a primary cyclone",

2. EARLIER LITERATURE

Until recently, little work had been carrled out
on the subject of secondary cyclones in Australia and there
1s 1ittle or no reference to them in the literature.
Berry, Bollay and Beers (1945) refer to the f ormation of
secondaries along the Atlantic coast of the North American
continent where the flow aloft hss the greatest cyclonic
curvature. In this case a concentration of isotherms
occurs where the tropical air over the Gulf Stream meets
cold air which is trapped between the Appalachlans and
the coast, Once developed these storms are steered by
the 10,000 ft., pressure pattern,
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Petterssen (1940) cites the case of a wave
forming on the trailing end of a cold front, This
wave moves southeastward (transposing for the southern
hemisphere) and acquires its own pressure minimum - the
secondary cyclone - whilst the primary occluded centre
tends to fill, Petterssen also links the formation of
back-bent occlusions with the development of a new
(secondary) centre at the point of occlusion.

Brunt (1939) describes the formation of
secondaries on the tralling cold front, mainly where a
bend occurs in the front, but also sometimes within the
cold air. In the latter case, he suggests that develop-
ment usually occurs on a secondary front 1ln the oold air,

A more recent paper by Sawyer (1950) glves an
account of an investigation carried out in the British
Meteorological Office using types of thickness patterns
for forecasting secondary cyclone formation. Here, the
maln criterion is the posltion of a confluent or diffluent
trough in the 1000~500 mb. thickness contours relative to
the point of occlusion of a warm or cold occlusion
respectively,

S SUTCLIFFE'S TREATMENT

Sutcliffe and Forsdyke (1950) had previously shown
that a theoretlcal relationship can be established between
the curvature and shear of the thermal wind field and the
cyclonic or anticyclonic development which must accompany
it, They divide the isobaric divergence (positive or
negative) for any level above the surface into two parts,
the vertlcal integrals of which, to the top of the
atmosphere, are approximately equal and of opposite sign,
One is the divergence in the near-surface layer (1000 mb)
which appears equally at all heights. Added to this, to
get the total divergence on a constant pressure surface
above the 1000 mb. surface, is the divergence of the
"additional" wind, approximately represented by t he thick-
ness pattern for the layer from 1000 mb. to that particular

- pressure level, The 'thermal! wind has zero value at the
1000 mb. surface and normally increases with height,

Expressed veotericlly

V = Vo + V!
where V is the wind at any level and Vo and
V! are the 1000 mb, wind and addiﬁional wind

respectively, V! is approximately the thermal wind.



It follows that

divV = div Vo + div V' +the divergence in each
case belng isobaric, i.,e. measured on a constant
pressure surface,

Integrating vertically this becomes:
po . po jole)
— //— — —
divV dp = ) div Vo dp + div V' dp = 0,

o

¢

the approximation to zero resﬁlting from the relative
constancy of surface pressure. e then have:
div. Vo =  ~(div V') m

where subscript m indicates a pressure mean value.

- Sutcliffe contends that 1t is evidently impossible
to estimate directly the future magnitude of the part

.

rd
which occurs at all heights (div Vo), that is, the one
due to the field of divergence of the lowest layer, unless
the surface pressure field 1s known, and this it 1is
desired to forecast, Sutcliffe's method is therefore to
attempt to deal with the variable thermal contribution

-2
(div V)m which is given by the thermal field., Sutcliffe
selects the field of divergence of the "thermal" wind
at 500 mb as a good measure of the mean value of the total
variable thermal contribution,

The thermal contribution to the integrated
divergence is thus assumed to be zero at the 1000 mb level
and to have a mean value at 500 mb; approximately equal
but opposite in sign to that due to the 1000 mb. wind,

' —

An expression can be obtained for div V' by
assuming that the thickness pattern changes by advection
only. Another assumption is that the thermal wind, at
least up to 500 mb., normally increases with height and
is constant in direction,

The expression obtained under these limitations

is
- - yvro . /
- divvo 2~ divvVv!'! = & F —g— (25, +C + f)
‘ o ! 4

where 7. and 7 are the vorticities of the surfsce wind

field and the "thermal" wind field given by the thickness
- A ) v

lines, V! is the thermal wind and - denotes differentiation
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along the thickness lines, and -div Vo is the
convergence at 1000 mb,

‘The above expression gives three terms

ng - the "latitude" term - say Dr,
f_‘ 25
_2V1 .?Lf; - the "thermal steering" term - Ds
vro. 2%’ - the "thsrmal vorticity" term - Dp
Pz :

The latitude ferm Dr 9 very much smaller than the other
two teims, espec*ally at latitudes greater than 30°, so
Dy, is neglectedo

The thermal steering term Ds depends directly on
V! the shear and the rate of change of the vorticity of the

surface =27, along the thickness contours,

Due regard must be glven ‘here to the sign of the
vorticity, %, , which normally reaches a maximum in the
reglon of the surface cyclone, and also to the direction
and velocity of the shear over this region., =~ If

V! is large and the rate of change of surface vorticlty

29,
(.;z?) in the direction of the thermal wind is large, it 1is

evident’ that V' . 222; becomes large and the tendency is forthe
T RS
depression, as indicated by large values of surface
divergence, to be displaced in the direction of the thermal
wind over it and with a speed proportional to the thermal
wind. This is another way of arriving at the thermal
steering concevt. This term naturally achieves grestest
importance in the case of cold anticyclones and shallow
depressions where the contours of the thickness pattern are
comparatively ctrolgmt and uniformly spaced, In these
circumstances the thermal

vorticity term Xi o;?ﬁy is the least lmportant but in a

situation whkere sescondary cyclones may form, this latter
term 1s the predominant cne.
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The Thermal Vorticity term T . ~70s

To facilitate treatment in terms of the
geometry of the contour patterns, this expression is

written =-
_ _ )w\ K V' V! a/i/
_/[ a/'V/ ﬂ) 205

where K is the curvature of the thermal wind
streamline (positive for cyclonic curvature) and n is
measured at right angles and to the right of the
streamline,

Thus the 'thermal development! term is
proportional to the thermal wind, and to the sum of three
terms, which are respectively governed by:~

(1) rate of change of shear along the thermal
wind,

(11) ourvature and velocity gradient of the thermal
wind along its streamlines,

(1i1) velocity and curvature gradient of the thermal
wind along its streamlines,.

This treatment for assessing the development has
been applied to the problem of forecasting secondary
cyclone formation, Here we have a cold trough in the
thickness pattern and in the ideal case a closed 'cold.
pool! as shown in Fig. 1. The value of -2V' is a

3n
maximum along AB and decreases rapidly to the eastward ss
the contours fan out, so that the term__gL{gBLﬂ ives a

)' .) L
contribution to surface convergence, ¢

The term K2V.' also decreases eastward from AB
¥
(since K is positive) contributing to cyclonic developments

‘The remaining term'V'%%5§ also contributes
cyclonic development to the east ot the cold pool since
K, the thickness contour curvature is positive where the
contours cut the axis AB, and becomes decreasingly positive “
up to the point of inflexion X, where curvature changes to
negative values,

Experience with actual situations in Australia
and Great Britain (Sawyer 1950) confirms the theoretical
, —=
view that the magnitude of V! is most important.



In Great Britain the shear to 500 mb was
usually 40-80 kncts when secondary formation occurred.
In Australia the appearance of shesrs of 50 knots or more
at the axis of a cold trough on either the 1000-700 mb
or 700-500 mb thickness pattern is a strong indication
that secondary formation may occur, providing that other
conditions are met,

4, AN ANALYSIS OF THE OCCUREENCE OF SECONDARY

CYCLONES IN THE AUSTRALIAN AREA

Using miniature 0900 K synoptic charts prepared
by Foley (1954) end special "cyclonicity" charts which
have been compilsd by Kerelsky (1954), a tentative list
of dates of osccurroncs of secondary cyclones was drawn up
for the years 1945.-1952, Many difficulties were
encountered in using synoptic charts at 24 hour intervals
for selection of secondary ayclone occurrences, The
greatest arises from the evanescent nature of some
secondaries, the sometimes rapid develooment and movement
of cyclones and the consequent problem of their
ldentification from chart to chart. As a check, micro-
filmed charts for (900 K and 2100 K were used buf even
with this interval there were doubtful cases, Use of
three-hourly charts wee not possible except for the years
19581, 1952 and vart of 1953 for whlch years completely
accurate figures are given in tsbie 1,

Table 1, Freaquency of Occuresnce of Secondary Cyclones,
Destern Bight to Tasmania

&
e

’Jan reb Mar:qugMaygjun Jul jAug Sep‘Oct Nov‘Dec
1951} O 2 } C 5 5 5 ol ;0110 3
1952) © 0 i 2 12 2v 0 1 | o ' 1 0 2 | 1-
1955/ 0 |0l o jc o3 la | |
Foley (1%45) gives the frequency of ‘occurrence
of various synontis citustlions cover a long period (23 years).

See table 2,
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Table 2. Frequency of Occurrence of Secondary Cyclones and

Troughs ( 23 years)

Posltion !
%elative Jan {Feb [Mar|Apr |May Jun [Jul |Aug |Sep 0ot |[Nov| Deo
.to Tas. .

(a)
To west | 15| 17| 14| 20! 13| 19| 23| 20| 32| 21| 9 15

(b)
Over SE. ,
Aust, 63| 60| 62 41| 69| 44| 49| 34| 65| 73| 81} 78

(c) ‘
To east| 6| 3| 317! 3| 4| 5| 8| 6] 4| 9o 11

(a) + (Db)
+ (o)

84: 80| 79| 78| 85 67| 77| TL|103 | 98 | 99| 104
Mean 3461345 |342]344 3.7!2.9 303|301 (445 4¢3 4e3| 445
':" z ¢

These figures show a slight tendency for a maxe
imum from September to December.

5+ APPLICATION OF SUTCLIFFE'!'S METHOD

Following the work of Sutcliffe and Forsdyke
(1950) and Sawyer (1950) the thickness patterns were
examined for occasions when secondary cyolones oocurred.
The 1000-500 mb thickness patterns were not ocurrently drawn
at this time (prior to August 1954) so that contours for
the 1000-700 and 700-500 mb, layers were used.

It was evident from the outset that a very strong
link existed in the Australlan regilon, between the
occurrence of cold troughs or ccld pools in the thiockness
patterns and the subsequent development of secondary
cyclones to the eastward,.

A sequence cof events which occurred on a. few
occasions durlng 1952 and also 1n 1951 was as follows:-

(a) The development of an anticyolone in the Western
Bight preceded by a primary cyclone and a deep
(to 500 mb,) cold south to southwest stream from
the Eastern Bight to Tasmania with veloclties of
about 20 to 30 knots in 1lower levels,

(b) The apnearance, 'as revealed by 0500Z RAOB reports,
of a marked cold trough, south of Kangaroo Island,
usually with a closed cold pool on the 1000-700 mb.
and 700-500 mb. thickness patterns,
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(c) Formation of s quite intense secondery cyclone
off Mount Gambier by 1700Z.

On these occzsions there was little or nc indicsation from
surface pressure tendenclies and in some instances pressures
over Victoria were rising by as much as 2,5 mb. per three
hours gs late as 11007, These situations represent the
1deal case where the development of a secondary cyclone-
may be forecast with a high degree of certainty, but
unfortunately they form a minority of occasions when
secondary development is suspected. An example of an
actual situation 1is given in figures 2 to 8.

The general method and sequence of chart
exsminatlon leading to the preparation of a tentative 1list
of occurrences of secondary cyclones has already been given.
For the years 1951, 1952 and 1953 for which three hourly
synoptic charts were examined, the method used was as
follows, In 1952, the surface synoptic charts for each
three hours were checked and subsequently the corresponding
thickness charts were studied in relevant cases, From
this, in conjuction with the theoretlcal background it was
possible to arrive at a set of conditions which were likely
to lead to secondary cyclone formation, For the year 1951
comments were made regarding the possibility of secondary
development based on the appearance of the (1000~700 mb)
and (700-500 mb) thickness charts, without reference to
surface charts and the result checked by turning up the
relevant surface chart in the files,

The overall result of these investigations
emphasised that, to forecast secondary development, it is
necessary to have all three patterns correct, i.,e. the two
thickness patterns and the surface chart.

A summary of the results follows, based on M,S.L.
synoptic cherts showing charscteristics favourable for
secondary development and using the two additional
pirageters, the 1000-700 mb. and 700-500 mb, thickness
cnarus, '

Table 3.

Probsebllity of Total | Secondary | No Secondary

Development No. of Cases Formed _ Formed
(1951)

Low 4 2 2

Moderate 4 4 -

High 9 8 ' 1




Table» 4 .

Probabllity of Total i Secondary i No Secondary

Development - No., of Cases Formed Formed
(1953) ‘

Low 3 - )

Moderate 4 2 2

High 3 g 3 | -

6., CONCLUSIONS

The timing of the radiosonde flights relative to

the stage of formation of the "secondary" must be good for
best results, in view of the short time which may elapse
between favourable conditions gloft and surface develop-

ment .

(1)

(11)

(111)

The .conditions for formation of a secondary are =

A well developed cold pool in the 1000-500 mb.
(or 1000-700 mb. and 700-500 mb,) thickness
pattern with sheer velocities of the order of
50 knots for the thickness layer(s) on the
northern side of the cold pool.

An intense anticyclone in the Western Bight with
a deep (to 500 mb.) south to southwest stream
preceding 1t,

A primary cyclone sufficiently far eastward that
heavy pressure falls to the westward will result
in a -separate (secondary) centre rather than a
retrograde (west or northwest) movement or merely
deepening of the primary. Secondary formation
is also more likely if the primary cyclone is not
intense, If it is intense, a secondary trough
only is more likely, It is prefereble for
secondary formation to have the strong south to
southwest gradient assoclated more with the anti-
cyclone and for gradients to be slacker towards
the primary cyclonee

Difficulties which hinder an sccurate estimate of

the possibility of secondary formation are -

(a)
(b)

of
Timing/rediosonde observations as mentioned in (1).

Lack of observations over the ocean areas and of
upper winds to sufficlent height over the
ccntinent.-
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(c) Systems generally too far south, 1l.e., secondary
forming in Tasmanian latitudes,

(d) Formation of a secondary in the Bight, i.c., in
a region where observatlons are few, so that
both the ccld pocl and the secondary are in
evidence when the systems reach South Australila.

(¢) The time factor.is difficult. A secondary may
not form until up to 24 hours after an apparently
fevoursble arrangement of systems occurs,

It is clear from the above summary of the
technique and difficulties associated with forecasting
secondary cyclones that it 1s strictly a subjective process,
The. indications of seccndary development vary from very
strong to weak; 1in the case of weak lndicatilon,
experience shows that it is best to resolve 1n the
negative, On the other hand, the negative declsion may
be made with great certainty on the majority of occasions
and the fear of secondary formation upsetting a prognostio
chart 1s largely removed by application of the foregoling
principles,
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