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AND ITS FRONTAL STRUCTURE*
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Abstract: The development of a ''cut off'" depression
at about 31 S is examined in detail by means of space
cross-sections based on routine data, and a time
section based on special observations at Woomera.
Broad warm and cold frontal zones were found on
either side of a barotropic trowal, which, during the
occlusion process, broadens and weakens as a result
of ascent. Marked wind shifts are found in the cold
frontal zone,.indicating cold advection, but these are
fairly sharp only near the surface. Both wind shift
and cooling commence above the low level inversion
about 11 hours before the wind change at the surface,
and these changes aloft are accompanied by mamma
and a small pressure jump. The thermal ridge and
trowal, with appropriate middle cloud mass, during
the occlusion process curl around the depression
centre in the manner familiar from satellite photo-
graphs. A strong warm front type baroclinic zone in
the middle and upper troposphere develops to the
northwest of the system during the cutting off pro-
cess, as a result at least partly of differential
vertical motions. -

1. INTRODUCTION

Many studies have appeared on the process of the development of depressions and
“cutting off'' phenomena. These can be categorised into three groups, dealing with

(1) amplification of waves in the upper westerlies;
(2) the growth of a blocking system, sometimes brought about by (1);

(3) a pre-existing upper depression which does not have any repercussion
on the surface pressure pattern.

An example of (1) was presented by McRae (1955), who described cyclogenesis over
eastern Australia following the development of a cut-off low and looked at it from the point of
view of wave theory. The development of surface lows in Australia was investigated in relation
to the 300 mb jet stream by Clarke (1955), who commented on the intensification of an upper
trough by the dispersion of energy downstream. Although synoptic studies on blocking situations
in the Australian and New Zealand region are few, Ball (1959) found a similarity between theore-
tical and observed streamline patterns in this region, applying a Froude number as a criterion
in a blocking situation. Case (3) has been observed, but has not received attention in the
literature. In the northern hemisphere, Palmer (1949) studied such a system occurring in the
southern United States, and regarded the 'cutting off'' process as important from the péint of view
of large-scale, quasi-horizontal exchange of air masses.

* This investigation was carried out while studying at the C.S.I1I.R,O.
Division of Meteorological Physics, Aspendale,  Victoria.



Cloud photographs embracing a cut-off low over southeast Australia were interpreted
and studied in relation to the synoptic situation by Rutherford and van Dijk (19é2). The cloud
pattern was compared with visual observation, and the spiralling bands of cloud associated with
the cold front and squall lines were clearly demonstrated.

The process of ''cutting off'' has been considered to be associated with occlusion.
Simpson (1952) reached the conclusion from the study of 'kona'l cyclones that the surface occlusion
of a wave cyclone at low latitudes has a close connection with the seclusion of a cyclonic cold
eddy. The notion of occlusion was introduced by the Norwegian school, who considered that the
overtaking of a warm front by a cold front is instrumental in the production of an occlusion
However, on either side of a front, air masses are modified, and lose their original properties,
especially in the near surface layers, through diffusive heat supply.

It has been shown in an earlier study that for two cases in the Australian region, a
barotropic trowal was observed, flanked by two broad baroclinic zones, corresponding to
warm and cold frontal zones. It thus becomes rather difficult to apply the notion of occlusion to
the later stages of development. Another deduction from this study was that the total heat
content as a property to distinguish air masses must be used with caution, especially in the sur-
face layers when the front is weak.

The present study is an extension of the first (Kamiko, 1964), which will be referred
to hereafter as I. Here we describe the later development of a frontal zone to the ''occlusion"
stage, using Woomera expedition data in addition to routine soundings and observations of the
Bureau of Meteorology.

2. SYNOPTIC SEQUENCE OF THE DEPRESSION AND FRONT

The path of the depression is near to latitude 3105, as shown in Fig. 1(a), and its
speed on 26 August, 1963, is 20 knots until 2300Z, gradually decelerating to 13 knots thereafter.
The development of the cut-off system is evident on the charts of 2300Z, 27 August.

In order to summarise the development, relative geostrophic vorticity at each level
for 2300Z, 26 and 27 August, has been estimated. Fgg. 2 exhibits the vertical distribution of
vorticity onthese two days at points along latitude 30 ' S. The westward tilt of the vortex is
shown especially from 850 to 700 mb. The development of the surface low can be expected,
according to the expression of Petterssen (1956), and in fact the central pressure falls by 3 mb
in 24 hours. The increase of vorticity at all levels is shown in Fig. 2. The end result is that
"cutting off' has been accomplished at all levels to 300 mb by 2300Z, 27 August. By this time
the system should be well occluded, from northern hemisphere experience.

In Fig.1{a)is shown the surface synoptic chart for 2360Z, 26 August, and in Fig. 3(a)
the pattern of mean relative humidity in the layer 800-550 mb at 23002, 27 August. If we accept
Smagorinsky's relationship between humidity and cloud, quoted in I, the humidity pattern clearly
indicates the cloud system belonging to an occluded depression. The central pressure of the
low remained almost constant after 23002, 27 August, suggesting that vorticity production by
thermal effects is compensated by frictional loss.

The stations used in the x-t diagram (Fig. 4) are aligned in the vicinity of the depression
path. The activity of the surface front is similar to the cases studied inI. The formation of
the depression in the early morning of 26 August (local time) is not accompanied by a strong
'gradient of either temperature or dewpoint, due possibly to the masking effect of the low level
inversion. The top of this inversion is shown in Table 1.

Table 1. The pressure of the low level inversion
at 2300Z, 25 August, 1963

Guildford | Kalgoorlie| Forrest | Watson

Pressure 944 963 925 960
(mb)
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Fig. 3. Synoptic maps for 2300z 27th August, 1963.

Hatched area on M.SL. map shows the area with mean relative
humidity above 60% in the layer 800 —550 mb.
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A strong temperature gradient is established at noon (W.S. T.) between Rawlinna (643)
and Forrest (€46), the magnitude being 1°¢ per 24 km, and is preceded by a large ascendant of
dew point. The shear line is traceable as far as Woomera (659) and is associated with a large
ascendant of dewpoint. The temperature gradient is confused by diurnal effects after 1100Z,

26 August. As the low centre moves over Broken Hill (690) retardation occurs in the rather large

gap in the network.

3. THE LOCAL SEQUENCE AT WOOMERA

Surface wind changes gradually from north at 2330Z to NW at 0030, and WNW at 0130.
The barograph shows a slight pressure jump at 2300Z, when mamma cloud and a shower to the
south are observed. A substantial decrease in the altocumulus is noted at 2330Z. No note-
worthy changes in temperature or humidity are observed in the autographic records.

. 4. THE TRANSITION ZONE AT UPPER LEVELS

A zone of relatively large temperature gradient (Fig. 1) is found on each upper chart,
and as before, a comparison is made with the monthly average value in the direction of the

observed gradient in Table 2.

Table 2. Comparison of temperature gradient in
the transition zone (deg. C per 100 n. miles) with
the monthly average, 2300Z 26 August, 1963

Pressure {mb) { 900| 850| 8GO0} 700

23007 26 Aug.| 2.1] 4.0{ 3.2 1.5
Average 0.8 0l 0.6] 0.9

The transition zone is thus shown to be shallow, and is virtually untraceable at 700mb,
where it is oriented along the mean isotherms. At 950 mb a pronounced inversion intrudes,
whose top at various stations is shown in Table 3.

Table 3. Pressure at the top of the low level
inversion, 2300Z, 26 August, 1963

Station Name (Giles | Alice Spgs. | Forrest Watson | Woomera| Adelaide| Kalgoorlie

Station No. 461 326 64¢ 650 659 672 637

Pressure (mb) {900 951 968 No 920 951 947
Inversion

The transition zones at 300, 850 and 800 mb (Fig. 1) are marked by wind shear between
Woomera and Watson, and wind shift occurring at Watson between 0500Z and 1000Z, 26 August,
when the wind shear line reached about 7, 600 ft. This shear line passed Woomera at about
23307 in the layer 900-80C mb.

The large ascendant of humidity is associated with the shear line rather than the
transition zone in levels below 300 mb. An abrupt decrease of humidity is found at 700 mb ahead

of <he low level shear line.

The relative position of the low centre and the thermal ridge shows a remarkable change
ai 850 mb in the 24 hours from 2300Z, 2€ to 27 August. At the earlier time, the thermal ridge
is near the low centre (Fig. 1d); 24 hours later it encircles the depression on the east and south
sides (Fig. 3b). A marked concentration of isotherms is found to the north and west of the low
at 500 mb (Fig. 3c) and also at 300 mb where it is displaced somewhat to the southeast (Fig. 3d).



The distribution of baroclinicity at 300 mb differs from that at lower levels, in that to the south-
east temperature decreases away from the depression: there is no cut-off cold pool at this
level, and no encircling warm ridge.

5. THE SPACE CROSS-SECTION

The cold frontal zone begins at 950 mb at Woomera and reaches to about 750 mb a
little west of Watson (Fig. 5). It does not extend to the surface, where the low level inversion
is found (Table 3). The trowal is evident near Woomera between 950 and 790 mb, sloping slightly
to the west with height. The shear line is west of Woomera at the ground, but a change of wind
from north to west has already occurred in the layer 900-800 mb. The shear line lies above
800 mb between Woomera and Watson, but its slope cannot be found in detail. The rear edge of
the middle cloud mass is not as clearcut as in the cases studied in I. The transition zone is
followed by the invasion of moist cool air below 750 mb.

A remarkable difference between the two space sections (Fig. 5 and b), separated by
24 hours (2300Z on 26 and 27 August), is the appearance in the second of a strong baroclinic zone
reaching from the lower layers at Guildford (610) upward to the east, with the greatest
inclination between Watson and Woomera.

The trowal is the significant and continuous feature on the charts, and the 24 hour
change in the isentropes in this area provides a qualitative picture of vertical motion. Within
this barotropic trowal uplift of isentropes is noted above 850 mb, where the feature has virtually
disappeared, and this, together with the cloud band, is evidence of ascent. At low levels no
change of temperature is observed. As the baroclinic transition zones on both sides of the
trowal are broad and diffuse (especially the warm frontal zone), the classical occlusion model
can hardly be said to apply. ‘

The substantial rise in the level of isentropes behind the middle cloud mass must be
due to advection, since humidity is very low there. Marked lowering of the isentropes during
the 24 hours is observed in the region westward of the cold dome, and this must be due to sub-
sidence which is further evidenced by stable layers at Guildford (610), Kalgoorlie (637) and
Forrest (646). At tropopause level, evidence of descent is found by changes in tropopause
pressure as listed in Table 4.

Table 4. Tropopause pressure (mb)

Station Name Cobar| Woomera | Watson | Forrest| Kalgoorlie | Guildford
Station Number | 711 659 650 646 637 610
2300Z 26 August] 130 | 150 117 113 100 100
2300Z 27 August| 300 400 140 117 110 120

A marked lowering of the tropopause is found on top of the surface low, and the space
section (Fig. 6) shows lower temperature here than in the environment. This agrees with the
structure of a high level cyclone studied by Palmén (1949). Evidence of the jet stream is provided
by a measured wind of 153 knots at 300 mb at Watson (650)on 27 August. Concerning the trowal
and surface depression, the displacement of the former eastward of the latter over the 24 hours
increases from zero to 200 miles. The humidity pattern on 27 August shows a middle cloud
mass .ahead of the diffuse baroclinic zone with a clear-cut rear edge. The back-bent part of the
cloud mass appears to be traceable to Watson (see Fig. 3a), although there is certainly no
trowal there as appears to be the case at Adelaide (see Fig. 7).
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6. THE TIME SECTION

Before the arrival of the transition zone, a stable layer topped by deep moist air is
found on each sounding {Fig. 8). The level of the base and top of this stable layer is shown in
Table 5.

Table 5. The stable layer at Woomera before the
arrival of the transition zone, 26 August 1963

Time 1430z | 17342 | 20002
Base (mb) | 650 650 628
Top 632 620 600

This layer is interpreted to be the base of the cloud mass which does not lower with
time, as in the classical model. Such a layer found on a single sounding could well be mistaken
for a classical warm front. The low level inversion has'its top at 930 and 920 mb, respectively,
at 2000Z and 2330Z, 26 August, but has disappeared by 03152, 27 August. The surface layer
is sheltered by this inversion, and the transition zone begins about 2300Z in the layer 800-900mb,
sloping gently upward with time, and reaching 700 mb at 1045Z.

The stable layer representing this zone is presented in Table 6.
Table 6. Base and top of the stable layer

(frontal zone) at Woomera
26-27 August, 1963

Time 23302 | 0315| 0600 | 1045

Base (mb)| 900 832 | . 780 | 700
| Top " 850 820 | 760 | 685

The layer in the first column in Table 6 is topped by a dry adiabatic one with maximum
humidity at the top; the others are under a dry stable layer. By contrast, a moist layer becomes
established under the transition zone, with almost dry adiabatic lapse rate. The edge of the
middle cloud mass, as judged by humidity, is rather diffuse. A downward bulge of isentropes is
found about 0300Z above the transition zone. Isopleths of wet bulb potential temperature are
" widely spaced, but a gradual decrease beginning about 2300Z is observed in the layer 800-700mb,
although this process was interrupted, evidently by diurnal heating, during the afternoon.

7. WIND STRUCTURE

A low level jet of maximum speed 45 knots (Fig. 9) is observed in the early morning
of 27 August (local time). The height of the inversion does not agree with the level of maximum
wind, although it may still be at least partly due to frictional decoupling, as in the Blackadar
model. Itis rather abruptly terminated by the onset of cold advection about 2300Z. The wind
below 800 mb remained weak thereafter, and the low level jet reappeared during the night of
27-28 August {local time), when the thermal wind is seen to be weak. A wind speed minimum
in the middle and higher troposphere is marked between 2300Z and 0300Z. The wind shift at
the surface occurs about 0030Z, 27 August, when the low level inversion has vanished, while in
the layer 880-820 mb a shift occurred 1} hours earlier, (corresponding to about 25 miles in
distance) accompanied by cooling in the layer 970-820 mb. At this time (2300Z) a small surface
pressure jump occurred, and mamma and showers were observed to the south. The layer of
wind veering with height is shallow until 2300Z, but becomes broader thereafter, the upper
boundary ultimately reaching to 500 mb, after the passage of the second shear line.






