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A case study of a midtropospheric subsynoptic-scale cyclone 
that developed over the Ross Sea and Ross Ice Shelf of Antarctica 
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Abstract: Satellite imagery, synoptic-scale analyses and automatic weather station data were used to study a 
subsynoptic-scale cyclone that developed over the Ross Sea and Ross Ice Shelf areas of Antarctica. A pre-existing 
subsynoptic-scale midtropospheric cyclone descended from southern Victoria Land into the semi-permanent 
baroclinic environment over the south-western corner of the Ross Sea. The subsynoptic-scale cyclone then 
developed into a frontal system travelling south-eastward over the Ross Ice Shelf and decayed five days later over 
Marie Byrd Land. It is concluded that stretching of the subsynoptic-scale low, while descending over 2000 m from 
the highplateaudownto sealeve1,increasedits cyclonicvorticityviaconservationofpotentialvorticity. This, along 
with a cold katabatic outbreak into the northern part of the circulation, provided the mechanisms for its initial 
development. Subsequently, cold boundary-layer air over the Ross Ice Shelf spiralled into the subsynoptic-scale 
cyclone supporting its further development. An upper-level synoptic-scale cyclone that approached the area 
provided the upper-level support for its ESE displacement and development. 
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Introduction 

The Southern Hemisphere has a belt of low pressure at sea level 
that surrounds the Antarctic continent (van Loon 1972, 
Schwerdtfeger 1984). This circumpolar trough represents the 
area where mature synoptic-scale cyclones decay nearhtarctica. 
Within thecircumpolartrough, four lowpressure centres are the 
preferred regions for synoptic-scale cyclolysis (e.g. Streten & 
Troup 1973). One of these centres is located to the north-east 
of the Ross Sea/Ross Ice Shelf area (Fig. I), giving this region 
a semi-permanent cyclonic circulation. The deployment of 
automatic weather stations (AWS) over the Ross SedRoss Ice 
Shelf area since 1980 by the US Antarctic Program (Stearns & 
Wendler 1988) has resulted in the regional climatology being 
better defined. In addition to the average synoptic-scale cyclonic 
circulation, the regional analysis shows subsynoptic-scale troughs 
and ridges along the Transantarctic Mountains. One sea-level 
pressure trough is present over the south-western corner of the 
Ross Sea (Bromwich 1991, Bromwich et al. 1993). 

Observational and numerical studies of the near-surface wind 
regime over the Antarcticcontinent andin particular near Terra 
Nova Bay (Bromwich 1989a, Bromwich et al. 1990, Bromwich 
etat. 1993, Parish&Bromwich 1987,1989,199l)showthatthe 
winds converge into Reeves and David glaciers and then blow 
offshore over the south-western Ross Sea. These katabatic 
winds are intensified and more persistent due to the large supply 
of negatively buoyant air from the continental interior resulting 
from this convergence. 

Bromwich (1991) through the study of two years (1984-85) 
of combined AWS data and satellite imagery found that, on 

average, 1-2 subsynoptic-scale (or mesoscale) cyclones (diameter 
typically less than 5 x lo2 km) form over the south-western 
corner of the Ross Sea. Later, Carrasco & Bromwich (1994) 
obtained similar results from the study of an additional year 
(1988), confirming this areaasavery activeregion formesoscale 
cyclogenesis. The subsynoptic-scale surface pressure trough 
reflects the frequent mesoscale cyclonic activity in this area. 

Individual case studies (Bromwich 1987, 1989b, 1991, 
Carrasco & Bromwich 1993) have shown that a subsynoptic 
surface trough and a katabatic outbreak provide sufficient 
conditions for mesoscale cyclogenesis near Terra Nova Bay. 
Therefore, these conditions which are frequently present over 
the south-western Ross Sea, make this area a semi-permanent 
baroclinicenvironment, where mesoscale cyclones can form. In 
addition, this baroclinic environment can intensify weak or 
dissipating subsynoptic-scale perturbations that move into the 
area. Here, an example of the latter is discussed. All available 
meteorological data are used to describe the subsynoptic- and 
synoptic-scale environments present at the time of formation 
and during subsequent evolution of a subsynoptic-scale vortex. 

Mesoscale cyclogenesis 

Satellite detection 

Satellite images show that a well-defined subsynoptic frontal 
cyclone developed over the Ross Ice Shelf between 8 and 10 
January 1988. Fig. 2a-e shows the NOAA AVHRR satellite 
images for January 7-10 collected at McMurdo Station on Ross 
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Island (see Van Woert et al. 1992). The evolution of the cloud 
signature associated with the subsynoptic cyclone (L,) is shown 
in Fig. 2b-e. The satellite image at 0339 UTC 8 January 
(Fig. 2b) shows a series of mesoscale vortices over the Ross Sea 
and Ross Ice Shelf. At this time L, (a comma cloud vortex 
according to its appearance in the satellite image) was already 
located to the north-east of Ross Island. Also, a weak comma 
vortex (L,) is present near Byrd Glacier, and another (L,) near 
the centre of the Ross Ice Shelf whose comma tail extends 
northward to merge with the cloud signature associated with L,. 
A fourth mesoscale comma vortex can be observed to the north 
of L, whose comma-cloud head merges with L,. Lastly, a fifth 
mesoscale system (L5, a merry-go-round, a system formed by 
small vortices) is located to the east of L, over the Ross Sea. 

Unfortunately, the satellite image ten hours earlier at 1715 
UTC 7 January did not resolve the origin of these vortices. 
However, the satellite image at 0711 UTC 7 January (Fig. 2a) 
shows low cloud features spread out over the Ross Sea and Ross 
Ice Shelf. They have cyclonic appearance and seem to be part 
of a decaying synoptic-scale system although no clear evidence 
was found in the Australian Southern Hemisphere surface 
analyses, nor in the previous available satellite image (about 24 
h earlier). A hook of middlehigh cloud at 78"S, 170°W 
indicates the centre of this cyclone (Fig. 2a). The dissipating 
system could have been the source for L,, L,, L4 and L,, as well 
as providing the cloud that later was associated with L,. 

The satellite image at 1653 UTC 8 January (Fig. 2c) indicates 
that the system Ll-L4 had moved toward the south-east over the 
Ross Ice Shelf. At this time, L, seems to have merged into L,, 
and only a weak cloud signature can be associated with L, 
revealing its rapid weakening as L1 developed and moved 
south-eastward. L2 had moved slightly toward the north, while 
L, hadmoved north-eastward and weakened. The next satellite 

Fig. 1. Location map of the Ross 
Sea, Ross Ice Shelf and Victoria 
Land areas. The numbered dots 
are AWS sites. Big arrow points 
to the close up of the Terra Nova 
Bay area. Sk, Mu and By 
respectively identify Skelton, 
Mulock and Byrd glaciers. 

images at 0509 UTC 9 January and 0639 UTC 10 January (Fig. 
2d & e) show that L, became the dominant feature over the Ross 
Sea and Ross Ice Shelf. Therefore, the development of L, is 
emphasized hereafter. However, it is notable that the weak:, 
small and shallow system, L,, spiralled around the centre of L,. 

Synoptic-scale analyses 

To study the synoptic-scale pattern in which the subsynoptic- 
scale cyclone developed, the sea-level pressure and 500 hPa 
Southern Hemisphere analyses produced by the Australian 
Bureau of Meteorology were examined. Fig. 3a-h are 
reproductions (every 24 h) of the hand-drawn synoptic sea-level 
pressure charts from 1200 UTC 7 January to 1200 UTC 14 
January 1988. They were slightly modified, when necessary, 
over the Ross SealRoss Ice Shelf area to accord with the AWS 
data. At 1200UTC7 January, the analysis shows an anticyclonic 
circulation that affected most of the Ross Ice Shelf until 0000 
UTC 8 January, and cyclonic circulation to the north of the Ross 
Sea, whichwas associated with synoptic-scale storms travelling 
eastward over the South Pacific Ocean. Later, a surface trough 
over the Ross SealRoss Ice Shelf between 1200 UTC 8 January 
and 1200 UTC 10 January (Fig. 3b-d) appears as the only 
manifestation of the subsynopticscale cyclone that developed in 
this area (Fig. 2d-e). 

The prevailing synoptic-scale midtropospheric circulation 
during formation and development of the subsynoptic-scale 
cyclone L, is shown by using the Australian numerical 500-hPa 
geopotential height analyses (Guymer 1986). The analyses are 
partially reproduced every 24 h from 1200 UTC 7 January to 
1200 UTC 14 January in Fig. 4a-h, although previous analyses 
were also examined. The original analyses were slightly 
adjusted by incorporating 500 hPa heights estimated from the 
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Fig. 2. NOAA AVHRR thermal infrared satellite images 
(channel 5) at. a. 0711 UTC 7 January. b. 0339 UTC 8 
January. c. 1653 UTC 8 January. d. 0509 UTC 9 January 
e.  0639 UTC 10 January 1988. Each L with subscript number 
identifies a mesoscale vortex. Solid black lines measure the 
diameter of the cloud signature associated with L, in 
b. 280 km; d. 460 km and e. 570 km. 

AWS observations at Dome C, D-80, D-57, and South Pole 
(Keller et al. 1989) using the technique developed by Phillpot 
(1991). For comparison, the derived 500 hPa heights and the 
500 hPa heights given by the radiosonde observations at South 
Pole are plotted in Fig. 4a-h. 

At 0000 UTC and 1200 UTC 7 January, the analyses showed 
an upper-level ridge whose axis extended east-west over the 
Ross Sea area, giving north-easterly winds to the north of Terra 
Nova Bay, and westerlyhorth-westerly winds to the south as 
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Fig. 3. Partial reproduction of Australian 
surface synoptic analyses at 1200 UTC. 
a. 7 January. b. 8 January. c. 9 January. 
d. 10 January. e.  11 January. 
f. 12 January. g. 13 January. h. 14 January 
1988. They were slightly modified to 
accord with AWS data and satellite 
images. (90 5 990-hPa). 

shown by the radiosonde at McMurdo Station on Ross Island. 
Also, the 500 hPa fields resolved an upper-level synoptic-scale 
cyclone over the plateau to the south of Ross Island (labelled Lg 
in Fig. 4). According to previous 500 hPa analyses, a low 
geopotential height centre at 500 hPa was resolved over Ross 
Island at 1200 UTC 5 January. This centre moved toward the 
SSE and south-west being located to the south of Ross Island as 
centre Lg at 0000 UTC7 January (see Fig. 4a). At this time, and 
later at 1200 UTC 7 January, the 500 hPa analyses also resolved 
another low geopotential height centre just to the south-west of 
Ross Island over southern Victoria Land. This low (labelled Ls 
in Fig. 4a), which seems to be a subsynoptic-scale feature, was 
not shown on the 500 hPa analyses from 0000 UTC 8 January 
onward. However as will be seen, this is the first indication of 
L,. For better identification Fig. 5 shows the location of both 
synoptic- and subsynoptic-scale cyclones as resolved by the 
Australian 500 hPa numerical analysis at 1200 UTC 7 January 
(Fig. 4a). Trajectories of both cyclones are also indicated. 

The following analyses at0000 UTCand 1200UTC8 January 
(Fig. 4b) indicate that the upper-level ridge retreated toward the 
north-east, and that the upper-level synoptic-scale cyclone Lg 
moved slightly closer to Ross Island. It remained nearly 
stationary over the plateau, to the south-west of Ross Island, 
until 1200 UTC 10 January (Fig. 4d). The500 hPa analysisfrom 
1200 UTC 11 January shows that the upper-level synoptic-scale 

cyclone (Lg) had moved to the north of Ross Island (Fig. 5). 
Later, over Wilkes Land, it merged with another upper-level 
synoptic cyclone coming from the north-west (Fig. 4e-h). On 
the other hand, the decrease of the geopotential height from 516 
gpdam at 1200 UTC 7 January to 509 gpdam at 0000 UTC 8 
January, and the clockwise rotation of the wind direction 
recordedat McMurdoStation, isassociatedwiththedisplacement 
of the subsynoptic-scale low (Ls) near Ross Island. 

Mesoscale analyses 

Back tracking the trajectory of L, according to the satellite 
imagesat 0339 UTCand 1653 UTC8 January, suggests that this 
vortex moved from the vicinity of Terra Nova Bay. The 
subsynoptic-scale low (Ls) resolved by the 500 hPa analyses 
approximately concurs with the probable position of L, inferred 
from the satellite images. However no indication of this vortex 
was observed on the satellite image at 0711 UTC 7 January 
(Fig. 2a). Three-hourly mesoscale surface charts were 
constructed from 0000 UTC 7 January to 1200 UTC 13 January 
to determine from sea-level pressure analyses the surface 
manifestationofthe subsynoptic-scalelow(Ls), andits subsequent 
development. Although the sea-level pressure started to decrease 
over the Ross Sea and Ross Ice Shelf from 0000 UTC 7 January, 
the surface analyses did not suggest a well-defined cyclonic 
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Fig. 4. Partialreproduction ofAustralian 500 hPa analyses at 1200 UTC. a. 7 January. b. 8 January. c.  9 January. d. 10 January. e.  11 January. 
f. 12 January. g. 13 January. h. 14 January 1988. At South Pole Station the estimated 500 hPa geopotential heights from AWS are plotted 
above the radiosonde-derived value (510 9 5100 gpm). The radiosonde 500 hPa winds and geopotential heights at McMurdo and Pole 
stations are plotted when available in conventional format. Solid-black arrow in panel (a) indicates the movement of the synoptic-scale 
upper-level cyclone from 1200 UTC 5 January when it was first resolved by the analyses. Lg and Ls respectively identify the upper-level 
synoptic-scale cyclone and the subsynoptic-scale low. 

circulation over Terra Nova BayFranklin Island area until 1500 
UTC7 January. Fig. 6a-d are respectively the sea-level regional 
analyses at 1800 UTC 7 January, 1200 UTC 8 January, 0600 
UTC 9 January and 0600 UTC 10 January showing the pressure 
field associated with the evolution of L,. Surface analysis at 
1800 UTC 7 January (Fig. 6a) clearly resolves the cyclonic 
circulation over the Terra Nova BayFranklin Island area, and 
another much weaker one along the Transantarctic Mountains 
near Byrd Glacier. Both subsynoptic-scale cyclonic circulations 
are the surface manifestations of L, and L,. No indication of L3 
or L, was detected from the AWS analyses indicating the 
weakness of these systems. Also, the analysis at 1800 UTC 7 
January (Fig. 6a) better resolved the area of high pressure 
affectingthecentreoftheRoss IceShelfshownpreviously by the 
surface synoptic-scale analysis (Fig. 3a). This high pressure 
area weakened and moved eastward according to subsequent 
AWS regional analyses. 

Negative (orminimum)sea-level pressure differences between 
Inexpressible and Franklin islands, and a relatively small 

difference in potential temperature between the sites along with 
a north-north-westerly wind at Franklin Island are usually 
associated with formation of mesoscale cyclones near Terra 
Nova Bay (e.g. Bromwich 1987, Carrasco & Bromwich 1993). 
Theseparameters areusedto determineiftherewas acyclogenesis 
event near Terra Nova Bay in conjunction with the approach of 
the subsynoptic-scale low (Ls). They are shown in Fig. 7 for the 
period between 0000 UTC 7 January and 0000 UTC 10 January 
1988. The comparison does not reveal the characteristic signals 
in sea-level pressure and potential temperature differences 
associated with cyclogenesis over the south-western Ross Sea 
suggesting that the surface subsynoptic-scale cyclone resolved 
by the AWS data did not form in this area. Next, pressure field 
anomalies were constructed every three hours from 1200 UTC 
6 January to 1200 UTC 8 January, to further clarify whether this 
cyclone actually formed near Terra Nova Bay or whether it was 
a pre-existing cyclonic perturbation that moved into the area and 
redeveloped. The anomalies correspond to the difference 
between the station pressure at chart time and the average for 
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Fig. 5. Location of the subsynoptic and synoptic-scale upper 
level cyclones (Ls and Lg respectively) as resolved by the 
Australian 500 hPa numerical analysis at 1200 UTC 7 
January. @indicates the surface position of Ls over southern 
Victoria Land. L, denotes the position of Ls over the Ross Sea 
at 0339 UTC 8 January (Fig. 2b). L, is a mesoscale cyclone 
near Byrd Glacier. Arrows indicate the trajectories of the 
cyclones. 

January 1988; they are a simple way of removing the large 
elevation differences between AWS sites and have been found 
to be effective for resolving small cyclones inland of Terra Nova 
Bay (Bromwich & Parish 1988, Carrasco & Bromwich 1993). 
Also, the potential temperature, wind direction and wind speed 
were analysed in conjunction with the pressure anomalies. 
Fig. 8a-g shows the pressureanomaly and potential temperature 
analyses every six hours from 0300 UTC7 January to 0900 UTC 
8 January over Victoria Land and the south-western corner of 
the Ross Sea. The analyses indicate that a relatively high 
pressure area affected the south-western corner of the Ross Sea, 
which started to retreat toward the north-east from 0300 UTC 
7 January. In addition, a relatively low pressure area appeared 
to move from southern Victoria Land onto the south-western 
comer of the Ross Sea around 0900 UTC 7 January. From these 
results it is concluded that L, did not form near Terra Nova Bay, 
but it was a pre-existing perturbation that came down from the 
plateau. The relatively low pressure resolved by the pressure 
anomalies is the manifestation of the subsynoptic-scale vortex 
Ls observed at 500 hPaon 7 January (Fig. 4a). Therefore, Ls and 
L, identify the same feature, a midtropospheric subsynoptic- 
scale low (hereafter identified as L,). Note that the surface 
manifestation of L, is centred slightly to the north of its position 
at 500 hPa, an indication of a slight southward tilt. The origin 
of this low, prior to its first identification over southern Victoria 
Land, cannot be determined from the available data. It is 
possible that it was a short-wave trough travelling around the 
synoptic-scale cyclone located over the plateau (Lg), or a 

subsynoptic-scale cyclonic perturbation coming from the north- 
west of the Terra Nova BayFranklin Island area. 

As the relatively low pressure anomaly moved over the south- 
western corner of the Ross Sea around 0900 UTC 7 January, the 
katabatic wind at Reeves Glacier (as recorded by AWS 09 and 
AWS 05) increased and acquired a north-westerly direction 
(Fig. 7, also compare Fig. 8a, b & c). The potential temperature: 
analyses suggest a cold air outbreak onto Terra Nova Bay that 
seems to have occurred from 0900 UTC 7 January onward (see 
Fig. 7 & Fig. 8b-c). This reveals the katabatic characteristics 
of the wind at Reeves Glacier. This katabatic airflow was 
probably supported by the cyclonic circulation associated with 
the incoming cyclone (Ls), and it reached maximum intensity 
at 0300 UTC 8 January. The temporary N-NE wind recorded 
at AWS 06 between 0000 UTC and 0900 UTC 7 January signals 
the passage of L, to the north of this site. From the pressure 
anomaly analyses, the centre of the subsynoptic-scale cyclone 
arrived over the south-western corner of the Ross Sea around 
2100UTC7 January (Fig. 8d, see also Fig. 6a). The weaknorth- 
easterly wind experienced by AWS 07 from 0600 UTC to 2100 
UTC7 January and the south-easterly winds between 0300 UTC 
and 0900 UTC 8 January, indicate the continuing eastward 
movement of L, to the north of this site. The available data 
suggest that the cyclone was a sub-synoptic feature. According 
to the cloud signature associated with it at 0339 UTC 8 January, 
its diameterwas around 280 km and the cloud-top temperatures 
ranged between -17 and -20°C. Unfortunately radiosonde data 
are not available for this case. At 0000 and 1200 UTC 8 January 
the air temperature was -35°C at 500 hPa. This is 15-18degrees 
colder than the cloud-top temperatures. These temperatures 
suggest that the vortex was shallow at this time (below the 
700 hPa level). 

Cyclogenesis mechanisms associated with L, 

The above discussion leads to the conclusion that L, was a weak 
subsynoptic-scale midtropospheric cyclone coming from the 
plateau that developed (or redeveloped) once it arrived in the 
Terra Nova BayFranklin Island area. Fig. 9 schematically 
illustrates the two possible mechanisms which could beinvolved 
with the development of this cyclone. Firstly, assuming that the 
vortex behaves as a cylindrical column of air that descends 
adiabatically from the plateau, it stretchesvertically and increases 
the cyclonic vorticity by conservation of potential vorticity (e.g. 
Holton 1992, p. 97-99). Unfortunately, the limited available 
data preclude a precise evaluation of this. However, scaling 
calculations were done using the potential vorticity equation, 
and the term -ae/dp in Ertel's potential vorticity (Holton 1992, 
p. 98, Bluestein 1992, p. 380) to evaluate the increase in relative 
vorticity Q as the midtropospheric subsynoptic-scale cyclone 
descended to the Ross Sea. Data from AWS 09 and AWS 13 
were respectively used over Victoria Land and the western Ross 
Sea, and the McMurdo radiosonde temperature at 500 hPa was 
assumed to be representative of both areas. Evaluation indicated 
that the 5 increased by about -8 x lo5 s-l as thesubsynoptic-scale 
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Fig. 6. Regional AWS sea-level pressure analyses at. a. 1800 UTC 7 January. b. 1200 
UTC 8 January. c. O600 UTC 9 January. d. O600 UTC 10 January 1988. Sea-level 
isobars are solid lines every 2 hPa (90 = 990 ma), and surface isotherms in degrees 
Celsius and are dashed every 2°C. 

cyclone moved downward onto the Ross Sea. Secondly, a 
katabatic outbreak that developed while L, was passing to the 
south of Terra Nova Bay supblied cold boundary-layer air to the 
north side of the now developing subsynoptic-scale cyclone. 
This cold air could have interacted with the warmer air of the 
Ross Sea creating or enhancing a baroclinic front-like zone. 
These two mechanisms seem to occur almost simultaneously. 

Additional scaling calculation of the radius of curvature (RJ 
of the flow over southern Victoria Land was evaluated using the 
relative vorticity: 

f = dVldn + V/R, 

where the first term is the rate of change of wind speed normal 
to the direction of flow (called the shear vorticity), and the 
second term is the turning of the wind along a streamline 
(called the curvaturevorticity). Neglecting the shearvorticity 
and obtaining V by averaging the surface wind speed at 
Franklin Island (AWS 13) and the 500 hPa wind speed at 
McMurdo, we have f = VIR,. Calculations indicate that the 
radius of curvature of the flow was around 150 km suggesting 
that the diameter of the subsynoptic-scale perturbation was 
around 300 km, close to that inferable from Fig. 8c & d. 

The upper-level circulation shown by the 500 hPa analyses, 
was dominated by the synoptic-scale cyclone (Lg) providing 
westerly and north-westerly flow over the Ross SealRoss Ice 
Shelf area that could have steered the subsynoptic-scale cyclone 
down from the plateau to the Ross Sea and then toward Marie 
Byrd Land. In addition in Fig. 9, L,, L,, L, and L, are portrayed 
as minor decaying perturbations in comparison to L,. 
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Classical cyclogenesis at Terra Nova Bay 

The three-hourly sea-level pressure and pressure anomaly 
analyses showed that in spite of the eastward movement of L,, 
an area of lower pressure remained near Terra Nova Bay 
(Fig. 8d, e, & f). The acceleration of the katabatic winds from 
0900 UTC 7 January to 0300 UTC 8 January that supported the 
development of L,, could also have provided cold air for creation 
of a baroclinic zone near Terra Nova Bay. Minimum sea-level 
pressure differences between Inexpressible and Franklin islands 
from0900 UTCto 1200UTC8 January, and aminimalpotential 
temperature difference between the above sites at 0900 UTC 8 
January (Fig. 7) that occurred after the maximum wind 
acceleration reveal the characteristic signals associated with 
cyclogenesis near TerraNovaBay (e.g. Bromwich 1987, Carrasco 
& Bromwich 1993). This seems to have occurred at around 
0900 UTC 8 January (Fig. 80. The surface analysis at 1200 
UTC8 January (Fig. 6b) already resolved this cyclone just to the 
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Fig. 7. Time series of the differences in sea-level pressure and 
potential temperature between Inexpressible Island (AWS 05) 
and Franklin Island (AWS 13). Also plotted are the wind speed 
and direction at both stations cnd at Shristi Station (AWS 09). 

south of Terra Nova Bay, and later the satellite image at 1653 
UTC 8 January (Fig. 2c) shows a weak comma-cloud feature 
just to the east of Franklin Island that may be the remnant of this 
cyclone (labelled L6 in Fig. 2). The approach of the upper-level 
synoptic-scale cyclone, Lg, toward Ross Island could have 
supported the formation of this mesoscale cyclone by advecting 
cyclonic vorticity over the area (Bromwich 1991, Carrasco & 
Bromwich 1993). Fig. 10 schematically illustrates the 
mechanisms involved in the formation of L,, i.e. a weak surface 
subsynoptic-scale trough over the south-western corner of the 
Ross Sea and a katabatic wind outbreak from Terra Nova Bay 
(Bromwich 2989b). 

Subsequent development of L, 

The satellite image at 0509 UTC 9 January shows (Fig. 2d) a 
well-defined subsynoptic-scale cyclone over the Ross Ice Shelf. 
At this time, its diameter was around 460 km and the cloud-top 
temperatures range between -27 and -30°C on the comma head, 
and between -11 and -20°C on the tail. This reveals vertical 
development of the subsynoptic-scale cyclone (L,). The sea- 

level pressure analysis at 0600 UTC 9 January (Fig. 6c) shows 
thecycloniccirculation associatedwith this feature. By this time 
the katabatic drainage onto Terra Nova Bay had ceased (Fig. 7). 
However, the regional analyses (see Fig. 6b-d) revealed that a 
second cold air mass over the Ross Ice Shelf spiralled in behind 
the subsynoptic-scale cyclone. This could have supported the 
continued development of L, once it arrived on the ice shelf. The 
source of this cold boundary-layer air mass could have been 
radiative cooling over the Ross Ice Shelf, katabatic drainage 
from East Antarctica through the glaciers that dissect the 
Transantarctic Mountains, and/or katabatic drainage from 
West Antarctica. The limited data preclude a definitive 
conclusion. 

The next satellite image at 1332 UTC 9 January (not shown) 
showed thecontinued eastward displacement of L,. At this time 
only a much weaker cloud signature was associated with L, 
indicating its weakening. On the next day, the satellite image 
at 0639 UTC 10 January (Fig. 2e) shows that L, was centredover 
theRossIceShelf, but noevidenceofL,waspresent. According 
to the sequence of satellite images available, L, exhibits its 
maximum development at 0639 UTC 10 January. The vortical 
cloud suggests that the subsynoptic-scale cyclone had a diameter 
ofabout570km(Fig. 2e), and thecloud-toptemperatureswhich 
ranged between -27 and -30"Con the comma head and between 
-22 and -24"Conits tail indicate further development during the 
last 24 h. The maximum development of thevortex is confirmed 
by the AWS sea-level pressure analyses that showed that 
maximum intensity (strength) of the mesoscale cyclonic, 
circulation occurred between 0300 UTC and 0900 UTC 10 
January (as measured by the pressure difference between the 
outer closed isobar and the centre). The 500 hPa air temperature 
at McMurdo (obtained directly from the Australian 500 hPa 
charts) was -35°C on 10 January indicating that the top of the 
cloud was below the 500 hPa level, and that the associated 
midtropospheric circulation was probably confined below this 
level as well. The subsequent satellite images at 1321 UTC 10 
January, 0447 UTC 11 January, and 0617 UTC 12 January 
indicate that the cloud signature associated with the cyclone 
started to weaken and to move into Marie Byrd Land where it 
disappeared some time on 13 January. The regional AWS 
analyses supportthis displacement (Fig. 6a-d) as do the synoptic- 
scale analyses (Fig. 3b-f) which show a trough moving eastward 
over the Ross Ice Shelf as the manifestation of the subsynoptic- 
scale cyclone. 

Conceptual models 

TheclassicalNorwegian model of frontogenesis does not always 
explain the development of the satellite-observed cloud structure 
associatedwithcyclones(Reed 1990,Browning 1990). This has 
lead to the formulation of new conceptual models todescribe the 
cloud structure and precipitation of extratropicalcyclones based 
on the interaction of airflows that come from different air mass 
sources (Turner et al. 1993, Carlson 1980, Browning 1990). 
Because the cold air mass was supplied by the katabaticwind and 
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Fig, 8. Local analyses of pressure 
anomalies (solid lines) and potential 
temperatures in Celsius (dashed 
lines) along with wind directions 
and wind speeds at 6 h intervals 
from 0300 UTC 7 January to 0900 
UTC 8 January 1988. 

the formation of the cloud was induced by a pre-existing vortex, 
the development of the subsynoptic-scale cyclone discussed 
here may also be better describedin terms of airflows. Fig. 1 l a -c  
are conceptual models suggested for the development of L, at 
2100 UTC 7 January, 0339 UTC 8 January and 0639 UTC 10 
January. The location of the surface front in Fig. l l b  & c is the 
idealized position in relation to the cloud band (Anderson etal. 
1973, fig. I11 2.8). When the cyclonic circulation affected the 
south-western comer of the Ross Sea, relatively warmer air was 
absorbed into the circulation ahead of the centre. At the same 
time katabatic winds fromTerraNovaBay started to supply cold 
air into its north side (Fig. l l a  & b, also see Fig. 9), forming the 
initial boundary-layer front. As the cyclone descended and 
increased its cyclonic vorticity, the cold boundary-layer air 
(warm air) cyclonically moved (ascended) around the centre of 
the vortex (Figs 9 & l la) .  Once L, was over the northern edge 
of the Ross Ice Shelf, cold boundary layer air over the ice shelf 
spiralled in behind it (Figs 6c-d & 1 lc). The interaction of the 
warm and boundary-layer cold aifflows further developed the 
initial low level cold front into a well-developed subsynoptic- 
scale system, as shown by the characteristics of the cloud 
signature (Fig. 2c-e). Turner et al. (1993) studied the 
development of a subsynoptic-scale vortex over the Weddell 
Sea. They concluded that the air motions associated with the 

~ i ~ ,  9. Schematic illustration showing the mechanisms 
associated with the development of L1.8, and 8, + 68 are 
respectively near-surface and upper-level isentropes, not 
necessarily fixed boundaries. 
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Fig. 10. Schematic illustration showing the mechanisms 
associated with the development of L6. Dashed lines I,, I, and 
4 (Iz > I, > IJ are midtropospheric isohyses with cyclonic 
curvature, thin solid lines P, and P, (P, > Pz) are sea-level 
isobars, and thick dashed line locates the surface trough over 
the Ross Sea. Lg denotes the upper-level synoptic-scale 
cyclone located to the south-west of Ross Island. 

vortex were cold air descending from inland of Halley Station 
into the Weddell Sea where it interacted with an area of low- 
level warm air. Their conceptual models of the main airflows 
accompanying the subsynoptic-scale cyclone (see their figs 13 
& 14) are similar to those inferred here (Fig. l l b  & c). 

Amoreelaborate conceptual model thatincorporatesisentropic 
analysis has been developed by Browning and his colleagues 
(see Browning 1990); they introduced the concepts of warm 
conveyor belt (WCB) and cold conveyor belt (CCB) to 
respectively identify the warm and cold airflows within 
extratropical cyclones. We applied Browning’s (1990)schematic 
portrayal(see his figs 8.9 & 8.16forreference)of airflows to this 
subsynoptic-scale cyclone in the polar environment, to describe 
the interaction between a relatively warmer airflow originating 
over the Ross Sea and the cold boundary-layer air present over 
the Ross Ice Shelf. The well-developed frontal cloud signature 
observed on the satellite image at 0639 UTC 10 January (Fig. 
2e) is used to infer the pattern of the airflows at this time. Fig. 
12 illustrates the movement of the airflows associated with the 
frontal cloud in term of conveyor belts as described by Browning 
(1990). Once again, the location of the subsysnoptic-scale front 
is the idealized position in relation to the cloud band (Anderson 
el al. 1973, fig. I11 2.8), but this time the system is treated as an 
occluded front. Because of the lack of upper-level data the 
conveyor belts are inferred solely on the basis of satellite 
imagery, and therefore we only intend to illustrate the possible 
airflows and not the complexity of the three-dimensional 
structure of the system. The solid arrow identifies a WCB with 
fonvard-slopingascent relative to the movement of the front. As 
Browning (1990) pointed out such movement tends to occur 

ahead of a diffluent upper-level trough. The 500 hPa analyses 
resolved a synoptic-scale cyclone approaching McMurdo Station 
(Lg) which established a cyclonic midtropospheric circulation 
above the developing subsynoptic-scale cyclone. Because of the 
limited spatial resolution of these analyses, the details of the 
upper-level circulation cannot be deduced. The anticyclonic 
turn of the airflow may better explain the orientation and 
characteristics of the cloud at the frontal head. The dotted arrow 
is included to identify a CCB associated with aless cold air mass 
located over the eastern Ross Ice ShelfMarie Byrd Land area 
that could have been absorbed into the cyclonic circulation as the 
developing subsynoptic-scale vortex moved south-eastward. 
According to Browing (1990) the CCB originated in the 
anticyclonic low-level flow to the south-east of the subsynoptic- 
scale cyclone. This flow moved westward in relation to the 
cyclone’s movement and undercut the WCB. Dashed arrow 
represents the cold, dry boundary layer air that spiralled in 
behind L, (here called boundaly Zayer conveyor belt (BLCB)). 
In summary, the WCB moved cyclonically southward while 
being lifted by the BLCB. Then it turned anticyclonically and 
ascended over the CCB. 

Discussion 

The south-western corner of the Ross Sea is a cyclogenetic area 
where mesoscale cyclones frequently form. A cold katabatic 
outbreak onto Terra Nova Bay can create a boundary-layer 
baroclinic zone establishing appropriate conditions for mesoscale 
cyclogenesis. The second cyclogenesis event (LJ, although 
weak, isoneexampleofthis. Ontheotherhand,thedevelopment 
ofL,pointsout that thesouth-westernRossSeaalsoprovides the 
appropriate conditions for intensification of existing cyclonic 
perturbations that move into this region. 

In this case, two factors contributed to the initial development 
of L,: a) The cyclonic vorticity associated with the vortex 
increased as it descended from above 2000 m altitude to the Ross 
Sea; b) A cold katabatic outbreak occurred once the mesoscale 
cyclone was near Franklin Island supplying cold air to the north 
side of the cyclone. This cold air moved cyclonically around the 
centre of L,, and would have interacted with relatively warm air 
from the Ross Sea trapped by the vortex, forming or enhancing 
a baroclinicfront-like zone. A secondary cold air mass over the 
Ross Ice Shelf moved behind L, after 1200 UTC 8 January 
supporting its continued development. 

The cyclonic circulation associated with the approach of the 
synoptic-scale upper-level cyclone, Lg, located to the west of the 
Ross Ice Shelf between 1200 UTC 7 January and 0000 UTC 
11 January, could have supported the development of L, as well 
as the formation of L,. Howeverwhile L, developed into a major 
system, L, dissipated within the next 36 hours. This could have 
occurred because the cyclonic circulation of L, was strong 
enough to absorb L,, and/or because of the different mechanisms 
involved in their development. The 500 hPa analyses indicate 
that the synoptic-scale upper-level cyclone (Lg) moved to the 
north-east of Ross Island sometime between 0000 and 1200 
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Fig. 11. Conceptual models of the airflows associated with the subsynoptic-scale vortex development at. a. 2100 UTC 7 January. 
b. 0339 UTC 8 January. c.  0639 UTC 10 January. In b and c the location of the front is the idealized position in relation to the 
cloud band (Anderson et al. 1973). 

UTC 11 January and that later an upper-level ridge became 
established over the Ross Ice Shelf (Fig. 40. The weakness of 
the subsynoptic-scale system from 11 January onward according 
to the satellite imagery, coincided with the north-west 
displacement of the upper-level synoptic-scale cyclone and with 
the subsequent establishment of the upper-level ridge. 

Because the area under consideration is located immediately 
to the east of the high plateau of East Antarctica, the vertical 
winds at 850 hPa in the ECMWF (European Centre for 
Medium-Range Weather Forecasts) numerical analyses become 
too noisy to permit precise interpretation of the vertical motion 
field, and do not permit accurate calculation of the Q-vector field 
(Hoskins et al. 1978). On the other hand, evaluation of the 
diagnostic omega equation (Holton 1992, p.166-169) as was 
done for amesoscale cyclogenesis case by Carrasco & Bromwich 
(1993) may lead here to erroneous results because the potential 
vorticity associated with the stretching of the subsynoptic-scale 
vortex seems to play a significant role. In fact, calculations yield 
lower tropospheric downward motion at the time when the 
cloud-top temperatures suggest upward motion. TOVS (Tiros 
Operational Vertical Sounder) data were available for only two 
satellite passages at 1715 UTC 7 January and 1653 UTC 8 
January, after the downward movement of the subsynoptic-scale 
cyclone. Overall, the several geopotential thickness fields 
inferred from the TOVS data suggest warm (cold) air advection 
ahead (behind) the subsynoptic-scale vortex supporting the 
subsynoptic- and synoptic-scale descriptions inferred from 
conventional data. However, because of the uncertainty of 
TOVS data over the Antarctic continent and the lack of 
radiosonde data from McMurdo Station for direct comparison, 
these analyses are not presented here. In general, the lack of 
data, oftenfoundinthesouthpolarregion,precludesquantitative 
analysis for this event, and points out the importance of data 
collection programmes that will permit detailed analyses of 
similar cases in the future. 

Fig. 12. Schematic illustration of the warm and cold airflows 
associated with the cloud organization at 0639 UTC 10 
January (Fig. 2e), using Browning’s (1990) conceptual model. 
The location of the front is the idealized position in relation to 
the cloud band (Anderson el al. 1973). Solid arrow = WCB, 
dotted arrow = CCB, and dashed arrow = BLCB. 

The area to the north-east of the Ross Sea is known to be a 
cyclolysis region on the synoptic scale. Therefore, dissipating 
subsynoptic-scale cyclonic perturbations are likely to be found 
over the Ross Sea and Ross Ice Shelf. This raises the question 
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as to what fraction of the mesoscale cyclones observed on 
satellite images or resolved by AWS regional analyses near 
Terra Nova Bay actually develop in this area and how many are 
pre-existing smaller vortices that move into the area and 
intensify. Resolution of this question will depend on the 
availability of good sequences of satellite data and a good array 
of AWS sites that together provide the necessary temporal and 
spatial resolution. 
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