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Hemispheric Atmospheric Variations and Oceanographic Impacts Associated 
With Katabatic Surges Across the Ross Ice Shelf, Antarctica 

DAVID H. BROMWICH, •'2 JORGE F. CARRASCO, 1'2'3 ZHONG LILI, 1'2 AND REN-YOW TZENG' 
Byrd Polar R e•e,•rch Can t•r, Otub State Uaiv•rdt y, Columbus 

Numerical simulations and surface-based observations show that katabatic winds persistently converge 
toward and blow across the Siple Coast part of West Antarctica onto the Ross Ice Shelf. About 14% of the 
time during winter (April to August 1988), thermal infrared satellite images reveal the horizontal propagation 
of this negatively buoyant katabatic airstream for al•out 1000 km across the ice shelf to its northwestern edge, 
a trajectory that nearly parallels the Transantarctic Mountains. This takes place when the pressure field 
supports such airflow, and is caused by synoptic scale cyclones that decay near and/or over Marie Byrd Land. 
The northwestward propagation of the katabatic winds is accompanied by other changes in the hemispheric 
long wave pattern. An upper level ridge develops over Wilkes Land, resulting in an enhancement of the split 
jet in the Pacific Ocean. Then, more frequent and/or intensified synoptic scale cyclones are steered toward 
Marie Byrd Land where they become nearly stationary to the northeast of the climatological location. The 
resulting isobaric configuration accelerates the katabatic winds crossing Siple Coast and supports their 
horizontal propagation across the Ross Ice Shelf. An immediate impact ofthis katabatic airflow, that crosses 
from the ice shelf to the Ross Sea, is expansion of the persistent polynya that is present just to the east of Ross 
Island. This polynya is a conspicuous feature on passive microwave images of Antarctic sea ice and plays a 
central role in the salt budget of water masses over the Ross Sea continental shelf. The impact of this 
katabatic airflow upon mesoscale ,-vcl,,oene•i• over the South Pacific Orean is also di•cu•_qed. 

1. INTRODUCTION 

One of the prominent features that can be observed with 
clear conditions on thermal infrared satellite images is a dark 
signature extending from Siple Coast toward the northwestern 
edge of the Ross Ice Shelf (Figures 1 and 2). Bromndch ½t M. 
[1992a] studied the frequency of this phenomenon during the 
winter (April to August) of 1988. They used all the available 
NOAA advanced very high resolution radiometer (AVHRR) 
satellite images (277) recorded at McMurdo Station on Ross 
Island [ Van Wbcrt ½t M., 1992]. Their results indicate that 
around 14% of the time, dark signatures were observed with a 
northwestward extension and an orientation almost parallel to 
the Transantarctic Mountains. Numerical simulations of the 
near surface wind field over the Antarctic continent [Parish and 
Bromv•ch, 1987, 1991] show that katabatic winds converge 
toward several topographic troughs near the coastline of the 
continent (Figure 3). One of these convergence zones is located 
just upslope from Siple Coast. The location and orientation of 
these satellite signatures suggest that they are linked to the 
katabafic airflow coming down from southern Marie Byrd 
Land and from the main glaciers that dissect the 
Transantarctic Mountains along the Amundsen Coast 
[Bromwich ½t M., 1992a]. 

A thermal infrared (TIR) satelike image is a measure of the 
radiation emitted by the Earth and its atmosphere. At a 
wavelength of 10.5 - 11.5 ism (AVHRR channel 4)and 11.5 - 
12.5 pm (AVHRR channel 5) the Earth's surface and thick 
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clouds are assumed to be blackbody radiators; thus the amount 
of radiation emitted by them can be converted into tempera- 
ture values. TIR imagery prepared for meteorological purpos- 
es shows cold areas as light tones and warm areas as dark tones 
[Rao et al., 1990]. Over the ice shell on a dear day or with 
limited cloud cover, the TIR sensor captures the radiation 
emitted by the snow surface. Thus the dark signatures ob- 
served in this type of satellite imagery reveal their relatively 
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Fig. 1. (a) Southern hemispheric map, (b) regional map of the Ross 
Sea, Ross Ice Shelf, and surrounding areas. B, Sh, A, and SC, respeo- 
tively, denote Beardmore, Shaeldeton, Amundsen, and Scott glaciers. 
Farther north, By, Sk, and Mu locate Byrd, Skelton, and Muloek 
gladers. Dots with attached numbers indicate autoraatie weather 
station (AWS) sites. 
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Fig. 1. (continued) 

warm characteristics. Studies of this phenomenon, using 
satellite imagery and automatic weather station (AWS) data 
[Bromndch, 1989 a, 1992; Bromadch ½t al., 1992 tr, Carrasco and 
Bromndch, 1993], indicate that when AWS deployed on the 
Ross Ice Shelf were within a dark signature, the air tempera- 
tures measured by these sites were usually warmer than the 
temperature recorded by AWS located in surrounding areas 
outside the dark feature. Also, the air temperatures measured 
by the AWS within the dark feature were usually warmer 
during the event than before it started and after it ended. AWS 
deployed on the Antarctic continent measure air temperature 
at a nominal height of 3 m above the surface [Stearns and 
Wendlet, 1988]. Therefore dark signatures observed on 
thermal infrared satellite images reflect the warm characteris- 
tics of the snow surface and the air immediately above it. 

These warm features have been interpreted as resulting from 
adiabatic warming [Sndthinbank, 1973; Breckcn•idg½, 1985; 
D'Aguanno, 1986] that takes place when katabatic airflows 
descend from the plateau through the valleys that dissect the 
Transantarctic Mountains. The intermittent extension of the 

warm signatures for gmat distances across the flat Ross Ice 
Shelf strongly argues against these features being positively 
buoyant airstreams. It appears that although the air adjacent 
to the snow surface is warmed by turbulent mixing, the 
katabatic air at a few tens of meters above the surface is colder 

than the surrounding air masses [Bromndch, 1989a; see Figure 
4]. That is, the katabatic airstream is warmer than the sur- 
roundings at very low levels but is colder at higher altitudes; 
for the boundary layer as a whole the katabatic jet is negatively 

buoyant. Figure 4 [after Bromndch, 1989a] shows the inferred 
temperature and wind profries associated with katabatic 
airflow over the Ross Ice Shelf that can explain the coexistence 
of warm katabatic signatures and negatively buoyant katabatic 
winds. This preferentially occurs with clear sky conditions 
when the boundary layer over the ice shelf is likely to be 
strongly stratified. The above arguments were confumed by 
two case-study flights carried out by Parish and Bromndch 
[1989], when dark signatures over the Nansen Ice Sheet 
adjacent to Terra Nova Bay were observed on thermal infrared 
satellite images, at the time when strong katabatic winds and 
negatively buoyant air temperatures were measured at the 
185-m flight level. Strictly, katabatic winds are defined as a 
gravity-driven flow blowing down inclined terrain. Once the 
airflow arrives at the foot of the slope, these two essential 
components (gravitational force and inclined terrain)for 
formation and maintenance of katabatic winds are lost. 

However, due to the well-defined source of the airflow we 

continue to describe it as katabatic as it propagates far across 
flat terrain. 

Model simulations of near-surface katabatic winds [Parish 
and Bromadch, 1991] over the Antarctic continent show that 
the katabatic wind speeds over the gentle slopes near Siple 
Coast are weaker than those linked with the katabatic airflow 

descending the steep margins of East Antarctica bordering the 
Ross Ice Shelf (Figure 3 b). Bromndch [1989a] argued that the 
horizontal propagation of katabatic winds beyond the foot of 
the terrain slope is governed by the katabatic mass transport 
crossing the break in the slope. Then if dark signatures are 
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Fig. 2. Infrared satellite image at 0654 UTC June 5,1988, showing a dark (equal to warm) katabatic wind signature extending 
horizontally across the Ross Ice Shelf from West Antarctica. 

only a result of katabatic wind propagation over the Ross Ice 
Shelf, the warm features coming from southern Marie Byrd 
Land should not extend as far onto the shelf as those coming 
from the high plateau. However, dark signatures crossing Siple 
Coast can at times extend much farther across the ice shelf than 

those coming from glaciers that dissect the Transantarctic 
Mountains [Bromwich ½t al., 19924. This suggests that 
another mechanism assists the northwestward propagation of 
the katabafic airflow descending from West Antarctica. 
BromwJch eta]. [19924 and Carrasco and BromwJch [1993] 
found that the broadscale support, linked with the presence of 
warm signatures coming from southern Marie Byrd Land and 

propagating across the Ross Ice Shelf, is provided by the 
synoptic scale cyclones that decay near Russkaya Station. On 
average, an intensification and northeastward displacement of 
the climatological quasi-stationary synoptic scale cyclone from 
the Ross Sea toward Russkaya Station was found to be 
associated with katabatic signature days. The temporary 
surface position of synoptic scale cyclones creates a surface 
pressure field whereby the isobars run almost parallel to the 
Transantarctic Mountains. Also, the horizontal pressure 
gradient strengthens [Carrosco and Bromwich, 1993] which 
accelerates the flow down to Siple Coast and supports the 
katabatic wind propagation across the Ross Ice Shelf. The 
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Fig. 3. Forty-eight-hour simulation of winter surface winds over the Antarctic continent. (a) Drainage pattern of near- 
surface katabatic winds and (b) katabatic wind speeds (ms 'l) [after Parish andBrom•ch, 1991]. 
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Fig. 4. Schematic winter illustration for the Ross Ice Shdf near Byrd 
Glacier showing the inferred vertical temperature profiles and how a 
warm satellite signature can reveal the presence of a negatively buoyant 
katabatie airstream [from Bromwic& 19894. 

above was confirmed by numerical simulations (D.H. 
Bromn4ch ½t M., Numerical simulation of winter katabafic 
winds crossing the Siple Coast area of West Antarctica and 
propagating across the Ross Ice Shelf, submitted to Monthly 
Weather R½•½w, 1993) which indicate that although the 
synoptic forcing in general plays only a minor role in sitting up 
the convergence of the winds upslope from Siple Coast, it 
significantly accelerates the winds over and beyond the coastal 
slopes. Thus the pressure gradient force assists the propaga- 
tion of the intensified katabatic winds toward the northwest, 

sometimes covering a horizontal distance of about 1000 km. 
Polynyas, or areas of combined open water and thin ice 

surrounded by sea and/or land ice, can be observed in the 
Antarctic during all seasons [Jacobs and Comiso, 1989; Zwally 
eta/., 1985; Bromn4ch and Kurtz, 1984]. Because these 
features are much warmer than the adjacent ice, they appear as 
dark tones on infrared satellite images. The coastal polynya 
plays important roles in the sea ice zone that surrounds 
Antarctica. These areas of open water interact with the 
atmosphere, ocean, and sea ice. The intense sensible and latent 
heat losses from the ocean during winter are supplied by the 
freezing of seawater [Zwally cta/., 1985]. The very large 
amounts of ice that can form contribute to the growth of the 
sea ice farther offshore, while the rejected brine plays a decisive 
role in the formation of dense shelf water [Jacobs at M., 1985; 
Zwally ½t al, 1985; Cavali½•q and MarEn, 1985; Budd, 1991]. 
Finally, these features serve as nuclei for the spring disintegra- 
tion ofsea ice by absorbing much more solar radiation than the 
surrounding surfaces [Jacobs and Coraiso, 1989]; the excess 
heat stored in the oceanic surface layer during spring and 
summer retards sea ice formation during fall. 

One area of recurrent polynya formation is located at the 
northern edge of the Ross Ice Shelf, just to the east of Ross 
Island. Observations reveal that polynya fluctuations in the 
Ross Sea are principally driven by winds [Zwally ½t al, 1985; 
Kurtz and Bromn4ch, 1985; Bromveich and Kurtz, 1984]. The 
synoptic surface environment associated with dark signatures 
across the Ross Ice Shelf is similar to that described by Zwally 
eta/. [1985] for dramatic expansions of this polynya. Therefore 
the location of the polynya near the ice shelf front suggests that 
the katabatic airflow coming from the bottom of the ice shelf, 
along with those coming from Byrd, Mulock, and Skelton 

glaciers, plays a significant role in maintenance and/or enlarge- 
ment of the polynya. 

The following section discusses the role of the katabatic 
airflows upon the polynya adjacent to the northern edge of the 
Ross Ice Shelf. In section 3 the regional synoptic environment 
described by Bromn4ch ½t al [1992a] and Carcasco and 
Bromn4ch [1993] for dark signatures across the ice shelf (called 
signature days hereafter, Table 1) is extended to a hemispheric 
domain. Changes in the long wave pattern associated with this 
synoptic scale variation are described. 

2. POLYNYA FORMATION NORTH OF THE Ross ICE SHELF 

The persistent polynya just off the northwestern edge of the 
Ross Ice Shelf is a prominent feature on passive microwave 
images of Antarctic sea ice, both on a time-averaged and on an 
individual basis [ZwMly etM., 1983]. In most cases the polynya 
is located just to the east of Ross Island and fluctuates in size 
according to the synoptic scale forcing [ZwMly ½t M., 1985]. 
The sea ice in the Ross Sea sector disintegrates both southward 
from the southern ocean and northward from the continent, 

primarily to the west of 180 ø longitude. The polynya along 
the northwestern edge of the Ross Ice Shelf forms the nucleus 
from which this summer northward retreat commences. 

Brorav•ch [1992] observed that a northward katabatic wind 
surge along the Transantarctic Mountains and across the 
western Ross Sea in early November 1986 apparently initiated 
the sea ice decay for that austral season. Oceanic heat appar- 
ently also contributes to the spring disintegration of the sea ice 
[Jacobs and Cotalso, 1989]. Historically, the large summer 
open-water area in the western Ross Sea allowed explorers 
Scott and Shackleton to travel far to the south by ship during 
their quest to be first to reach the geographic south pole. 

The explanation for this feature must address its nearly 
fixed geographic location, its persistence, and its waxing and 
waning in response to synoptic forcing. Surface winds are the 
likely cause as they have been found to force nearly all Antarc- 
tic coastal polynyas [e.g., Knapp, 1972; Brom•4ch and Kurtz, 
1984; Zwally ctal., 1985; Caval•b•q and Martin, 1985]. Auto- 
matic weather station observations from the Ross Ice Shelf 

reveal a persistent offshore-directed airflow that appears to 
cross the ice shelf edge in the region of the persistent polynya 
[Stearns and Wendlet, 1988, see their Figure 8; Jacobs and 
Cotalso, 1989, see their Figure 6; Bromveich, 1991, see his 
Figure 9]. The primary source of this airstream appears to be 
the persistent katabatic winds blowing from Byrd, Mulock, 
and Skelton glaciers [Bromv•ch, 1989a; Parish and Bromn4ch, 
1987]; these winds are proposed as the primary forcing for the 
spatially restricted and persistent polynya. In addition to the 

TABLE 1. Days in Winter 1988 for Which a Katabatie-Wind 
Signature Was Observed Extending Northwestward Across 

the Ross Ice Shelf, Called Sisnature Days 
Month Signature Days 

April 21, 22, 23, 24, 25, 28 
May 4, 19, 21, 23, 25 
June 3, 5, 15, 30 
July 11, 12, 22, 24, 30 
August 10, 24 
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Fig. 5. Schematic illustration of polynya formation at the front of the 
Ross Ice Shelf. Solid curve indicates average northern limit of the 
polynya for signature days. Dashed curve indicates northern limit for 
nonsignature days. Dashed-dotted curves outline a polynya that 
formed on July 11-12, 1988. 

association of favorable synoptic conditions for major polynya 
expansions offered by Zwally ½ta/. [1985], Kurtz and 
Bromn4ch [1985] in the same publication noted that the 
persistent katabatic winds from Byrd, Mulock, and Skelton 
glaciers also appeared to play a role. Subsequently, Carrasco 
and Bromwich [1993] and Bromwich et al [1992a] found that 
katabatic winds propagated along the Transantarctic Moun- 
tains from West Antarctica to the northwestern edge of the 
Ross Ice Shelf in conjunction with synoptic scale support. 
These were associated with expansions of the persistent 
polynya in this area, and the accompanying synoptic condi- 
tions concurred with those described by Zwally et al. [1985] to 
be associated with major openings of the same polynya. In 
addition, these West Antarctic katabatic airflows are accompa- 
nied by enhanced katabatic drainage down the glaciers from 
East Antarctica onto the Ross Ice Shelf, apparently including 
Byrd, Skelton, and Mulock glaciers (hereafter the combined 
katabatic airstream is referred as a katabatic surge), thus 
supporting Kurtz and Bromwich• [1985] observation men- 
tioned above. 

The average areal extent on signature days was determined 
from the infrared satellite images. The same evaluation was 
done for a random selection (22 days) of nonsignature days. 
Results are presented in Figure 5. The edge of the open water 
and consolidated sea ice can be objectively located on digital 
satellite images. On average, the brightness temperature within 
the open water (dark areas) was about -4* C (physical tempera- 
ture, T, equals -I*C assuming an emissivity of 0.95 for water) 
and for consolidated sea ice was -11*C or colder (T • -6'C 
assuming an ice emissivity of 0.95). This implies a brightness 
temperature contrast of about 7 ø which enables the edge of 
the polynya to be readily located. Although partial (or total) 
cloud cover may occur (see Figure 6), the edge of the polynya 
can be observed through thin nonobscuring cloud. The area 
covered by polynya was calculated for the region bounded by 
the Ross Ice Shelf and the digitally located brightness tempera- 
ture-gradient zone between the open water and the sea ice. 
Results show that the areal average extent for signature days 
was about 3.8x10 • km 2 along the entire edge of the shelf. For 
nonsignature days it was about 2.3x10 • km 2. A larger areal 
variation occurs along the western half of the shelf. Here the 
polynya reached a size of about 2.5x10 • km 2 (width ~ 16 km) 
for signature days compared with the average of 1.3xl 0 • km 2 
(width ~ 8 km) for nonsignature days. In general, this repre- 
sents an enlargement of the polynya of about 50ø/3 under the 
presence of katabatic surges. 

Examination of the satellite images for signature days 
indicates that the enlargement of the polynya is more frequent 
on the western side of the ice shelf (Figure 5), but prominent 
polynyas can form or enlarge in other places along the ice shelf 
front. An example of this is the polynya observed at 0705 UTC 
July 11 and 0654 UTC July 12, 1988 (Figures 5 and 6aand 6b). 
The satellite image at 0705 UTC July 11 (Figure 6a) shows that 
the polynya had already begun to form offshore from the 
central part of the ice shelf. The next image at 0654 UTC July 
12 (Figure 6 b) reveals a significant enlargement of the polynya, 
now coveting an area of about 7.3x103 km: (almost double its 
size in 24 hours). The only station located along the northern 
edge of the ice shelf and adjacent to the area where the polynya 
occurred is AWS 00 (Figure 1 b). This station recorded 
southeasterly winds between July 10 and 12 with a mean speed 
of 8.6 ms '• which is 2.5 ms '• higher (95% confidence level) than 
the monthly average for July. Also, over the same period, 
AWS 08, 15, 24, and 25 recorded significantly (in a statistical 
sense) stronger wind speeds than their respective monthly 
average. The increase of wind speed at AWS 11 was not 
statistically significant. Only AWS 07 did not record stronger 
winds than its monthly average. The satellite images revealed 
a dark signature extending from Siple Coast area with the 
contribution from the glaciers that dissect the Transantarctic 
Mountains (not shown in Figure 6 because of the enhancement 
used to deafly resolve the polynya). This feature covered 
almost the entire Ross Ice Shelf except the northwest side 
where AWS 07 is deployed. 

The stronger surface pressure gradients over the Ross Ice 
Shelf on signature days with isobars almost parallel to the 
Transantarctic Mountains provide the pressure gradient force 
that allows the katabatic airflow descending from West 
Antarctica to propagate horizontally toward the northwest, at 
times reaching the southern Ross Sea [Brom•4ch eta/., 1992•; 
Carrasco and Brom•4ch, 1993]. The stronger wind speeds 
recorded at AWS 08 and AWS 25 for July 10-12 suggest that 
the polynya offshore from the ice shelf is linked with katabatic 
winds extending from the Siple Coast area, with a substantial 
contribution from the katabatic airflow originating in East 
Antarctica. In fact, AWS 08 and 25 showed a significant 
increase of the daily averaged wind speed from July 11 to 12 
(from 7.6 ms '• to 12.2 ms '• at AWS 08 and from 6.5 ms 'l to 9.7 
ms 'l at AWS 25), which coincides with the enlargement of the 
polynya observed on satellite images. This suggests a rapid 
response (less than 24 hours) of the sea ice to the increase of 
wind speed. Unfortunately, the lack of consecutive satellite 
images precludes a detailed study of the evolution and time lag 
between the onset of katabatic winds and the response of the 
polynya. For this, case studies with high temporal resolution 
satellite images and/or model simulations are needed. 

3. HEMISPHERIC ANALYSIS 

3.1. Broadscale SpanEl Changes Associated With Kataba• 
Surges Across the Ross Ic½ Shelf on Si•natur• Days 

To provide a broadscale context for the synoptic circulation 
changes found by Brom•4ch eta/. [1992a] to be associated with 
katabatic surges across the Ross Ice Shelf, the hemispheric 
digital analyses prepared by the Australian Bureau of Meteo- 
rology were examined. These have a horizontal resolution of 
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Fig. 6. (a) Infrared satellite images at 0705 UTC July 11, 1988, and(b) at 0654 UTC July 12, 1988 showing polynya formation. 
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Fig. 7. Southern hemispheric surface analysis for (a) the five-month 
average, (b) signature days, and (c) t test (95% confidence level) applied 
to the anomalies. (a) and (b) The contour interval is 5 hPa. (c) The 
ratio of the t value to the 95% confidence value is plotted; the sign of 
the ratio is the same as the sign of the anomaly. Statistically significant 
positive areas are stippled, and negative areas are crossed. The analysis 
is suppressed to the north of 15øS where it is strongly intlueneed by 
spurious data near the edge of the domain. Parallds of latitude are 
every 30 ø starting from the equator. 

500 km[ Gujq•½r, 1986] and are constructed twice a day at 0000 
and 1200 UTC. Average hemispheric fields of sea level 
pressure, 500-hPa geopotential height, and the 1000- to 500- 
hPa geopotential thickness were obtained for the five winter 
months of April to August 1988 and for signature days (Table 
1). Results are respectively shown in Figures 7a-7c, 8a-8c, and 

90øE 
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9a-9c, which include the significant anomalies (in a statistical 
sense) given by the t test (95% confidence level) applied to the 
differences between the averages. The typical winter pattern 
for the southern hemisphere [ van Loon, 1965; TMjaard ct M., 
1969; $chwcrdtœcgcr, 1970] can be observed in Figures 7a, 8a, 
and 9a; and Figures 6b, 7 b, and 8b provide the mean pattern 
for signature days. The changes for sea level pressure are 
revealed by comparison of Figures 7a and 7 b. Note that the 
quasi-stationary synoptic cyclone located over the Ross Sea is 
intensified and displaced closer to Russkaya Station. This is 
the same result that was found by Bromwich ct M. [1992a]. In 
general, a strengthening of the circumpolar trough takes place, 
with pronounced intensification in the western hemisphere and 
slight weakening in the eastern hemisphere. A new feature that 
appears is a high-pressure area (anticyclone) centered over the 
Southwest Pacific Ocean, dose to New Zealand. The t test 
(Figure 7c) reveals that the displacement and intensification of 
the quasi-stationary cyclone and the anticyclone are statistical- 
ly significant at the 95% confidence level. Also, it shows that 
the pressure significantly decreases (in a statistical sense) to the 
south of Africa and over the eastern side of South America. A 

significant increase of the sea level pressure occurs over the 
southern Indian Ocean between Africa and Australia. 

Changes in the 500-hPa geopotential height field between 
the five winter months and signature days can be seen by 
comparing Figures 8a and 8b. The changes are shown more 
dearly in Figure 8c which presents areas of statistically 
significant decrease and increase of geopotential heights. It can 
be noted that the decrease of geopotenfial height that takes 
place to the northeast of the Ross Ice Shelf is accompanied by 
an increase over the Southwest Pacific Ocean, just to the north 
of New Zealand. Other significant positive (increase)changes 
occur over the central South Pacific Ocean, over the south 
central part of the Indian Ocean, and the central South 
Atlantic Ocean. Other significant decreases take place to the 
south of Africa and over the eastern part of the Indian Ocean. 
These changes tend to displace toward the east the troughs and 
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Fig. 8. Samo as Figure 6 but for $00 hPa. (a) and (b) Tho contour 
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troughs discussed in the text. 

ridges (wave number 3: troughs 1, 3, and 5 in Figures 8a and 
8b) observed in higher latitudes (between 45* and 70'S) for 
the five-month average and to develop three new troughs (2, 4, 
and 6 in Figure 8 b) increasing the number of waves to six. This 
implies more north/south advection of warm and cold air. The 
significant decreases and increases of the geopotential heights 
for signature days (Figure 8c) overlap the majority of the 
significant negative and positive departures of the sea level 
pressure (Figure 7c), implying a quasi-barotropic atmospheric 
structure in these areas. Thus the location of the intensified 

midtropospheric low over the Amundsen Sea coincides with 
the location of the synoptic low at the surface, as was found by 

Bromvffch ct M. [1992a]. The increase of the 500-hPa 
geopotential height just to the northeast of New Zealand 
coincides with the high sea level pressure observed on the 
surface analysis. Other important features that appear for 
signature days are the enhanced diffluence of the 500-hPa 
isohypses over the southeastern tip of Australia and the trough 
(2 in Figure 8b) to the west of southern South America. The 
enhancement of the diffluent zone at 500 hPa reveals an 

enhancement of the climatological split of the jet stream over 
the Australia-New Zealand region and is associated with a 
negative (positive) anomaly of the sea level pressure and 500- 
hPa height (see Figures 7cand 8c) over the Tasman Sea (to the 
south of Tasmania). Although these departures are only 
statistically significant at 90%, they suggest the typical features 
associated with diffluent type blocking events. Further 
discussion is given in section 5. 

Similarly significant (in a statistical sense)changes, over the 
regions mentioned above, are revealed in the 1000- to 500-hPa 
thickness fields (Figures 9a-9c). The quasi-zonal thermal winds 
found for the five-month average contrast with thermal 
troughs and ridges that appear in the average field for signa- 
ture days (compare Figures 9a and 9 b). The changes can more 
easily be noted in Figure 9c, which gives the statistically 
significant negative and positive departures from the five- 
month average. Significant positive departures of the 1000- to 
500-hPa geopotential thickness over the Bellingshausen Sea for 
signature days confirm the existence of a warm ridge projecting 
southward across this area, while the negative departures over 
the Ross Sea indicate the presence of a cold trough which 
extends equatorward from the Ross Ice Shelf area (concurs 
with Bromv•ch eta/. [1992a]). In general, areas of increase and, 
decrease of the 1000- to 500-hPa geopotential thickness, respec- 
tively, coincide with areas of increase and decrease of the 500- 
hPa geopotential heights. Comparing the significant thickness 
changes with those that take place at sea level, it can be noted 
that negative (positive)departures of the geopotential thickness 
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Fig. 9. Same as Figure 6 but for 1000- to 500-hPa thickness. (a) and 
(b) The contour interval is 60 gpm. 

field almost overlap areas of negative (positive) sea level 
pressure anomaly. However, the positive thickness departures 
over the central South Pacific Ocean overlap with a smaller 
area of significant positive anomalies of the 500-hPa 
geopotential heights. The increase of the sea level pressure 
over the central part of the South Pacific Ocean is not statisti- 
cally significant. Other discrepancies occur with the positive 
anomalies over the central South Atlantic Ocean and the 

Bellingshausen Sea. This indicates that some changes are more 
marked in the midtroposphere than at the surface. 

The above description suggests that the occurrence of 
katabatic winds propagating from West Antarctica onto the 
Ross Ice Shelf is not a localized and isolated phenomenon 

CONTOUR FRON 4860 o 
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which is related to events only around the Ross Ice Shelf. The 
ß significant changes taking place elsewhere confn'm the interac- 

tion between the Antarctic continent and the atmospheric 
circulation at lower latitudes. 

3.2. Broadscale Time Vadanbn Associated With Kataba•b 

Surge Even ts A cross the Ross Ice Shelf 

To study the set up of the broadscale atmospheric features 
associated with signature days, it is necessary to move away 
from the biased perspective of satellite imagery which is limited 
by cloud obscuration of the surface and by data gaps. Based 
upon the study of signature days by Bromwich et al. [1992a], 
the continuously available air temperatures from AWS 
influenced by katabatic winds from West Antarctica were 
chosen as the best variable to gauge the likely existence of 
katabatic airflow across the Ross Ice Shelf. A katabatic surge 
event (KSE) was, as a result, defined to occur when the daily 
average surface-air temperatures recorded at the bottom of the 
Ross Ice Shelf (by either one or both of AWS 08 and 11) were 
continuously warmer than the respective monthly average for 
at least 2 days (Table 2). This period corresponds to the likely 

TABLE 2. Periods for Which the Surface Air Temperatures 
at AWS 08 and 11 Were Warmer (Colder) Than the 

Respective Monthly Average According to the 
Definition of a Katabatic Surge Event (KSE) 

(non-katabatic surge event) (non-KSE) 

Month KSE, days Non-KSE, days 

April (March 31oo- 3o0); (18oo- 3000) (4,2- 17oo) 
May (9•2- 1100); (14,2- 16,2); (100- 8•2); (12oo- 13,2); 

(2200-26o0) (17a2-21•2);(2700- loo) 
June (200- 8o0); (14•2- 20•2); (900- 13•2); (21•2- 28o0) 

(2900- 30x:) 
July (300- 14•2); (3000- 31a2) (la:- 200); (15•2- 2900) 
August (9•2- 11a2); (16oo- 22a2); (la:- 8•2); (12•2- 15oo); 

(26•:- 300o) (2300- 25a2) 

AWS, automatic weather station. Subscript indicates the time in 
universal coordinated time (UTC). Parentheses enclose events. 
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propagation ofkatabatie winds across the Ross Ice Shelf. This 
2-day criterion is designed to eliminate daily temperature 
changes which may not be caused by katabafie outbreaks onto 
the ice shelf. Also, in order to overcome the discontinuity of 
the anomalies between consecutive months the temperature 
anomalies for the last five and first five days of consecutive 
months were determined by the difference between each daily 
temperature and the average for these 10 days. Large varia- 
tions were found for the duration of the events. On average, 
they lasted for 5.2 • 3.6 (1 s.d.) days, but events from 2 to 12.5 
days duration were observed. Thirteen KSE were present 
during the period under consideration. For eight of the 

90øW 

;•: thirteen KSE (62%), a dark katabatic signature across the Ross 
Ice Shelf was observed on satellite imagery on at least one day. 
For three KSE the Ross Ice Shelf was overcast or the satellite 

images were not available, so that the presence of a dark 
signature could not be ascertained. For the remaining two a 
dark signature was observed to the south of AWS 08 and 11. 
Therefore for the ten observable KSE, eight (80%) are assor- 
ated with at least one signature day. Six signature days do not 
correlate with our definition of KSE because the temperatures 
at AWS 08 and/or 11 were not warmer than average. A similar 
comparison was made for nonkatabatic surge events (non- 
KSE), defined as the period between KSE for which the daily 
average air temperatures recorded by AWS 08 and 11 were 
continuously colder than the respective monthly averages. 
These periods probably correspond to the katabatic winds 
from West Antarctica being eonœmed to the southeastern part 
of the shelf. The average duration of these periods was around 
6.1 ñ 4.1 (1 s.d.). The total cycle (i.e., from the first warmer 
day to the next) that includes both non-KSE and KSE periods 
was found to be about 13.3 ñ 6.7 (1 s.d.) days, with the total 
duration varying from 6 to 28 days. 

A new evaluation of the Australian southern hemisphere 
analyses was conducted to obtain the average condition for 
non-KSE and for KSE. Results for KSE (not shown, see 
Bromwich et al. [1992b]) are very similar to those already 
described for signature days. The main features at the surface 
are: the Ross Sea synoptic scale cyclone which is deeper than 
the five-month average but not as strong as for signature days 
the appearance of the high-pressure area near New Zealand, 
and the weakening of the South Pacific anticyclone (see Figure 
7). Results for non-KSE show that the Ross Sea synoptic scale 
cyclone is weaker than for signature days, KSE, and the five- 
month average. The changes from non-KSE to KSE (not 
shown; see Bromwich ½t al [1992b]) indicate that the most 
relevant changes are the appearance of a high-pressure area 
over northern New Zealand and the eastward displacement of 

b \ 

Fig. 10. Differences between katabatic surve event (KSE) and non-KSE for (a) sea level pressure (1-hPa interval), (b) 
500-hPa geopotential heights (10-gpm interval), and (c) 1000- to 500-hPa thickness (10-gpm interval). 
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the trough associated with the quasi-stationary cyclone over 
the Ross Sea area. The intensification of this low-pressure 
center was also revealed by this analysis, implying more 
frequent and/or intense synoptic scale storms decaying in the 
Amundsen Sea/Marie Byrd Land area. For KSE (non-KSE) 
the average of the sea level pressure reveals positive (negative) 
departures from the five-month average over New Zealand, the 
southeastern Pacific Ocean/Bellingshausen Sea, and the 
southwestern Indian Ocean. Negative (,positive) departures are 
observed over the northern Ross Sea, Southwest Ariantic 
region, and southeastern Indian Ocean adjacent to Queen 
Mary Coast. The three new features revealed by the KSE 
average analyses are the positive anomaly over the southeast- 
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ern South Pacific Ocean and the negative anomalies over the 
southwestern South Atlantic Ocean and southeastern Indian 

Ocean. Thus the changes from non-KSE to KSE shown in 
Figure 10a can be interpreted as a significant increase of the 
sea level pressure over the area of lqew Zealand and to the 
south of Australia, over the Bellingshausen Sea, and over the 
southwestern Indian Ocean. Decreases of the sea level pressure 
occur over the northeastern Ross Sea, the southwestern 
Atlantic Ocean, and the southeastern Indian Ocean. A wave 
number 3 pattern occurs around Antarctica near 60 ø S. 

The 500-hPa average geopotential height fields for non- 
KSE and KSE (not shown, but Figures 1 l a and 11 c may be 
used as a reference as they show almost the same results) 
indicate that although the midtropospheric vortex is displaced 
slightly toward the northeast, it does not deepen as much as for 
signature days (Figure 8 b). However, the differences between 
non-KSE and KSE with respect to the five-month average (not 
shown) reveal that the geopotential height changed from 
significant positive to significant negative anomalies over the 
area northeast of the Ross Sea, indicating a strengthening of 
the vortex. The areas ofnegative (positive)departures for non- 
KSE correspond almost exactly to areas of positive (negative) 
departures for KSE. Thus changes from non-KSE to KSE 
(Figure 10b) show an increase of the 500-hPa geopotential 
heights over the southeastern Pacific Ocean, and over the lqew 
Zealand/southwestern Pacific Ocean sector. Also, increases 

occur over the Antarctic plateau. In general, the areas that 
show an increase (decrease) of the 500-hPa geopotential height 
almost overlap areas of increase (decrease) of the sea level 
pressure. The same general characteristics are found for 
signature days (Figures 7c and 8c). This implies a quasi- 
barotropic atmospheric structure. 

The 1000- to 500-hPa geopotential thicknesses for non-KSE 
and KSE (not shown) reveal a more clearly defined wave 
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Fig. 11. Southern hemispheric 500-hPa analysis for (a) peak of non-KSE, (b) transition time, and (c) peak ofKSE (60-gpm 
contour interval). (a) and (c) The heavy solid lines are troughs. 
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number 3 pattern in high latitudes for the case of KSE where 
three troughs are clearly observed: one projecting northward 
from the Ross Sea area, another over the southwestern Atlantic 
Ocean, and the third over the central southern Indian Ocean. 

The significant feature for KSE is the trough extending 
northward from the Ross Sea, which is not observed for non- 
KSEs. In addition, at lower latitudes a fourth trough appeared 
to the west of southern South America. The thickness differ- 

ences (departures) between KSE (non-KSE) with respect to the 
five-month average show significant positive (negative) 
departures of the geopotential thickness that cover part of the 
Antarctic plateau, the southeastern Pacific Ocean, and the 
region to the south of Australia; negative (positive) departures 
are observed over the southern tip of South 
America/southwestern Atlantic Ocean area, to the south of 
Africa, and to the north of the Ross Sea, including the area 
around New Zealand. Changes that take place from non-KSE 
to KSE are shown in Figure 10c. It reveals that significant 
increases (decreases) of the thickness values almost coincide 
with the areas of positive (negative)departures described above 
for KSE (non-KSE). Another significant area of geopotential 
thickness decrease occurs over the eastern side of the South 

Pacific Ocean to west of the northern Chilean coast. In 

general, the departures for KSE (and also for non-KSE but of 
opposite sign) at sea level, 500-hPa and 1000- to 500-hPa 
(Figures 10a-10c) show a wave number 3 pattern at 60øS. 

The most intriguing feature that appears in the 1000- to 
500-hPa thickness for non-KSE to KSE is the negative anoma- 
ly (decrease)just to the northeast of the New Zealand sector 
(compare Figures 10a, 10b, and 10c). Around the same area 
the sea level pressure and the 500-hPa height show positive 
anomalies (increase). This indicates that the increase of the sea 
level pressure is larger than the increase of the 500-hPa 
geopotential height. Apart from this area, other changes that 
take place in the 1000- to 500-hPa geopotential thickness 
almost concur with the changes of 500-hPa geopotential 
heights. In general, the decrease (increase)of the sea level 
pressure over the Amundsen Sea for KSE (non-KSE) is 
accompanied by a decrease (increase)in both the 1000- to 500- 
hPa and the 500-hPa fields. No significant decrease of sea level 
pressure to the west of southern South America is observed for 
KSE, but the 1000- to 500-hPa and 500-hPa fields show a 
negative anomaly with respect to the f'ave-month average, 
confirrning the development of a cold trough over that region. 

To study the time evolution of the KSE and to deal with 
their varying durations, the following features were identified: 
(1) peak day of each non-KSE which corresponds to the 
coldest day within the non-KSE events according to the air 
temperature recorded by either one or both of AWS 08 and 11; 
(2) transition time which corresponds to the time of the cycle 
that divides non-KSE from KSE periods, so that the air 
temperatures were neither warmer nor colder than the respec- 
tive monthly average; and (3) peak day of each KSE which 
corresponds to the warmest day within the KSE. Table 3 lists 
the respective days/times according to our definitions. Then, 
all the peak days of non-KSE, all the transition times, and all 
the peak days of the KSE were averaged to obtain a time 
evolution for the sea level pressure, 500-hPa, and 1000- to 500- 
hPa fields in relation to the airflow across the Ross Ice Shelf. 

The main results at sea level are the eastward displacement 
of the troughs and ridges, the intensification and displacement 
of the quasi-stationary low pressure from north of the Ross Sea 
toward the vicinity of Russkaya Station, and a weakening of 
the South Pacific high pressure. The most relevant sequence of 
events takes place at 500 hPa. Figures 11 a, 11 b and 11 c show 
the initial, the transition, and the f'mal stage of the time 
evolution at 500 hPa corresponding to the peak ofnon-KSE to 
the peak of KSE, respectively. The most prominent feature 
revealed by the sequence is a ridge that starts to develop over 
Wilkes Land and extends southwestward into East Antarctica. 

It reaches its maximum intensity at the transition time. A 
similar but weaker ridge appears over the other side of the 
continent. On the other hand, the polar vortex at 500 hPa 
moves toward the east and strengthens significantly from the 
peak of non-KSE to peak of KSE. The trough (1 iv Figures 
11 a and 11 c) associated with the 500-hPa vortex, which extends 
along longitude 160øW for peak days of non-KSE, moves 
eastward to be located along longitude 140øW for peak days 
of KSE (Figure 1 l c). Note that the intensification and dis- 
placement of the polar vortex takes place from the transition 
time to the peak of KSE. Another trough (7 in Figure 1 l c) 
developed to the west of the northern coast of Chile for the 
peak of KSE. To the south of this trough a midtropospheric 
ridge extends over the southeastern corner of the South Pacific 
Ocean and over Ellsworth Land. The time evolution for 1000- 

to 500-hPa geopotential thickness showed that the quasi- 
zonally pattern (barotropic) of the five-month average is 
replaced by more pronounced and a larger number of troughs 
and ridges. As for signature days, a cold trough extending 
from the Ross Ice Shelf area is observed for the peak of KSE 
(Figure 9 b). The time evolution also reveals warm and cold air 
advection at high and mid-latitudes, probably associated with 
synoptic scale features as suggested by the wave number 6 or 7 
pattern. 

3.3. MesoscMe Vortex Occurrenc• Over the South PaciI7c 

Ocean and Katabat•b Surge Events Over the Ross Ice 
Shelf 

Satellite-based studies [e.g., Carleton and Ca•7•nter , 1990; 
Fitch and Carleton, 1992; Carleton and Fitch, this issue; 
Turner and Thomas, 1992] have shown that a favorable 
environment for mesoscale cyclogenesis (cyclones with diame- 
ters of less than 1000 km, also referred to as polar lows) is a 

TABLE 3. Peak Days ofNon-KSE (KSE) Defined As the Coldest 
(Warmest) Day Within the Non-KSE (KSE)and Transition Time 

Defined as Period Between the Non-KSE and KSE for Which 
the Surface Air Temperatures Were Not Colder or Warmer 

Than the Respective Monthly Average 

Month Peak Day of KSE Transition Time Peak day of Non-KSE 

April 1, 25 1712 9 
May 912 , 15, 25 9o0, 1400, 2112 7, 1212 , 1912 
June 5, 18, 29 112 , 1400 , 2812 lo0, 12, 27 
July 7, 30 212 , 2912 112 , 19 
August 10, 20, 28 9o0, 1512 , 26oo 7, 14, 24 

Subscript indicates the time in universal coordinated time (UTC) 
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cold air mass moving equatorward from the polar regions. 
Also, mesoscale cyclones have been observed in association 
with dissipating cold-core synoptic vortices over the ocean 
[Zick, 1983]. In addition, recent studies in the southern 
hemisphere have shown that strong and persistent katabatic 
winds sustained by confluence zones in the continental interior 
[Parish and Bromwich, 1987, 1991] are associated with the 
formation of mesoscale cyclones just offshore [Brom•4ch, 
1989b, 1991; Carcasco and Brom•4ch, this issue]. For com- 
plete reviews of polar lows, see Businger and Reed[1989] and 
TurReT ½t al. [this issue]. 

90øW 
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Therefore increased mesoscale cyclogenesis activity is likely 
to be found in conjunction with the occurrence of katabatic 
polar air outbreaks (defined as a mass of cold air moving 
equatorward from the Antarctic continent and that near the 
surface is associated with katabatic winds). The latter has been 
the subject of this paper. To investigate whether or not the 
subsynoptic and synoptic scale environments associated with 
the northwestward propagation of the katabatic winds favor 
the formation of mesoscale cyclones over the ocean, the results 
presented by Fitch and Carleton[1992] were reevaluated. They 
studied the occurrence of mesoscale vortices over high south- 
ern latitudes during five months (March, April, June, August, 
and October) in 1988, which partly overlap with our study 
period. Their study area covered the half hemisphere centered 
on the Ross Sea from 100øE to 80øW and from 50øS to the 

south pole. To study the synoptic environment associated with 
mesoscale activity, they used the southern hemisphere synoptic 
analyses from the Australian Bureau of Meteorology. Their 
results indicate that for active days (more than five mesoscale 
vortices observed on the same day) the composite 1000-hPa 
field revealed a negative height anomaly centered at 155øW 
and 68 ø S, with a corresponding negative anomaly at 500 hPa 
displaced to the south. The 1000- to 500-hPa thickness 
anomaly field showed negative departures over the Ross Sea 
area and positive departures over Marie Byrd Land and over 
the eastern side of Australia. Comparing with the large-scale 
changes surrounding the Ross/Amundsen seas obtained for 
signature days (or KSE), it can be noted that similar anomalies 
take place on both active and signature days. 

Figures 12a-12care the average sea level pressure, 500-hPa 
geopotential heights, and the 1000- to 500-hPa geopotential 
thickness fields for active days, respectively. They show Fitch 
and Carleton• [1992] results for the entire southern hemi- 

90øW 

90øE 90 ø E 

CONTOUR INTERVAL OF 60 •g• PT(3 31: 5867 7 CONTOUR FROM 486• • TO 576• o CONTOUR INTERVAL OF 60 eee PYt3 31: 5784 

Fig. 12. Southern hemispheric analyses for active days at (a) the surface (5-hPa interval), (b) 500 hPa (60-gpm interval), and 
(c)for the 1000- to 500-hPa thickness (60-gpm interval). (b) The heavy solid lines are troughs. 
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sphere, including the active days for July 1988 (A.M. Carleton, 
personal communication, 1991) but excluding those for March 
and October 1988. The changes for active days obtained by 
Fitch and Carleton [1992] are generally similar to those 
described for signature days, which are also valid for KSE. 
Although comparison with Figures 7 b, 8 b, and 9 b for signature 
days reveal some differences in the exact location of troughs 
and ridges, the general pattern obtained for signature days 
(and for KSE) applies to active days. It should be mentioned 
that eight of twelve active days fall within our definition of 
KSE, the remaining four within non-KSE. On the other hand, 
five of seven inactive days are within non-KSE and the other 
two within a KSE. The correlation between signature and 
active days is poor. Only three of the twelve active days 
overlap (+ 1 day) with signature days. But for six of the twelve 
active days, examination of satellite images revealed that the 
Ross Ice Shelf was cloudy or the satellite information was not 
available, preventing the observation of dark signatures. So, 
for six of the observable active days, three overlap with 
signature days. On the other hand, six of the seven inactive 
days overlap with nonsignature days, with the seventh coincid- 
ing with a signature day. Although this is a fair correlation, 
which can be explained by the fact that both studies had 
different purposes and the deœmitions of active and signature 
days were totally independent of each other, the better correla- 
tion with KSE suggests a relation between mesoscale 
cyclogenesis and katabatic polar air outbreaks. The 500-hPa 
time evolution (Figures 11) suggests cold air advection off East 
Antarctica which starts before KSE onset and subsequently 
extends over the Ross Ice Shelf. This is linked with the upper 
level ridge over Wilkes Land and with the northeastward 
movement of the 500-hPa vortex. Also, the 1000- to 500-hPa 

differences between non-KSE and the five-month average 
showed negative anomalies over and to the north of Wilkes 
Land and over the Southeast Pacific Ocean, implying that cold 
air outbreaks from these regions occur during non-KSE. Fitch 
and Carleton [1992] found large mesoscale cyclone activity 
adjacent to the Wilkes Land Coast in 1988 with respect to 
other regions in the Pacific sector of the Antarctic; therefore 
mesoscale cyclogenesis may occur within non-KSE (katabatic 
airflow outbreaks from Adelie Land?) affecting the correlation 
between active and signatures days (or KSE). A spatial 
variation of mesoscale cyclogenesis occurrence may be associ- 
ated with the cold air advection first being restricted primarily 
to East Antarctica for non-KSE and then expanding to the east 
over the Ross Ice Shelf for KSE. This may be associated with 
the eastward movement of the quasi-stationary synoptic 
cyclone. Although only one winter season has been studied, 
the synoptic environment results for active days and KSE 
suggests a relation between mesoscale cyclogenesis occurrence 
and katabatic winds [ Car/eton, 1992]. 

SUMMARY 

An observational study of katabatic winds propagating 
from West Antarctica has been carried out by examination of 
infrared satellite images for the 1988 winter season (April to 
August) [Brom•q'ch et al, 1992a; Carrasco and Bromv•ch, 
1993]. This study revealed that katabatic signatures extending 
across the ice shelf are accompanied by synoptic scale changes 

that favor such displacement. Results from the satellite- 
observational analysis of this phenomenon indicate that the 
northwestward propagation of the katabatic winds from 
southern Marie Byrd Land can occur quite frequently. In fact, 
they were observed 14% of the time during the five months; this 
corresponds to 21% of analyzable days, defined as a day for 
which the presence of surface-wind signatures could be 
evaluated on satellite imagery [Bromnqch ½t al., 1992a]. 
Considering the increase of the temperature at AWS 08 and 11 
as an indicator of the northwestward projection of the 
katabatic airflow (definition of katabatic surge event is equal 
to KSE), the above percentage may be higher. 

The immediate effect of the northwestward propagation of 
the katabatic airflow seems to be the enlargement and/or 
maintenance of the polynya just offshore from the Ross Ice 
Shelf. The broadscale similarities over the South Pacific Ocean 

for active days [Fitch and Carlcron, 1992] and for signatures 
days (or KSE) suggest an increase of the mesoscale 
cyclogenesis due to the northward advection of cold boundary 
layer air from the Antarctic continent. 

The hemispheric analysis for signature days and for 
katabatic surge events indicates that the northwestward 
propagation of the katabatic surge is not an isolated and 
localized phenomenon, but other regional changes within and 
outside the polar environment accompanied the katabatic cold 
air outbreak. These large-scale variations are not caused by 
the katabatic wind propagating from West Antarctica, but they 
are probably a response to a perturbation occurring in East 
Antarctica. On average, the main changes can be summarized 
as follows: 

1. The quasi-stationary Ross Sea cyclone is deeper and dis- 
placed closer to the Marie Byrd Land coast compared to its 
climatological intensity and location, respectively; this also 
happens to the midtropospheric vortex at 500 hPa. 
2. A high-pressure area develops just to the northeast of New 
Zealand. The sea level pressure and the 500-hPa height (1000- 
to 500-hPa thickness) reveal positive (negative) departures 
associated with this area. A low-pressure area over Tasman 
Sea is accompanied by a high-pressure area to the south. These 
features are associated with blocking events and appear close 
to the primary region for blocking in the southern hemisphere 
[Stretch, 1980; Coughlan, 1983; Trcnbcrth and Mo, 1985]. 
Other increases of the sea level pressure take place over the 
southeastern Pacific Ocean around the Bellingshausen Sea and 
over the southwestern Indian Ocean adjacent to the Antarctic 
coast. 

3. The differences between the average KSE and non-KSE 
with respect to the five-month average reveal a wave number 3 
departure pattern but out of phase with respect to the trough 
and ridge distribution shown by the five-month average. This 
increases the wave number from 3 to 6, as was evident in the 
analyses for signature days (e.g., Figure 8b) and in the time- 
averaged evolution sequence (e.g., Figure 11). The same 
increase was observed for the 1000- to 500-hPa geopotential 
thickness indicating an enhancement of the warm and cold air 
advection for both non-KSE and KSE periods. The wave 
number 6 pattern suggests that these advections may be 
associated with synoptic scale features. 
4. The 500-hPa geopotential heights are higher for KSE than 
for non-KSE over the Antarctic plateau. The time evolution 
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for 500-hPa geopotential height fields reveals that a ridge starts 
to develop over Wilkes Land from the peak of non-KSE, 
reaching a maximum intensity at transition time. A much 
weaker ridge extends poleward from around the Ronne Ice 
Shelf area. 

5. The negative and positive departures of the 1000- to 500- 
hPa geopotential thickness, suggest cold (warm) air advection 
to the north of Wilkes Land and over the Southeast Pacific 

Ocean for non-KSE (KSE) and to the north of the Ross Ice 
Shelf for KSE (non-KSE, Figure 10c). The intensification and 
northeastward displacement of the midtropospheric vortex and 
the development of the 500-hPa ridge over East Antarctica may 
explain some of the cold and warm air advections that take 
place. The development of the ridge may advect warm air from 
the southeastern Indian Ocean onto the plateau (associated 
with the western part of the ridge) at the time that cold air is 
advected offshore from the Victoria/Wilkes Land area (associ- 
ated with the eastern part of the ridge). The displacement and 
intensification of the 500-hPa vortex may increase the area of 
poleward warm air advection from the southeastern Pacific 
Ocean, that takes place to the east side of the vortex, while cold 
air advection may extend over the Ross Ice Shelf area associat- 
ed with the southerly winds on the western side of the vortex. 
6. A midtropospheric trough is resolved for signature days and 
KSE at 500 hPa to the west of the southern west coast of South 

America. This is accompanied by a weakening of the South 
Pacific high-pressure center (although not significantly) on its 
southeastern side. 

How the changes from KSE to non-KSE that take place at 
middle and low latitudes affect the southern polar environment 
is under investigation. But it is known that the anomalies for 
non-KSE are opposite to those for KSE. 

5. DISCUSSION 

From the above summary the northwestward propagation 
of the katabatic winds from West Antarctica across the Ross 

Ice Shelf is a regional phenomenon that is accompanied by 
changes that involve the entire southern hemisphere. Decrease 
of the sea level pressure over the Amundsen Sea, associated 
with synoptic storms that move into this area, seems to 
facilitate the northwestward displacement of the katabatic 
airflow by orienting the isobars more parallel to the 
Transantarctic Mountains and providing a supporting pressure 
gradient. The cold trough that generally extends northward 
from the plateau and the Ross Ice Shelf area confirms the 
assumption that the dark (equal to warm) signatures observed 
on satellite images and the relatively warm air temperatures 
recorded by AWS are in fact due to cold air advection moving 
away from the West Antarctic plateau accompanied by a cold 
air outbreak from East Antarctica through the glaciers that 
dissect the Transantarctic Mountains. For non-KSE the 

negative anomaly of 1000- to 500-hPa thickness with respect to 
the five-month average reveals a colder air mass over the 
plateau. This moves northward across the Ross Ice Shelf onto 
the southwestern Pacific Ocean, as suggested by the area of 
negative anomaly of the geopotential thickness for KSE. The 
advection pattern in high latitudes seems to be associated with 
the northeastward displacement and intensification of the 

midtropospheric vortex and with the development of the ridge 
over East Antarctica. These changes may also trigger the 
advections that take place in mid-latitudes. 

An immediate effect of the intensified-katabatic wind is the 

enlargement of the polynya located offshore from the north- 
western edge of the Ross Ice Shelf. The average duration (5.2 
ñ 3.6 (1 s.d.)) of KSE is sufficient for supporting and/or 
increasing the sea ice production in the polynya. Thus 
katabatic airflows appear to play an important role in main- 
taining an open water area offshore from the Ross Ice Shelf, 
xvhich forms a nucleus for the summer disintegration of the sea 
ice in the Ross Sea. It has been recognized that southerly wind 
components play an important role in formation and/or 
maintenance of the Ross Sea polynya through the winter. This 
airflow has been associated with synoptic cyclones located near 
Russkaya Station, which set up southerly and/or southeasterly 
winds across the northwestern edge of the Ross Ice Shelf 
[ZveallyctM., 1985]. The recurring polynya in Terra Nova Bay 
was extensively studied by Bromwich and Kurtx [1984] and 
KurtxandBromwich [ 1985]. They concluded that the behavior 
of the Terra Nova Bay polynya is primarily controlled by the 
katabatic winds coming from the high plateau. Our study 
suggests that the katabatic surges across the Ross Ice Shelf are 
the primary mechanism for enlargement of the Ross Sea 
polynya, an area where the brine rejected during winter sea ice 
formation plays a central role in the salt budget of the water 
masses on the Ross Sea continental shelf [Jacobs et al., 1985; 
Zwally ½t M., 1985]. 

The signature-day average at 500 hPa (Figure 8 b) shows a 
greater dfffluence of the isohypses over the southeastern tip of 
Australia with respect to the five-month average. The same is 
noted but less markedly for KSE (not shown). This enhanced 
diffluence zone may be the manifestation of the split of the jet 
at 500 hPa which coincides with the surface low- to high- 
pressure feature (blocking) that develops near Australia for 
signature days and KSE. 

The main feature suggested by the time evolution is an 
upper level ridge over Wilkes Land in East Antarctica, which 
precedes the katabatic airflow events from West Antarctica 
and all the large-scale changes associated with them. The 
forcing of this ridge is under investigation. The northerly flow 
perpendicular to the Antarctic ice mass on the west side of this 
ridge may force a topographic Rossby wave. James [1988], 
using a simple barotropic model and ray-tracing theory, 
studied the propagation of the Rossby wave forced by the 
Antarctic continent into middle and low latitudes. In his 

simulation the zonally asymmetric part of the vorticity field 
resolved a wave number 1 disturbance propagating 
equatorward from Antarctica. His results imply that this wave 
is associated with the split of the tropospheric jet in the vicinity 
of Australia and New Zealand, as simulated by the model at 
300 hPa. This split jet almost coincides with the region of 
prevalent hemispheric blocking, and with the climatological 
300-hPa winter mean zonal wind in the southern hemisphere. 
From our Fourier analysis (not shown) no evidence for 
propagation of Rossby wave number 1 was found. This and 
the localized amplification of the ridge (Figures 10a-10c) 
suggest a stationary mode for the topographic Rossby wave 
and that another mechanism(s) is associated with the enhance- 
ment of the split of the jet. 
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Fourier analysis indicated that the amplification of the ridge 
over Wilkes Land is related to wave number 3 with some 
contribution from wave number 2. Tr•abcrth and Mo [1985] 

studied the frequency of blocking events in the southern 
hemisphere from May 1972 to November 1980. They conclud- 
ed that wave number 3 frequently plays a key role in blocking 
events during the winter with the most frequent blocking 
occurring near New Zealand. The Fourier analysis indicated 
that wave number 3, with a ridge just to the south of Australia, 
is the dominant feature during the time evolution associated 
with KSE. As Tmnbcrth and Mo [1985] concluded, we may 
have the case where a ridge associated with wave number 3 
reinforces the prevalent hemispheric blocking over the Austra- 
lia-New Zealand region and therefore enhances the split of the 
westerly winds over this area. However, further analyses are 
needed to validate this. As mentioned earlier, Figures 7c, 8c, 
and 9c show an area of negative anomalies over Tasman Sea. 
This suggests the presence of weak cutoff low. Trcnbcrth 
[1980] pointed out that this feature occurs in conjunction with 
the blocking high, especially in winter, and both features are 
associated with large anomalies of precipitation and tempera- 
ture in the Australian and New Zealand region. These features 
may be also related to the western part of the Southern 
Oscillation (SO) [Smith and Stearns, this issue]. 

It is inferred from these results that the sequence of events 
from non-KSE to KSE (Figure 13) is (1) development of a 
midtropospheric ridge over Wilkes Land, resulting in (2) 
enhancement of the split jet and reinforcement of the blocking 
over the Australia-New Zealand region. Then, (3) a greater 
number and/or more intense synoptic scale cyclones are steered 
toward the Amundsen Sea/Marie Byrd Land area, (4)where 
they become nearly stationary inducing a sea level pressure 
field over the Ross Ice Shelf with isobars oriented almost 

parallel to the Transantarctic Mountains. This results in (5) an 
intensification and northwestward propagation of the 
katabatic winds across the ice shelf. The wave number 3 

pattern that characterizes the five-month average increases to 
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Fig. 13. Schematic illustration showing the sequences of events 
associated with the time evolution from non-KSE to KSE. P•. 3 are 
arbitrary isolines illustrating the average orientation of isobars near the 
Ross Ice Shelf for KSE. Numbers are explained in the text. 

six for KSE (or signatures days) as well as for non-KSE. The 
KSE (non-KSE) differences show wave number three &par- 
tures, but out of phase respect to the wave number 3 for the 
five-month average. The average duration of the KSE is 5.2 :t 
3.6 (1 s.d.), dose to the average duration of blocking near New 
Zealand. Other changes also take place from non-KSE to 
KSE: for instance, eastward displacement of the troughs and 
ridges and the development of a trough to the west of southern 
South America. The latter feature can set up appropriate 
conditions for redevelopment of synoptic scale fronts that 
approach the central part of Chile, the most typical situation 
associated with precipitation over this region (synoptic experi- 
ence of the second author). The sea level analysis for KSE (not 
reproduced, Brornvffch ½t M., 1992; see their Figure 3) showed 
a weaker South Pacific subtropical high than for non-KSE and 
for the five-month average (note in Figure 10a the negative 
difference of the sea level pressure around 35øS, 90øW 
between KSE and non-KSE). Aceituno [1986] noted that 
relatively wet conditions in central Chile are related to negative 
Southern Oscillation events, with a relative weak South Pacific 
subtropical high being observed; thus the negative phase of the 
Southern Oscillation has some characteristics in common with 

KSE. 

The cold air advection from the Antarctic continent into the 

South Pacific Ocean observed for KSE is also found for active 

days [Fitch and Carleton, 1992]. Correlation between active 
days and KSE as well as the similarity between both broadscale 
environment results is suggestive. Mesoscale cyclogenesis 
activity may also occur during periods of non-KSE but in 
different regions than for KSE. This suggests a spatial varia- 
tion of mesoscale cyclogenesis occurrence around the Antarctic 
continent due to the apparent spatial variation of the north- 
ward advection of cold air suggested by the 1000- to 500-hPa 
geopotential thickness anomalies. It is also suggestive that 
Carleton and Fitch [this issue] found a decrease in the number 
of mesoscale cyclones observed to the northeast of Wilkes 
Land and over Ross Sea/Ross Ice Shelf sector in winter 1989 

compared to winter 1988, while an increase occurred in the 
Amundsen/Bellingshausen sea sector. This between winter 
variation was associated with a variation of the large-scale 
circulation, which showed negative (positive) sea level pressure 
and 500-hPa geopotential height anomalies to the north of the 
Ross Sea and positive (negative) anomalies over the 
Amundsen/Bellingshausen sector in 1988 (1989). For a much 
shorter time scale, almost the same anomaly variations were 
found between KSE and non-KSE. 
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