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Abstract: From 12-15 July 2007, a regional warming event in winter (RWEW) on the Ross Ice Shelf 13 
(RIS) was observed by the University of Wisconsin-Madison (UW-Madison) Automatic Weather 14 
Station (AWS) network. A warming event is defined as an AWS observing an increase in tempera- 15 
ture of 30° C or greater in five days or fewer. Preceding this RWEW, a stationary low in the Ross Sea 16 
and ridge downstream in the Amundsen Sea built up a pool of warm air just off the coast and north- 17 
east of the RIS. Calm conditions over the RIS led to cooling surface temperatures. A barotropic cy- 18 
clonic disturbance progressed from the Adelie Land coast and merged with the stationary cyclone 19 
in the Ross Sea, after which it deepened and progressed southward towards the RIS. The approach- 20 
ing cyclone eroded the cold pool and initiated the RWEW with a warm front that brought warm air 21 
advection, cloud cover, and increased wind speeds. Fourteen AWS observed warming events dur- 22 
ing this RWEW. This study investigates how the atmospheric environment evolved throughout the 23 
RWEW in the context of known circulation regimes. This study also compares AWS observations 24 
during the RWEW to their climatological means to investigate the significance of the temperature 25 
and wind changes because of this RWEW. Due to their spread across the RIS and varying topo- 26 
graphical influences, several mechanisms led to the warming events. Warm air advection alone was 27 
not enough to sustain a warming event of this magnitude, suggesting the need to understand how 28 
complex interactions can lead to surface warming over the RIS and the Antarctic. 29 
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 31 

1. Introduction 32 
A regional warming event in winter (RWEW) was observed from 12-15 July 2007 on 33 

the Ross Ice Shelf (RIS), Antarctica by the University of Wisconsin-Madison (UW-Madi- 34 
son) Automatic Weather Station (AWS) network. AWS temperature observations showed 35 
dramatic and steady warming in a short period of time. For this study, a warming event 36 
is defined as an AWS observing an increase in temperature of greater than 30° C in five 37 
or fewer days. To be a regional warming event, more than one AWS needs to observe such 38 
a warming event in the same region of Antarctica at approximately the same time. For 39 
this RWEW, a warming event was observed by 14 AWSs on the RIS. The warming began 40 
at different times at the different AWSs, and for some stations the temperature increase 41 
was at different rates, but the event essentially spanned the entire RIS. This study exam- 42 
ines how the meteorological environment preceding the RWEW, and subsequent devel- 43 
opment throughout, led to numerous RIS AWSs observing the warming.  44 
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The Antarctic continent is comprised almost entirely of a deep layer of ice and snow 45 
and is divided into two broad regions: East Antarctica and West Antarctica (Fig. 1a, b). 46 
Refer to Fig. 1b for regions of the Antarctic referenced in this study. The RIS is a flat, float- 47 
ing ice shelf with elevations near sea level and an area approximately the size of France. 48 
It is formed by glacier ice flowing from the East Antarctic Plateau to the west and south 49 
and from West Antarctica to the east. The RIS is bordered on its west and south by the 50 
relatively steep Transantarctic Mountains; on its east by the gentler-sloping West Antarc- 51 
tic Plateau; and on its north by the Ross Sea. 52 

 53 
Figure 1: a) The topography of Antarctica (m). Contours are every 250 m. b) Labels of regions refer- 54 
enced in this study. The black dashed lines separate the Southern Ocean, Ross Sea, and Amundsen 55 
Sea. 56 

 57 
The UW-Madison has managed an AWS network in Antarctica since 1980 [1]. These 58 

AWS observe near-surface meteorological variables such as temperature, pressure, and 59 
wind speed and direction. Over the years, this AWS network has grown to include up- 60 
wards of 60 AWS, approximately one-third of which are located throughout the RIS. In 61 
2007, there were 19 AWS on the RIS or near Ross Island (Fig. 2), with the majority in the 62 
northwest portion of the region. Despite this local concentration of stations, the distribu- 63 
tion of the RIS AWS still captures the different influences of topography on temperature 64 
and wind regimes. 65 

 66 
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 67 
Figure 2: All AWS installed on the Ross Ice Shelf in 2007. 68 

 69 
One noted feature of the Antarctic climate, at odds with the rapid warming observed 70 

in the RWEW for this study, is the coreless winter, where monthly mean temperatures 71 
drop sharply in the autumn followed by relatively uniform, cold temperatures until 72 
spring [2-6]. [5] note that, in winter, there is a slight increase in the annual mean temper- 73 
ature cycle at D-10 AWS, near the coast. They denote this as a bump in the second har- 74 
monic of the annual temperature, a feature noted similarly at the South Pole in [6]. This 75 
slight increase in wintertime temperature has also led to the characterization of a “first-“ 76 
and “second-winter”, during which the Antarctic temperature trends at certain sites can 77 
be split into two regimes, the former being slightly warmer than the latter [6-7].  78 

Antarctic temperature regimes vary depending on various factors. [7] conducted a 79 
climatology of UW-Madison AWS on the RIS, analyzing temperature, pressure, and wind 80 
speed and direction observations. They separated the RIS into three representative re- 81 
gions: central, coastal, and along the Transantarctic Mountains. AWS in the central RIS 82 
were found to observe the coldest mean temperatures and the lowest mean resultant (vec- 83 
torial average) wind speeds. The warmest mean temperatures and highest mean resultant 84 
wind speeds were observed at AWS along the Transantarctic Mountains, and the lowest 85 
mean pressures were observed at AWS in the coastal region. 86 

There are features of the large-scale Antarctic atmospheric circulation that can affect 87 
smaller-scale atmospheric features over the continent. On the East Antarctic Plateau, stud- 88 
ies have found that the main cause for rapid surface warming is a synoptic-scale blocking 89 
high at upper-levels formed at the leading edge of a stationary Rossby wave train that 90 
propagated from lower latitudes and along the Southern Ocean, leading to poleward flow 91 
of warm air [8-9]. In the West Antarctic and RIS regions, the Amundsen-Bellingshausen 92 
Seas Low (ABSL) is a climatological low-pressure feature in the Amundsen-Bellingshau- 93 
sen Seas region that supports the poleward flow of air [10]. They note that the ABSL shifts 94 
westward towards the Ross Sea from summer to winter. This shifts the area of poleward, 95 
meridional flow from the Ellsworth Land/Antarctic Peninsula region to the Marie Byrd 96 
Land/Siple Coast region. 97 

For the RIS, the synoptic-scale setup leading to rapid warming typically results from 98 
the passage of cyclonic disturbances in the Ross Sea [11]. These cyclonic disturbances may 99 
originate from a prominent region of cyclogenesis upstream of the RIS off the coast of 100 
Adelie Land [12]. The authors in this study investigated how cyclones form off the coast 101 
of Adelie Land using output from the Antarctic Mesoscale Prediction System (AMPS) for 102 
the years 2003-2005, finding two primary patterns: secondary development and lee 103 
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cyclogenesis. The former is dependent on enhanced low-level cyclonic vorticity and baro- 104 
clinicity resulting from an existing synoptic-scale cyclone to the west of Adelie Land, 105 
coastal barrier winds, and katabatic winds. The latter occurs on the cyclonic-shear side of 106 
the Adelie Land katabatic jet, where a low-level warm potential temperature anomaly sets 107 
up a lee trough that propagates eastward off Cape Adare and into the Ross Sea with the 108 
arrival of upper-level synoptic-scale forcing. 109 

These synoptic-scale disturbances have complex effects on the atmospheric patterns 110 
in the RIS region, mostly owing to the complex topography of the region. One such nota- 111 
ble feature is the Ross Ice Shelf air stream (RAS), a prominent feature of the low-level wind 112 
field over the RIS [13-14, 11]. These studies have found that the RAS begins at the southern 113 
tip of the RIS due to a confluence of drainage flow from the East and West Antarctic plat- 114 
eaus. Synoptic-scale disturbances can enhance the pressure gradient over the RIS along 115 
the Transantarctic Mountains, thereby strengthening the RAS. [15] found that there is 116 
strong seasonality to the RAS, with it being more common in the winter. Additionally, its 117 
strength is dependent on the position of the cyclone in the Ross Sea. By examining the 118 
meteorological environment before, during, and after the RWEW in this study, the clima- 119 
tological temperature, wind, and cyclone patterns in and around the RIS can be used to 120 
understand the mechanisms by which such a rapid and large-scale surface temperature 121 
warming occurred. 122 

For the event in this study, AWS observational data (temperature, pressure, wind 123 
speed and direction) from the 14 AWS that observed a warming event are studied. Figure 124 
3 shows temperature observations at Schwerdtfeger, which observed a warming event 125 
from 02:30 UTC 13 July to 13:50 UTC 15 July. The preceding synoptic environment con- 126 
sisted of a stationary surface cyclone in the Ross Sea, a ridge upstream in the Amundsen 127 
Sea, and a strong zonally oriented baroclinic zone. A cyclone propagating off Cape Adare 128 
merged with the existing surface cyclone, reorienting the baroclinic zone to advect warm 129 
air towards the RIS. The wind field of the RIS was modified due to the approaching cy- 130 
clone, enhancing the effects of warming along the Transantarctic Mountains. The Euro- 131 
pean Centre for Medium Range Weather Forecasts (ECMWF) Reanalysis Interim (ERA-I) 132 
[16] and version 5 (ERA5) [17] data are used to assess the upper- and lower-level synoptic 133 
setup to this event to investigate how this warming event compared to others in the RIS 134 
and the Antarctic. Section 2 describes the data and methodology used for this study, in- 135 
cluding a discussion of the AWS, reanalysis, and satellite data. Section 3 consists of a case 136 
study analysis of the 12-15 July 2007 RWEW over the RIS. Section 4 consists of a discussion 137 
of this case study RWEW, how it relates to previously documented warming events in the 138 
Antarctic, and the roles of turbulent mixing, warm air advection, and cloud cover contrib- 139 
uting to this RWEW. Section 5 outlines future work, including investigation of the large- 140 
scale influences on this warming event and how that can be used to understand previous 141 
and future warming events in the Antarctic. 142 
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 143 
Figure 3: Temperature observations at Schwerdtfeger for July 2007 (top) and 12-16 July 2007 (bot- 144 
tom). The black vertical lines denote the beginning and ending of the warming event. 145 

2. Materials and Methods 146 
Observational data from the UW-Madison AWS network were examined to deter- 147 

mine whether a warming event occurred in the study period of 12-15 July 2007. These data 148 
are 10-minute, quality-controlled observations (q10) that include temperature, pressure, 149 
wind speed, and wind direction. The beginning and ending of the warming events were 150 
subjectively determined. When there was a temperature increase of 30° C or greater in five 151 
or fewer days, the beginning of that temperature increase was chosen based on when the 152 
trend switched from neutral or negative to positive. The ending of the event was chosen 153 
when the trend switched from positive to neutral or negative. There were 19 AWSs in- 154 
stalled on the RIS or in the Ross Island region during the time of this RWEW. It was de- 155 
termined that 14 distinct AWSs observed this warming event. If an AWS was missing 156 
observational data during the study period of interest and hence did not have a continu- 157 
ous enough data set, it is not included in this study. Each of the 14 AWS observing warm- 158 
ing had quality-controlled data available that were nearly uninterrupted throughout the 159 
event. Table 1 lists each AWS that observed the warming, its start and end times, and the 160 
observational data at the beginning and end of the warming. For computing climatologi- 161 
cal statistics for the 14 AWSs, all available 3-hourly quality-controlled data in the period 162 
1991-2020 were used. The 3-hourly time resolution was chosen because there is a more 163 
complete record of quality-controlled data at this increment than at the 10-minute resolu- 164 
tion. For comparing AWS data to ERA5 reanalysis data (as we will do in subsequent por- 165 
tions of the analysis), 1-hourly quality-controlled AWS data were used to match ERA5’s 166 
time resolution. 167 

For the synoptic meteorological analysis of the RWEW, ERA-I and ERA5 reanalysis 168 
output, CloudSat and CALIPSO satellite retrievals, and infrared satellite composite im- 169 
agery were used. The ERA-I reanalysis data are based on a gridded dataset of recorded 170 
climate observations at 0.7° x 0.7° spatial resolution and 6-hourly temporal resolution [16]. 171 
ERA5 reanalysis data are at 0.25° x 0.25° spatial resolution (31 km), 1-hourly temporal 172 
resolution, and are based on the Integrated Forecasting System Cy41r2 and observational 173 
data assimilation to model the atmosphere [17]. [18] compared ERA5 and ERA-I reanaly- 174 
sis output to AWS data in the southern Antarctic Peninsula and Ellsworth Land regions 175 
and found similar results in ERA5 surface air temperature performance. The authors also 176 
found ERA5 accurately captured the surface wind regime above 1000 m, but coastal 177 
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regions exhibited a wind bias of -1.48 m s-1. Since the Ross Sea borders the RIS, and RIS 178 
surface elevations are near sea level, it can be considered a coastal region, and these ERA5 179 
wind biases will be considered when using ERA5 10-m wind data. 180 

To further test the validity of ERA5 reanalysis data for this study, correlations be- 181 
tween AWS observations and ERA5 data were calculated. A nearest-neighbor approach 182 
was employed between hourly AWS observations and ERA5 data for temperature, pres- 183 
sure, and wind speed. The period examined was from 00 UTC 10 July through 23 UTC 17 184 
July to capture the state of the atmosphere before, during, and after the RWEW (Fig. 4). 185 
Temperature differences between the AWS observations and ERA5 were generally within 186 
+/-4° C though sometimes reached +/-8° C. ERA5 mean sea level pressure values were 187 
greater than AWS pressure observations at each site, typically by approximately 5-10 hPa. 188 
During each distinct warming event, correlations were calculated between hourly AWS 189 
observations and hourly ERA5 data for temperature, pressure, and wind speed. Strong 190 
correlations were found for temperature (most with an r2 value greater than or equal to 191 
0.92) and pressure (most with an r2 value greater than or equal to 0.99). For wind speed, 192 
weaker correlations were found between AWS wind speed observations and ERA5 10-m 193 
wind speed, with about half of the r2 values between 0.40 and 0.80. Given these correlation 194 
results and considering previous work on the validity of ERA5 2-m temperatures, the 195 
ERA5 2-m temperatures were considered to accurately represent the magnitude and 196 
trends of temperature. The ERA5 mean sea level pressure accurately represents the pres- 197 
sure trends though they exhibit a positive bias. Since the wind speeds were at two differ- 198 
ent levels (approximately 2-m for AWS observations, 10-m for ERA5) and the correlations 199 
were satisfactory, the ERA5 10-m winds were deemed to fairly represent the near-surface 200 
wind field during the RWEW.  201 

 202 

 203 
Figure 4: Hourly temperatures of AWS observations (red) and ERA5 2-m temperatures (blue) (° C) 204 
from 10 through 17 July 2007, with separate plots for each of the 14 AWS observing warming. Black 205 
vertical lines denote the beginning and ending of the warming events. Horizontal dashed lines in- 206 
dicate the respective AWS climatological July monthly mean temperature and +/-1 and +/-2 standard 207 
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deviations from the mean. The legend includes the AWS coordinates and the ERA5 coordinates of 208 
the nearest grid cell. 209 

 210 
The following ERA-I reanalysis output data were used to study the synoptic-scale 211 

evolution of this RWEW: 300-hPa geopotential height and wind; 500-hPa geopotential 212 
height, temperature, wind, and relative vorticity; 850-hPa geopotential height, tempera- 213 
ture, wind, specific humidity, and relative vorticity; and mean sea level pressure, 10-m 214 
winds, and 2-m temperature. ERA5 2-m temperatures and 10-m winds were used. Infra- 215 
red satellite composite imagery over the Antarctic region from the Antarctic Meteorolog- 216 
ical Research Center (AMRC) [19-20] were used to determine locations of surface low pres- 217 
sure systems and cloud signatures. During the study period, the temporal resolution for 218 
this imagery is 3-hourly; the spatial resolution is 5 km nominal resolution at 60° South. 219 

Satellite data retrievals from CloudSat and Cloud-Aerosol Lidar and Infrared Path- 220 
finder (CALIPSO) [21], part of the National Aeronautics and Space Administration 221 
(NASA) Afternoon-Train (A-Train) group of polar-orbiting satellites, were used to assess 222 
the cloud characteristics and radiative flux properties above the RIS and surrounding re- 223 
gion for this RWEW. CloudSat uses its 94-GHz Cloud Profiling Radar (CPR) to provide 224 
information about cloud structure. Reflectivity (dBZ) from the 2B-GEOPROF R05 product 225 
[22] were used. Output examined were cloud phase (liquid, mixed, or iced) from the 2B- 226 
CLDCLASS-lidar R05 product [23] and downwelling longwave (W m-2), and bottom of 227 
the atmosphere longwave cloud radiative effect (W m-2) from the 2B-FLXHR-LIDAR [24]. 228 
ECMWF temperature and land surface type were plotted to supplement analysis of the 229 
satellite observations along the satellite pass. The ECMWF temperatures are a product 230 
from the ECMWF-AUX dataset, which is an intermediate product for the CloudSat Data 231 
Processing Center (DPC) that contains the set of ancillary ECMWF state variable data in- 232 
terpolated to each CloudSat cloud profiling radar bin and the input data is obtained from 233 
the AN-ECMWF dataset provided by the ECMWF [25]. The time stamps for Cloud- 234 
Sat/CALIPSO plots used in this study are from the midpoint of the respective swath path. 235 

3. Results 236 

3.1. RWEW Case Study: AWS Observations 237 

From 6:20 UTC 12 July 2007 through 14:40 UTC 15 July 2007, 14 AWS on the RIS 238 
observed warming events. Figure 5a shows the location of each AWS and timing of 239 
warming event onset, with the colors corresponding to when the warming began for each 240 
AWS. Figure 5b shows the topographical elevation of Antarctica and the names of 241 
geographical features referenced throughout the remainder of this paper. The first AWS 242 
to observe a warming event was Elaine (eln), on the southern end of the RIS near the 243 
Transantarctic Mountains, starting at 6:20 UTC 12 July (Table 1). Throughout 12 July, AWS 244 
farther north on the RIS began observing warming (Gill (gil), Carolyn (crl), Vito (vto), 245 
Laurie II (lr2)). Early on 13 July, the several AWSs near Ross Island, at the northwest 246 
corner of the RIS, began observing warming (Schwerdtfeger (swt), Lorne (lor), Marilyn 247 
(mln), Ferrell (fer), Pegasus North (pgn), Linda (lda), Windless Bight (wdb)). Midday on 248 
13 July, Lettau (let) began observing warming. The last AWS to begin observing warming 249 
was Eric (erc), near the Transantarctic Mountains, starting at 8:50 UTC 14 July. The 250 
warming events for all AWS ended on 15 July, except for Elaine, which ended on 14 July. 251 
Figure 6 shows AWS observation plots of temperature, pressure, wind speed, and wind 252 
direction, for the duration of the warming event. For each AWS, as the temperature 253 
increased throughout the event, the pressure decreased. For wind speeds at most AWSs, 254 
as the warming event progressed, the wind speeds increased through the middle of the 255 
event and then plateaued; for others, the speed did not change much throughout. Wind 256 
directions throughout the warming events were steady, particularly for AWS with high 257 
wind speeds. There were negative correlations between temperature and pressure for all 258 
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AWS (not shown), and all except Elaine showed a strong negative correlation of greater 259 
than -0.90. This suggests a strong relation to the arrival of a low-pressure system 260 
coincident with warming. The correlations to wind speed were more varied, however. 261 
This could be due to several factors, including varying influence from the larger-scale 262 
synoptic environment, varying topographical influences, and instrumentation 263 
malfunction. 264 

 265 

Figure 5: a) Map of the RIS with each AWS location color-coded based on onset of warming event, 266 
and topographical contours every 250 m and color-coded as shown in the legend in b), and b) as in 267 
Fig. 1b, but with the AWS locations included, color-coded as in a). 268 

Table 1. Locations and observational data for each AWS observing a warming event in the RWEW, 269 
listed in alphabetical order. 270 

AWS ID Lati-
tude 

Longi-
tude 

Time, start 
(UTC) 

Time, end 
(UTC) 

Temp, 
start (°C) 

Temp, 
end (°C) 

Pressure, 
start (hPa) 

Pressure, 
end (hPa) 

Carolyn 

 

crl 
-79.964 175.842 20:20 12 Jul 11:00 15 Jul -53.6 -11.9 990.0 974.3 

Elaine 

 

eln 
-83.111 174.316 6:10 12 Jul 22:10 14 Jul -47.2 -7.9 999.1 978.2 
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 271 

Eric 

 

erc 
-81.504 163.939 8:40 14 Jul 1:30 15 Jul -45.4 -10.8 NA 977.4 

Ferrell 

 

fer 
-77.860 170.819 9:20 13 Jul 8:30 15 Jul -44.5 -13.5 1003.5 973.9 

Gill 

 

gil 
-79.922 -178.586 15:40 12 Jul 8:20 15 Jul -52.8 -11.1 999.3 975.9 

Laurie II 

 

lr2 
-77.509 170.797 22:10 12 Jul 9:40 15 Jul -48.0 -14.2 1004.3 974.9 

Lettau 

 

let 
-82.486 -174.553 12:50 13 Jul 8:40 15 Jul -43.1 -12.4 1003.4 987.5 

Linda 

 

lda 
-78.453 168.410 9:40 13 Jul 6:50 15 Jul -42.9 -12.4 1005.1 974.6 

Lorne 

 

lor 
-78.250 170.000 2:40 13 Jul 8:10 15 Jul -44.0 -13.0 1004.6 974.0 

Marilyn 

 

mln 
-79.935 165.378 2:40 13 Jul 6:30 15 Jul -46.4 -15.6 1002.8 973.6 

Pegasus North 

 

pgn 
-77.957 166.515 9:20 13 Jul 11:30 15 Jul -46.0 -10.0 1010.7 980.9 

Schwerdtfeger 

 

swt 
-79.875 170.105 2:30 13 Jul 13:50 15 Jul -55.4 -14.5 1000.9 975.8 

Vito 

 

vto 
-78.501 177.753 21:50 12 Jul 9:30 15 Jul -51.0 -13.6 1002.7 975.3 

Windless 
Bight 

 

wdb 
-77.723 167.692 16:50 13 Jul 9:00 15 Jul -41.2 -10.9 1002.1 977.0 
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 272 

Figure 6: AWS observations from 10-17 July 2007 of temperature (o C) (upper left), pressure (hPa) 273 
(upper right), wind speed (m s-1) (lower left), and wind direction (degrees) (lower right). All data 274 
plotted are color-coded as in Fig. 5a. 275 

3.2. RWEW Case Study: Synoptic Assessment 276 
3.2.1. Two days prior to warming event onset 277 

For the two days prior to the beginning of the RWEW, from 00 UTC 10 July to 12 UTC 278 
12 July, collocated geopotential height minima at 300, 500, and 850 hPa and a mean sea 279 
level pressure minimum were situated in the northeast Ross Sea with strong northerly 280 
flow downstream (Fig. 7a, b, c, and d). At 300 hPa (Fig. 7a), a large geopotential height 281 
gradient extended from the Ross Sea height minimum southeastward to the West Antarc- 282 
tic coast where a local wind speed maximum, or jet streak, was located. At lower levels in 283 
this same region, a large temperature gradient was established. This was due to warm air 284 
advection from the northerly flow, as the wind barbs at 500 and 850 hPa were oriented 285 
nearly perpendicularly to isotherms just southeast of the low (Fig. 7b and c).  286 

Near the surface (Fig. 7d), the warm air advection was east and southeast of the Ross 287 
Sea low. The isotherms indicate the baroclinic zone at 500 hPa ranged from -28° C on the 288 
northern edge to -40° C on the southern edge; at 850 hPa it ranged from 0° C to -20° C; and 289 
at the surface it ranged from 0° C to -16° C. The 850-hPa relative vorticity indicates two 290 
cyclonic relative vorticity minima within the Ross Sea geopotential height minimum, the 291 
southern of which extended along the baroclinic zone. A distinct trough axis in mean sea 292 
level pressure was at this same location. At the southern tip of the RIS, there was another 293 
collocated upper-level height minimum and surface low. A collocated local 850-hPa min- 294 
imum in cyclonic vorticity suggests a robust cyclonic circulation. The broad influence of 295 
this cyclonic circulation can be seen at 300 and 500 hPa, with the northern portion of this 296 
low providing a barrier upon which the northerly flow in the Ross Sea was deflected 297 
southeastward. This limited the southward extent of the baroclinic zone in the Ross Sea.  298 

Upstream of the Ross Sea low in the Southern Ocean, slight curvature in the flow was 299 
evident in the 300- and 500-hPa geopotential height fields along the Adelie Land coast. A 300 
300-hPa ridge with a jet streak on the ridge axis was just off the coast of Cape Adare. A 301 
weak trough at those levels was just upstream of that ridge. At 850 hPa and the surface, 302 
no such ridging was evident but there was a collocated trough and a zonally elongated 303 
low, just north of the Adelie Land Coast. A tight baroclinic zone extended from the elon- 304 
gated low eastward towards the southern portion of the Ross Sea cyclone. This baroclinic 305 
zone was less evident at 850 hPa and essentially nonexistent at 500 hPa.  306 

In the Ross Sea, the infrared satellite composite image (Fig. 7e) shows a comma shape 307 
of bright white, high-altitude clouds associated with the Ross Sea cyclone. These high 308 
clouds also extended southeastward towards the West Antarctic coast in the region of the 309 
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baroclinic zone. Over the southern Ross Sea and RIS, there were no major cloud signa- 310 
tures, indicating either clear skies or thin, low clouds. Since this is infrared satellite im- 311 
agery, and there was sea ice, the ice shelf, and continental ice in the region, it can be diffi- 312 
cult to distinguish low clouds from the surface as the temperatures of the clouds and sur- 313 
face may be identical. Upstream in the Southern Ocean off the Adelie Land Coast, there 314 
was a somewhat organized comma-shaped cloud feature associated with the cyclonic dis- 315 
turbance in this region. Atmospheric conditions at the surface were generally calm over 316 
the RIS (Fig. 7f) with 10-m wind barbs indicating low to calm wind speeds, particularly 317 
over the western RIS where the AWS were located. AWS temperature observations were 318 
generally in the low to mid -30°s C except for Elaine and Eric along the Transantarctic 319 
Mountains, which were in the mid -20°s C. 320 

 321 
Figure 7: ERA-I 00 UTC 10 July a) 300-hPa geopotential height (m) (black contours), wind speed (m 322 
s-1) (fill contours every 5 m s-1 from 40 to 90 m s-1), wind barbs (m s-1); b) 500-hPa geopotential height 323 
(m) (black contours), temperature (° C) (dashed red contours), wind barbs (m s-1); c) 850-hPa geopo- 324 
tential height (m) (black contours), temperature (° C) (dashed red contours), relative vorticity (10-4 325 
s-1) (fill contours from -4 to 0 every 0.5), wind barbs (m s-1); d) mean sea level pressure (hPa) (black 326 
contours), 2-m temperature (° C) (dashed red contours), 10-m wind barbs (m s-1); e) infrared satellite 327 
composite image with yellow dots denoting AWS locations; f) mean sea level pressure (hPa) (black 328 
contours), 10-m wind barbs (m s-1), station plots of AWS observations of temperature (° C, red) in 329 
upper left and pressure in upper right where the leading two digits are dropped if the pressure is 330 
greater than or equal to 1000 hPa and the leading first digit is dropped if the pressure is less than 331 
1000 hPa. For a)-d), geopotential heights are contoured every 90 m, temperatures are contoured 332 
every 4° C, and AWS are plotted as in Fig. 5a. 333 

 334 
At 00 UTC 12 July, approximately 6 hours before the first warming event began at 335 

Elaine, the northern Ross Sea disturbance became more organized. At 300 hPa, the geopo- 336 
tential height minimum deepened to sub-8440 m, the 500-hPa geopotential height mini- 337 
mum deepened to sub-5020 m and became more organized, the 850-hPa geopotential 338 
height minimum deepened to sub-1060 m with a local minimum in cyclonic relative vor- 339 
ticity, and the surface disturbance deepened to sub-968 hPa. Collectively, this disturbance 340 
moved slightly southward towards the RIS. At all levels, northerly to northeasterly flow 341 
remained downstream as the downstream ridge only progressed slightly eastward in the 342 
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Amundsen Sea. At 300 hPa, the wind maximum over the West Antarctic Coast and West 343 
Antarctica continued to decrease in magnitude as the ridge building in the Ross Sea con- 344 
tinued south of the disturbance. At 500 hPa, with the ridge progressing slightly eastward 345 
in the Amundsen Sea, the warm air advection over West Antarctica decreased as the baro- 346 
clinic zone progressed over West Antarctica. At 850 hPa, the baroclinic zone just south of 347 
the disturbance in the northern Ross Sea, with a temperature range of -4° C to -20° C, 348 
slightly increased in magnitude. The geographic extent decreased as the warm air advec- 349 
tion continued and the atmosphere cooled in the southern Ross Sea. The surface baroclinic 350 
zone remained approximately stationary, reaching from the southern portion of the Ross 351 
Sea cyclone southeast to the West Antarctic Coast.  352 

Upstream in the Southern Ocean, the cyclonic disturbance progressed eastward and 353 
was located to the north of Cape Adare. It weakened slightly as the sea level pressure 354 
minimum increased to sub-984 hPa and the cyclonic relative vorticity decreased slightly. 355 
The 850-hPa and surface baroclinic zones decreased in magnitude but still extended from 356 
the cyclone eastward towards the Ross Sea disturbance. The IR satellite composite im- 357 
agery indicates that the cloud signature associated with the Ross Sea disturbance began 358 
to resemble a comma shape, suggesting further development of the cyclone. Clouds re- 359 
mained over the West Antarctic Coast and Ross Sea region just south of the cyclone, and 360 
the cloud shield extending to the east from the Ross Sea cyclone progressed southward. 361 
The cloud signature associated with the cyclone upstream off the coast of Cape Adare 362 
indicates a large band of high-altitude clouds reached into the Ross Sea region. There were 363 
no satellite data at this time over the RIS. The 10-m winds over the RIS indicate light, 364 
southerly flow across the majority of the RIS, with calm winds in the northwest portion. 365 
The surface pressure was steady as AWS pressure observations did not show much 366 
change. AWS temperature observations remained constant or decreased, with some de- 367 
creasing by ~2-7° C. The coldest observed temperatures were at Lettau and Eric (-48° C).  368 

 369 
3.2.2. During warming event 370 

At 12 UTC 12 July, the geopotential height minima at each level as well as the surface 371 
low in the Ross Sea progressed slightly southward towards the RIS. The 300-hPa geopo- 372 
tential height minimum remained at sub-8440 m (Fig. 8a), and the ridge building down- 373 
stream continued, with the ridge extended south of the height minimum. Over the RIS, a 374 
local 300-hPa geopotential height minimum remained, with the jet streak likewise remain- 375 
ing approximately stationary over West Antarctica. The southward progression of the 376 
500-hPa geopotential height minimum in the Ross Sea led to warm air advection south of 377 
the height minimum that moved the baroclinic zone towards the RIS (Fig. 8b). East of 378 
Cape Adare in the Ross Sea, the warm air advection also oriented the northern portion of 379 
the baroclinic zone meridionally. The 850-hPa geopotential height minimum decreased to 380 
sub-970 m as it progressed south and strengthened, as indicated by the increased cyclonic 381 
relative vorticity (Fig. 8c). The baroclinic zone south of the height minimum intensified 382 
and progressed slightly southward towards the RIS, with a temperature range of -4° C to 383 
-20° C. It was still oriented northwest-to-southeast as it extended to the West Antarctic 384 
Coast. The surface cyclone deepened to sub-960 hPa as it shifted westward in the Ross Sea 385 
(Fig. 8d). This deepening and shift acted to deform the baroclinic zone to its south, tight- 386 
ening and rotating the temperature gradient near the cyclone clockwise with the increased 387 
pressure gradient and increased wind speed. The portion of this baroclinic zone closest to 388 
the West Antarctic Coast increased in strength slightly due to the deepening of the cyclone 389 
and the 2-m temperatures cooled over the southern Ross Sea, just north of the RIS.  390 

The cyclone upstream progressed eastward near the far western Ross Sea. The collo- 391 
cated trough axes at 300 and 500 hPa were just north of Cape Adare. The 850-hPa height 392 
minimum began to merge with the Ross Sea disturbance, and the cyclonic relative vorti- 393 
city decreased slightly. The mean sea level pressure field shows the surface cyclone was 394 
still distinct at this time and maintained its strength at sub-984 hPa. Its associated 395 
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baroclinic zone weakened, however, as the temperature gradient decreased. The IR satel- 396 
lite composite image shows a much more well-defined comma-shaped cloud structure 397 
associated with the Ross Sea disturbance (Fig. 8e). High clouds extended from the cyclone 398 
towards the West Antarctic Coast and began to sweep over the southern Ross Sea. The 399 
cloud structure with the upstream cyclone became less organized, as there was no identi- 400 
fiable cyclonic circulation but rather some meridionally-oriented bands of clouds. Over 401 
the RIS, the 10-m winds remained southerly and calm, particularly over the western RIS 402 
(Fig. 8f). While the warming event began at the southern end of the RIS at Elaine, observ- 403 
ing -43° C at this time, other AWS further northwest on the RIS continued to cool, with 404 
Gill and Schwerdtfeger temperature observing -51° C. Pressure observations generally re- 405 
mained steady across the RIS. 406 

 407 
Figure 8: As in Fig. 7 but for 12 UTC 12 July. 408 

 409 
At 12 UTC 13 July, a cyclonic circulation encompassed essentially the entire Ross Sea 410 

at all levels as the geopotential height minima and surface cyclone continued strengthen- 411 
ing. The 300-hPa geopotential height minimum now had a closed-off circulation and was 412 
at 8170 m. The ridge downstream progressed further southward over most of West Ant- 413 
arctica and the RIS. The 500-hPa geopotential height minimum in the Ross Sea deepened 414 
to 4840 m. The ridge downstream at that level also progressed southward over West Ant- 415 
arctica and the RIS, with warm air advection over the southern Ross Sea and northern RIS 416 
rotating the baroclinic zone further clockwise into a meridional orientation. The 850-hPa 417 
geopotential height minimum progressed slightly southward and expanded. The band of 418 
cyclonic relative vorticity south of the height minimum increased in magnitude as it ex- 419 
tended along the trough axis and baroclinic zone. The baroclinic zone now spanned a 420 
temperature range of -12° C to -24° C, a slightly smaller temperature range than 12 hours 421 
prior. The spatial extent, however, decreased as it progressed southeast and began to 422 
move over the eastern RIS. Temperatures over the western RIS began to increase. The 423 
surface cyclone weakened slightly as it progressed southward. The temperature gradient 424 
increased, and the trough axis progressed south towards the RIS. Temperatures within 425 
the baroclinic zone, in the southern Ross Sea, ranged from -4° C to -24° C. The IR satellite 426 
composite image shows the cyclone had a less organized cloud structure, though clouds 427 
still extended to the northeastern RIS. With the strengthened and approaching cyclone, 428 
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the mean sea level pressure gradient increased over the RIS, the 10-m wind speeds in- 429 
creased, especially over the eastern RIS, and AWS pressure observations decreased. AWS 430 
temperature observations increased at most AWS as the warming events began at 431 
Schwerdtfeger, Lorne, Marilyn, Ferrell, Pegasus North, and Linda. Temperatures ranged 432 
from -29° C at Elaine to -42° C at Ferrell. The temperature at Eric remained steady at -46° 433 
C.  434 

At 00 UTC 14 July, the 300-hPa geopotential height minimum progressed slightly 435 
eastward in the Ross Sea as a ridge upstream with a jet streak in the Southern Ocean de- 436 
veloped and expanded into the western Ross Sea (Fig. 9a). The ridge downstream re- 437 
mained in the same approximate location. The 500-hPa geopotential height minimum in 438 
the Ross Sea deepened to sub-4750 m (Fig. 9b). The ridge downstream continued to build 439 
over West Antarctica, with warm air advection over the RIS shifting the baroclinic zone 440 
further westward across the RIS (Fig. 9b). The 850-hPa geopotential height minimum was 441 
stationary and maintained its strength as the trough axis and baroclinic zone progressed 442 
westward over the RIS (Fig. 9c). Although the cyclonic relative vorticity within the trough 443 
axis decreased in magnitude, the temperature range remained at -12° C to -24° C. At the 444 
surface, the center of the cyclone moved southward and became more circular, maintain- 445 
ing its strength at sub-960 hPa (Fig. 9d). The trough axis and baroclinic zone extending 446 
south of the cyclone progressed slightly westward over the southern Ross Sea. The IR 447 
satellite composite image was missing data in portions of this region, but the cyclone ap- 448 
pears to have regained some more organized cloud structure (Fig. 9e). Throughout the 449 
RIS, AWS pressure observations decreased as the mean sea level pressure gradient in- 450 
creased (Fig. 9f). The 10-m winds were southerly over most of the RIS. AWS temperature 451 
observations increased as warming events began at Lettau and Windless Bight, while Eric, 452 
the final AWS to begin its warming event, began warming at 01:30 UTC 15 July.  453 

 454 

 455 
Figure 9: As in Fig. 7 but for 00 UTC 14 July. 456 

 457 
At 12 UTC 15 July, the 300-hPa geopotential height minimum in the Ross Sea re- 458 

mained at sub-8170 m but decreased in spatial extent as it progressed southward towards 459 
the RIS and elongated meridionally (Fig. 10a). The ridge downstream progressed east- 460 
ward, decreasing the geopotential height gradient over the RIS. The jet streak to the north 461 
progressed further northeastward into the Ross Sea. At 500 hPa, the geopotential height 462 
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minimum in the southern Ross Sea remained at sub-4840 m but decreased in spatial extent 463 
as it became further elongated from northeast-to-southwest (Fig. 10b). Temperatures con- 464 
tinued to cool over the RIS, with temperatures in the eastern RIS reaching colder than -40° 465 
C. The disturbance at 850 hPa weakened significantly, as the geopotential height mini- 466 
mum increased to sub-1060 m and covered a large area from the southern Ross Sea to the 467 
Amundsen Sea (Fig. 10c). The trough over the RIS progressed westward and weakened 468 
as the baroclinic zone weakened considerably. There was still a maximum in cyclonic rel- 469 
ative vorticity over the northwestern RIS along the Transantarctic Mountains. The surface 470 
low in the southern Ross Sea continued weakening to sub-972 hPa, as the secondary low 471 
no longer was evident (Fig. 10d). The trough progressed further westward almost entirely 472 
across the RIS. The associated 2-m temperature gradient continued to weaken, although 473 
temperatures increased over the northwestern RIS. The cyclonic cloud signatures in the 474 
southern Ross Sea were much less apparent in the IR satellite composite imagery (Fig. 475 
10e). The cloud cover over the RIS decreased, with the darker and therefore warmer re- 476 
gions suggesting minimal cloudiness to cloud-free conditions. Some higher clouds re- 477 
mained over the western RIS. With the surface trough progressing westward but weak- 478 
ening, the 10-m winds were northerly in the eastern RIS, easterly in the central RIS, and 479 
southerly in the western RIS (Fig. 10f). The pressure gradient across the RIS increased 480 
slightly, increasing the wind speeds. AWS pressure observations began increasing at most 481 
AWS, and AWS temperature observations began to become steady and cool as the warm- 482 
ing events ended at Eric, Marilyn, Linda, Lorne, Gill, Ferrell, Lettau, Windless Bight, Vito, 483 
Laurie II, Carolyn, and Pegasus North. 484 

 485 

 486 
Figure 10: As in Fig. 7 but for 12 UTC 15 July. 487 

 488 
3.2.3. After warming event 489 

At 00 UTC 16 July, 10 hours and 10 minutes after the final observed warming event 490 
ended, in the south-central Ross Sea there were similarly shaped and positioned geopo- 491 
tential height minima at 300 hPa (Fig. 11a) and 500 hPa (Fig. 11b), while the 850-hPa geo- 492 
potential height minimum and surface low (Fig. 11c, d) were to their east. The 300-hPa 493 
geopotential height minimum weakened to sub-8260 m and elongated northeastward 494 
(Fig. 11a). The geopotential height gradient over the RIS weakened slightly, and the jet 495 
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streak in the Ross Sea to the north of the geopotential height minimum weakened as it 496 
progressed further northeastward. A ridge was present in the Amundsen Sea and began 497 
to reach over West Antarctica. At 500 hPa, the geopotential height minimum in the Ross 498 
Sea weakened to sub-4930 m as it elongated like that at 300 hPa (Fig. 11b). There was not 499 
much variation in temperature over the RIS, and they did not change much from 12 hours 500 
prior. There was northerly flow and warm air advection upstream off the coast of West 501 
Antarctica. At 850 hPa, the center of the geopotential height minimum shifted eastward 502 
into the eastern Ross Sea (Fig. 11c). The geopotential height gradient over the RIS weak- 503 
ened slightly, as did the cyclonic relative vorticity near the Transantarctic Mountains. 504 
Temperatures remained approximately the same as 12 hours prior. At the surface, the 505 
original surface low in the Ross Sea was no longer apparent as a stronger surface low of 506 
sub-964 hPa from the northeast in the Amundsen Sea progressed southwest towards the 507 
West Antarctic Coast (Fig. 11d). This low was located east of the geopotential height min- 508 
ima at 300 and 500 hPa and in the eastern portion of the 850-hPa geopotential height min- 509 
imum.  510 

Over the RIS, the 2-m temperature gradient weakened, with generally warmer tem- 511 
peratures in the northern RIS and cooler temperatures in the southern RIS. The western 512 
RIS remained generally cloud-free while high clouds moved over the eastern RIS from the 513 
new surface low that had progressed towards the West Antarctic Coast, as the IR satellite 514 
composite image shows (Fig. 11e). A broad region of cloud cover extended from that sur- 515 
face low over West Antarctica and to the RIS. The AWS pressure observations increased 516 
at each site while the trough remained over the western RIS but decreased in spatial extent 517 
(Fig. 11f). The 10-m winds remained generally northerly to easterly in the eastern and 518 
central RIS, respectively, and remained southerly in the western RIS. The AWS tempera- 519 
ture observations were the same or colder than 12 hours prior, as the final warming event 520 
ended at Schwerdtfeger. 521 

 522 
Figure 11: As in Fig. 7 but for 00 UTC 16 July. 523 

 524 

4. Discussion 525 
There appear to be four main features that led to the RWEW. The first was a station- 526 

ary low-ridge setup in the Ross and Amundsen Seas prior to the event. The ERA-Interim 527 
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500 hPa 7-11 July composite geopotential height anomalies preceding the RWEW show a 528 
pattern resembling a wave train in the Western Hemisphere of the Southern Ocean, with 529 
a low-high-low setup extending from the northern Ross Sea, off the coast of West Antarc- 530 
tica, and into the South Atlantic Ocean east of South America, respectively (Fig. 12a). In 531 
the Ross Sea, the geopotential height anomaly was more than 150 m below the climatol- 532 
ogy. The ridge off the coast of West Antarctica was greater than 400 m above the climatol- 533 
ogy. The strong anomalous 500-hPa ridge in the Amundsen Sea contributed to the nor- 534 
therly surface flow and buildup of anomalously warm 2-m temperatures prior to the 535 
RWEW off the West Antarctic Coast while the RIS was free from any major atmospheric 536 
disturbances. At the surface, the composite mean sea level pressure field indicates a broad 537 
region of low pressure in the northern Ross Sea that was slightly elongated in the north- 538 
south direction (Fig. 12b). A broad ridge downstream extended eastward along the West 539 
Antarctic Coast, where the warmest 2-m temperature anomalies were located. Between 540 
the low pressure and ridge, the orientation of the composite 10-m wind barbs shows near- 541 
surface northerly flow. 542 

 543 

 544 
Figure 12: ERA-I composite plots from 07-11 July 2007 of a) 500-hPa geopotential height anomalies 545 
(m) (black contours, every 50 m, with negative values dashed); b) mean sea level pressure (hPa) 546 
(black contours), 2-m temperature anomalies (° C) (color fill), wind barbs (m s-1). Anomalies are 547 
relative to the July 1981-2010 climatology. For a) and b), AWS are plotted as in Fig. 5a. 548 

 549 
The second feature was a cold pool that developed over the RIS before the event 550 

started, manifested by calm winds and a strong surface inversion and contributing to the 551 
establishment of a strong baroclinic zone north of the RIS. The cloud structures varied 552 
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between the Ross and Amundsen Seas and the RIS two days prior to the beginning of the 553 
RWEW, with fog over the open ocean to the north and thin, low clouds to the south over 554 
the RIS, both separated by a deep cloud layer. The CloudSat/CALIPSO satellite data re- 555 
trieval at 09:38:49 UTC 10 July shows the A-train swath extending from 63° S to 81.3° S 556 
from the Amundsen Sea, where the ridge was located, southwest over the RIS and over 557 
the East Antarctic Plateau (Fig. 13a). The cloud phase data retrieval indicates liquid and 558 
mixed phase fog and cloud cover in the lowest ~2 km of the atmosphere in the northern- 559 
most portion of the retrieval (Fig. 13b, panel b), between points A and B, over open ocean 560 
water (Fig. 13b, panel f). There was a correspondingly strong downwelling longwave ra- 561 
diation (DLR) (Fig. 13b, panel c). The warmest ECMWF temperatures of ~270 K were in 562 
this location, nearest the surface. A high-altitude ice cloud layer at ~10 km was in the re- 563 
gion as well, which can also be seen in lighter grays and white colors in the infrared com- 564 
posite satellite imagery (Fig. 14), indicating cold cloud tops, from point A southwestward 565 
past point C. Over the RIS between points D and E, the low cloud cover thinned even 566 
more, as indicated by a smaller region of predominantly ice phase clouds, lower DLR, 567 
reflectivity (Fig. 13b, panel a), and lower bottom of the atmosphere longwave cloud radi- 568 
ative effect (BOACRE) values (Fig. 13b, panel e) than between points A and C. While the 569 
5-day composite 2-m temperature anomalies over the RIS indicated only slightly warm 570 
anomalies for this period, the hourly AWS temperature observations (Fig. 15) indicate 571 
general cooling trends at each location in the two days leading up to the warming events. 572 
For most AWS, temperatures trended from near to slightly above the July climatological 573 
mean to at least one standard deviation cooler than the mean when the warming event 574 
began. In general, wind speeds were calmer in the days leading up to the warming event 575 
than during the event (Fig. 15).  576 

With calm winds, minimal cloud cover as the CloudSat/CALIPSO observations indi- 577 
cate, and no insolation since this is in the middle of austral winter, strong surface temper- 578 
ature inversions developed across the RIS. The 06 UTC 12 July vertical temperature profile 579 
at Elaine, the AWS to first begin observing warming, is indicative of this strong inversion 580 
(Fig. 16). This vertical temperature profile was 10 minutes before the beginning of warm- 581 
ing at Elaine, and it shows the steep increase in temperature from the surface to ~975 hPa, 582 
followed by a gradual decrease in temperature up to 400 hPa. The ERA-I temperature at 583 
1002 hPa (the surface) was -45.1° C, and at 975 hPa (233 m) it was -28.3° C, a difference of 584 
16.8° C. The magnitude of the warming, according to the Elaine AWS observations, was 585 
39.3° C. Since this is greater than the magnitude of the temperature inversion, this sug- 586 
gests that mixing out of the surface inversion alone would not have been enough to ac- 587 
count for all the warming observed.  588 

 589 
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 590 
Figure 13: CloudSat/CALIPSO A-train satellite constellation data retrievals at 09:40 UTC 10 July 591 
2007. a) The path of the A-train satellite constellation (red) with the blue arrow denoting the direc- 592 
tion of travel. Letters correspond to locations discussed in text. b) Panel a) reflectivity (dBZ) from 0 593 
to -30 dBZ; b) Cloud phase: liquid (blue), mixed (purple), ice (red); c) Downwelling longwave radi- 594 
ation (W m-2) from 0 to 400 W m-2; d) ECMWF temperature (K) from 190 to 270 K; e) bottom-of- 595 
atmosphere longwave cloud radiative effect (W m-2) from 0 to 100 W m-2; f) surface type: open water 596 
(dark blue), sea ice (light blue), and permanent ice (white). Blue arrow and letters A through E at 597 
the bottom correspond to a). The time denotes the time the satellites were at the midpoint of the red 598 
line in a). 599 

 600 

 601 
Figure 14: Infrared satellite composite image with annotated letters corresponding to locations in 602 
Fig. 13 and yellow dots denoting AWS locations. 603 

 604 
 605 
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 606 
Figure 15: As in Fig. 4, except blue dots are ERA5 10-m wind speeds (m s-1), and dashed red lines 607 
denote the temperature trend before, during, and after each respective warming event. 608 

 609 
Figure 16: ERA-I 06 UTC 12 July 2007 vertical temperature (° C) profile (solid red line) versus pres- 610 
sure (hPa, note the logarithmic scale) and wind barbs (m s-1) at the grid point nearest Elaine (-83.16°, 611 
174.38°). 612 

 613 
The third feature was the eastward progression of a cyclone off the Adelie Land Coast 614 

that merged with the existing stationary low in the Ross Sea. Approximately one and a 615 
half days before the beginning of the warming event, at 00 UTC 11 July, a surface trough 616 
upstream of the Adelie Land Coast progressed southeastward and strengthened into a 617 
cyclone off the Adelie Land Coast (Fig. 17). This disturbance had strong upper-level sup- 618 
port, as the 00 UTC 11 July 300- and 500-hPa geopotential heights indicated a deep collo- 619 
cated trough and the 850-hPa geopotential heights indicated a closed-off circulation (not 620 
shown). The 850-hPa relative vorticity minimum was much stronger at this time than prior 621 
minima in this region in the days beforehand, indicating a well-developed cyclone (not 622 
shown). While this disturbance progressed eastward off Cape Adare and weakened as it 623 
entered the Ross Sea by 12 UTC 12 July (Fig. 8), the deeper barotropic support appeared 624 
to provide enough energy for it to shift the Ross Sea cyclone southward. This acted to 625 
reorient the baroclinic zone meridionally in the southern Ross Sea as the warm front of 626 
the Ross Sea cyclone progressed towards the RIS.  627 
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 629 

 630 
Figure 17: ERA-I 00 UTC 11 July 2007 mean sea level pressure (hPa) (black contours), 2-m tempera- 631 
ture (° C) (dashed red contours, 850-hPa relative vorticity (10-4 s-1) (fill contours from -4 to 0 every 632 
0.5), and 10-m wind barbs (m s-1). AWS are plotted as in Fig. 5a. 633 

 634 
The fourth feature contributing to this warming event was the progression of the 635 

warm front associated with this cyclone across the RIS, leading to warm air advection, 636 
increased cloud cover, and increased wind speeds. A front is characterized as an area with 637 
larger-than-background horizontal temperature gradients, larger-than-background rela- 638 
tive vorticity, and larger-than-background static stability [26]. As discussed in Section 3, 639 
there was a strong horizontal temperature gradient that extended from the surface to 500 640 
hPa and was established north of the RIS preceding the RWEW. On 12 July, when the 641 
surface low in the Ross Sea progressed southward towards the RIS, this region of strong 642 
temperature contrast began to move across the RIS and was coincident with a local maxi- 643 
mum in cyclonic relative vorticity. Figure 18 shows the 850-hPa temperature gradient and 644 
local minimum in cyclonic relative vorticity associated with the warm frontal passage at 645 
850 hPa across the RIS at 12 UTC 14 July. The region of strongest horizontal temperature 646 
gradient over the RIS is collocated and just west, or ahead, of the region of strongest rela- 647 
tive vorticity and the trough in geopotential heights. In these terms, the warm front was 648 
strongest in the northern RIS, closer to the surface cyclone, compared to the southern RIS 649 
at Elaine.  650 

The warm frontal signature, however, is still readily evident in the static stability 651 
reaching as far south as Elaine. A time-height cross section of ERA5 temperatures at Elaine 652 
from 11 July through 16 July illustrates the region of high static stability associated with 653 
this warm front (Fig. 19). The black vertical lines denote the beginning (06:10 UTC 12 July) 654 
and ending (22:10 UTC 14 July) of the warming event observed at Elaine. From 00 UTC 11 655 
July through approximately 06 UTC 12 July, the atmosphere at Elaine from the surface to 656 
400 hPa was well stratified, as indicated by the nearly constant and horizontally oriented 657 
isotherms throughout the atmospheric column. After 06 UTC 12 July, the isotherms in the 658 
lowest portion of the atmosphere began sloping towards the surface, indicating warming. 659 
Between 06 UTC 12 July and 12 UTC 13 July, the isotherms farther and farther up the 660 
atmosphere to 400 hPa began sloping towards the surface, showing warming occurred in 661 
more and more of the atmospheric column at Elaine. The sloping bundle of isotherms 662 
marks a region of high static stability, the third characteristic feature of a frontal zone, 663 
indicating the presence of a warm frontal passage during this RWEW. The ERA-I 00 UTC 664 
15 July vertical temperature profile at Elaine (Fig. 20), just after the warming event ended, 665 
also shows warming occurred throughout the atmosphere from the surface to ~400 hPa. 666 
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The ERA-I temperature at 981 hPa (the surface) warmed from -45.1° C to -12.9° C, an in- 667 
crease of 32.2° C. At 975 hPa (87 m) it warmed from -28.3° C to -8.5° C, an increase of 19.8° 668 
C. The magnitude of the surface inversion from the surface to 975 hPa greatly decreased 669 
to 4.4° C. Additionally, the wind barbs indicate increased wind speeds at Elaine through- 670 
out the entire column. Wind directions ranged from southeasterly at the surface to east- 671 
northeasterly at 400 hPa (backing with height), indicative of warm air advection in the 672 
Southern Hemisphere. Given this warm frontal signature is evident in the vertical tem- 673 
perature profile at Elaine and the warm frontal signature at 850 hPa is even more pro- 674 
nounced towards the northern RIS, it can be presumed that an equal or greater magnitude 675 
warm frontal signature occurred with this RWEW.  676 

 677 
Figure 18: ERA-I 12 UTC 14 July geopotential height (m) (black contours), temperature (° C) (dashed 678 
red contours), relative vorticity (10-4 s-1) (fill contours from -4 to 0 every 0.5), and wind barbs (m s-1). 679 

 680 

 681 
Figure 19: ERA5 time versus pressure (hPa, note the logarithmic scale) of temperature (K) (blue 682 
contours) at the grid point nearest Elaine. Black vertical lines denote beginning and ending of warm- 683 
ing event. 684 

 685 
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 686 
Figure 20: As in Fig. 16 but for 00 UTC 15 July 2007. 687 

 688 
The increased wind speeds and variability in wind speed behavior across the RIS 689 

may suggest varying mechanisms contributed to the RWEW, including an increase in 690 
wind speed over the RIS. Comparing the wind speeds at Elaine (southern RIS) and Vito 691 
(northern RIS), an increase in 10-m winds at both locations coincided with the beginning 692 
of the warming (Fig. 15). This is consistent with the approach and passage of the warm 693 
front; the increased cyclonic vorticity characteristic of the front led to increased wind 694 
speeds and warming temperatures. Once the front passed, 10-m wind speeds plateaued 695 
at both locations in the middle of the warming, suggesting that a combination of warm air 696 
advection and turbulent mixing out of the surface inversion contributed to the beginning 697 
of the RWEW. The cloud cover and its longwave radiative feedback further contributed 698 
to, and may have sustained, the warming for the latter half of the RWEW as the wind 699 
speeds plateaued, though warm air advection was not precluded from continuing in the 700 
face of constant wind speeds. Towards the end of the RWEW, at Elaine, wind speeds in- 701 
creased, reaching a maximum after the warming event ended. At Vito, wind speeds de- 702 
creased towards the end of the event. This suggests that the approaching cyclone in the 703 
Ross Sea amplified the Ross Air Stream (RAS) [13-14], a climatological wind regime ob- 704 
served along the Transantarctic Mountains and originating near Elaine.  705 

The wind direction observations at most AWS were more constant compared to their 706 
respective climatological means. Figure 21 shows Schwerdtfeger wind observations, com- 707 
paring those during its warming event (Fig. 21a) to its July 1991-2020 climatology (Fig. 708 
21b). During its warming event, while the prevalent wind direction (west-southwest) did 709 
not change, a much larger percentage of wind observations (~70%) were from that direc- 710 
tion compared to the climatology (~22%). As discussed in Section 2, synoptic-scale cy- 711 
clones were found to enhance the RAS by increasing the pressure gradient. As shown in 712 
Section 3, the mean sea level pressure gradient over the RIS was weak before the RWEW, 713 
and it increased as the cyclone approached and the warm front progressed across the RIS 714 
(Figs. 7f-11f). The RAS has been found to be most prevalent during winter months, and it 715 
may be that its enhancement and sustenance occurs in conjunction with rapid surface 716 
warming events such as this RWEW.  717 
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 718 
Figure 21: Schwerdtfeger wind rose plots a) during the warming event and b) for its July 1991-2020 719 
climatology. 720 

5. Conclusions 721 
This study investigated a Regional Warming Event in Winter (RWEW) that occurred 722 

from 12-15 July 2007 and was observed by the University of Wisconsin-Madison (UW- 723 
Madison) Automatic Weather Station (AWS) network. A total of 14 AWS observed warm- 724 
ing during this RWEW, with the first AWS (Elaine) observing warming at 06:10 UTC 12 725 
July and the last warming ending at Schwerdtfeger at 13:50 UTC 15 July. Using ERA-In- 726 
terim and ERA5 reanalysis data, satellite composite imagery, CloudSat/CALIPSO satellite 727 
data retrievals, and AWS observations, this study investigated the synoptic-scale setup 728 
preceding, during, and after the RWEW to determine the large-scale meteorological fac- 729 
tors that led to the RWEW. It was found that the passage of a warm front across the RIS 730 
from an approaching cyclone in the Ross Sea eroded the cold pool that developed over 731 
the RIS and led to the RWEW. 732 

In the days leading up to the RWEW, a 500-hPa wave-train pattern of a geopotential 733 
height minimum in the northern Ross Sea and a ridge downstream in the Amundsen Sea 734 
led to persistent, northerly flow and buildup of anomalously warm 2-m temperatures off 735 
the coast of West Antarctica, north of the RIS. The location of the associated surface cy- 736 
clone in the northern Ross Sea was a typical positioning of the climatological low known 737 
as the Amundsen Sea Low (or Amundsen-Bellingshausen Seas Low) [27, 10]. Over the 738 
RIS, calm atmospheric conditions and minimal cloud cover led to the development of a 739 
cold pool, with AWS temperatures cooling to greater than one standard deviation below 740 
their climatological means. Strong surface temperature inversions occurred, with some 741 
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inversions reaching 20° C from the surface to 975 hPa. A strong baroclinic zone developed 742 
off the West Antarctic Coast between the regions of warm and cold air. Upstream of the 743 
Ross Sea cyclone, two cyclones developed off the Adelie Land Coast, a region with known 744 
cyclogenesis [12], and progressed eastward. The first cyclone had minimal upper-level 745 
support and weakened as it entered the Ross Sea. The second cyclone had more substan- 746 
tial upper-level support. It maintained its strength for longer as it progressed eastward 747 
into the Ross Sea. It merged with the stationary Ross Sea cyclone, after which the Ross Sea 748 
cyclone strengthened and progressed southward towards the RIS. A warm front then de- 749 
veloped on the southern portion of the cyclone, with the pre-established baroclinic zone 750 
progressing across the RIS from east to west. The RWEW began shortly after the merging 751 
of the two cyclones in the Ross Sea, as the progression of the warm front brought with it 752 
increased winds and cloud cover over the RIS.  753 

The mechanisms for surface warming were investigated. The warm frontal signature 754 
was found to reach as far south as Elaine, spanning the entire RIS. Turbulent mixing, 755 
warm air advection, and longwave radiative heating due to cloud cover, acting in concert, 756 
were the culprits in generating surface warming of this magnitude. One important finding 757 
was that the strength of the surface inversions leading up to the RWEW did not exceed 758 
30° C. Therefore, mixing out of the surface inversion alone could not account for all the 759 
warming observed in the RWEW. It is likely, however, that turbulent mixing played some 760 
role. It was found that, at most AWS, the beginning of the warming event coincided with 761 
increasing wind speeds. This suggests some combination of warm air advection and tur- 762 
bulent mixing could have initiated the warming. Cloud cover, however, accompanied the 763 
warm front and contributed to an increase in longwave radiation at the surface. This may 764 
have contributed to the onset of warming and sustained the warming throughout the 765 
event. As the RWEW continued over the RIS, wind speeds at sites in the northern RIS 766 
plateaued and decreased while wind speeds at sites in the southern RIS plateaued and 767 
increased. This wind pattern also resembles the climatological wind regime over the RIS 768 
[7], with weaker winds in the northern RIS and stronger winds along the Transantarctic 769 
Mountains. It is also indicative of the nearby surface cyclone, in turn enhancing the Ross 770 
Air Stream (RAS), a climatological wind regime of strong southerly winds along the 771 
Transantarctic Mountains [11, 13-14].  772 

Future work on this RWEW will investigate how the 500-hPa wave train pattern was 773 
established prior to the warming, focusing on tropical teleconnections. Additionally, a 774 
more quantitative analysis can better characterize the different warming mechanisms over 775 
the RIS, investigating how the increased wind speeds impact the magnitude of warm air 776 
advection and turbulent mixing over the RIS. With an enhanced RAS, adiabatic warming 777 
due to compression from katabatic winds off the West and East Antarctic Plateaus may 778 
also contribute to warming at AWS along the Transantarctic Mountains. [28] did a case 779 
study of barrier wind corner jet formation in the southern RIS during which surface wind 780 
speeds and temperatures increased rapidly, using AWS data and AMPS output to show 781 
how several forcing mechanisms, including an upper-level ridge and a surface mesocy- 782 
clone, induced such an event. The surface energy budget can be further investigated and 783 
quantified to determine the magnitude of the longwave radiative feedback due to the 784 
cloud cover over the RIS, including the possible latent heat release due to cloud formation. 785 
The variation of these warming mechanisms across the RIS may be useful to show how 786 
likely such strong and rapid warming events are to occur in the future. This may also 787 
provide insights into extreme departures from climatology in austral winter that some- 788 
times occur over other regions in Antarctica. 789 
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