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ABSTRACT

From 12-15 July 2007, a regional warming event in winter (RWEW) on the Ross Ice Shelf
(RIS) was observed by the University of Wisconsin-Madison (UW-Madison) Automatic Weather
Station (AWS) network. A warming event is defined as an AWS observing an increase in
temperature of 30° C or greater in five days or fewer. Preceding this RWEW, a stationary low in
the Ross Sea and ridge downstream in the Amundsen Sea built up a pool of warm air just off the
coast and northeast of the RIS. Calm conditions over the RIS led to cooling surface temperatures.
A strong baroclinic zone stretched along the boundary of the pool of warm air northwest to the
stationary low and west towards the Adelie Land Coast. A barotropic cyclonic disturbance
progressed from the Adelie Land coast along this baroclinic zone and merged with the stationary
cyclone in the Ross Sea, after which it deepened and progressed southward towards the RIS. The
approaching cyclone eroded the cold pool and initiated the RWEW with a warm front that brought
warm air advection, cloud cover, and increased wind speeds.

Fourteen AWS observed warming events during this RWEW. Due to their spread across
the RIS and varying topographical influences, several mechanisms led to the warming events. This
thesis investigates how the atmospheric environment evolved throughout the RWEW in the
context of known circulation regimes such as the Amundsen Sea Low, the Ross Air Stream, and
leeside cyclogenesis off the Adelie Land coast. This thesis also compares AWS observations
during the RWEW to their climatological means to investigate the significance of the temperature

and wind changes because of this RWEW.
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CHAPTER 1: INTRODUCTION

From 12-15 July 2007, a regional warming event in winter (RWEW) was observed on the
Ross Ice Shelf (RIS) by the University of Wisconsin-Madison (UW-Madison) Automatic Weather
Station (AWS) network. For this study, a warming event is defined as an AWS observing an
increase in temperature of greater than 30° C in five or fewer days. To be a regional warming
event, more than one AWS needs to observe such a warming event in the same region of Antarctica
at approximately the same time. For this RWEW, a warming event was observed by 14 AWSs on
the RIS. The warming began at different times at the different AWSs, and for some stations the
temperature increase was at different rates, but the event essentially spanned the entire RIS. This
study examines how the meteorological environment preceding the RWEW, and subsequent
development throughout, led to numerous RIS AWSs observing the warming.

The Antarctic continent is comprised almost entirely of a deep layer of ice and snow and
is divided into two broad regions: East Antarctica and West Antarctica (Fig. 1.1a, b). Refer to Fig.
1.1b for regions of the Antarctic referenced in this study. The RIS is a flat, floating ice shelf with
elevations near sea level and an area approximately the size of France. It is formed by glacier ice
flowing from the East Antarctic Plateau to the west and south and from West Antarctica to the
east. The RIS is bordered on its west and south by the relatively steep Transantarctic Mountains;

on its east by the gentler-sloping West Antarctic Plateau; and on its north by the Ross Sea.
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Figure 1.1: a) The topography of Antarctica (m). Contours are every 250 m. b) Labels of regions

referenced in this study. The black dashed lines separate the Southern Ocean, Ross Sea, and
Amundsen Sea.



The UW-Madison has managed an AWS network in Antarctica since 1980 (Lazzara et al.

2012a). These AWS observe near-surface meteorological variables such as temperature, pressure,

and wind speed and direction. Over the years, this AWS network has grown to include upwards of

60 AWS, approximately one-third of which are located throughout the RIS. In 2007, there were

19 AWS on the RIS (Fig. 1.2), with the majority in the northwest portion of the RIS in the Ross

Island region. Despite this local concentration of stations, the distribution of the RIS AWS still

captures the different influences of topography on temperature and wind regimes.
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Figure 1.2: All AWS installed on the Ross Ice Shelf in 2007.

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

RWEW for this study, is the coreless winter, where monthly mean temperatures drop sharply in
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the autumn followed by relatively uniform, cold temperatures until spring (van Loon 1967,
Thompson 1969, Schwerdtfeger 1970, Wendler and Kodama 1993, Lazzara et al. 2012b). Wendler
and Kodama (1993) studied the coreless winter by comparing AWS observations in Adelie Land
along a sloped surface, ranging from the coast inland to Dome C in East Antarctica. They note
that, in winter, there is a slight increase in the annual mean temperature cycle at D-10 AWS, near
the coast. They denote this as a bump in the second harmonic of the annual temperature, a feature
noted similarly at the South Pole in Lazzara et al. (2012b). This slight increase in wintertime
temperature has also led to the characterization of a “first-* and “second-winter”, during which the
Antarctic temperature trends at certain sites can be split into two regimes, the former being slightly
warmer than the latter (Lazzara et al. 2012b; Costanza et al. 2016).

Antarctica is also known for a strong and persistent wind regime, typically referred to as
katabatic winds (Parish and Cassano 2003). Ball (1956) used observations near Commonwealth
Bay, Antarctica (near Adelie Land) to model and study katabatic winds, noting that katabatic winds
are formed by a cold, thin layer of air that is cooled by radiation at the surface and then flows down
the slope. Parish and Cassano (2003) used the fifth-generation Pennsylvania State University-
National Center for Atmospheric Research Mesoscale Model (MM5) to study how katabatic winds
are formed and sustained over Antarctica. In a simulation initialized with zero pressure gradient
force (PGF), longwave radiative flux divergence acts to cool the surface and overlying lowest
layers of the atmosphere, producing a negatively buoyant layer of air adjacent to the ice surface.
This results in the establishment of a PGF near the surface that is responsible for the downslope
acceleration of the wind. Katabatic winds are not ubiquitous, however, and can break down for
various reasons including solar heating, the lack of a sloped surface, and a breakdown of the

surface inversion due to the passage of synoptic-scale disturbances.



Just as wind regimes vary throughout the Antarctic, temperature regimes vary depending
on various factors as well. Costanza et al. (2016) conducted a climatology of UW-Madison AWS
on the RIS, analyzing temperature, pressure, and wind speed and direction observations. They
separated the RIS into three representative regions: central, coastal, and along the Transantarctic
Mountains. AWS in the central RIS were found to observe the coldest mean temperatures and the
lowest mean resultant (vectorial average) wind speeds. The warmest mean temperatures and
highest mean resultant wind speeds were observed at AWS along the Transantarctic Mountains,
and the lowest mean pressures were observed at AWS in the coastal region.

On the East Antarctic Plateau, where the katabatic wind regime dominates in the winter,
deviations from the coreless winter temperature pattern can occur because of large and rapid
temperature increases. These temperature increases have been noted throughout the continent, and
the causes range from the passage of certain synoptic-scale features to the interaction of such
passages with the severe topography of the continent. Hirasawa et al. (2000, 2013) studied a rapid
increase in surface air temperature observed at Dome Fuji Station (the Japanese Antarctic Research
Expedition staffed station), Enderby Land, in June 1997. They note that, at the onset of the
warming, there was a stationary 500-hPa high-pressure center situated over Dome Fuji. This
blocking ridge was formed at the leading edge of a quasi-stationary Rossby wave train that
propagated from lower latitudes and along the Southern Ocean. Strong, poleward geostrophic
winds developed at the leading edge of this blocking high and led to transport of clouds and warm,
moist air from the lower latitudes into the Dome Fuji region. As a result, the temperature at Dome
Fuji Station increased from approximately -70° C to approximately -30° C in two days. As
mentioned previously, in Adelie Land, Wendler et al. (1993) studied AWS temperature

observations from five AWS in austral winter. These AWS are aligned along the ice sheet slope in



Adelie Land from the Adelie Coast inland to Dome C (elevation 3250 m). The authors found that
rapid temperature increases were accompanied by high winds for AWS on flat ground, i.e. Dome
C. For AWS on a sloped surface, they found the wind direction shifted from a downslope, katabatic
regime during cold spells to cross-slope during warm spells.

As indicated previously, there are features of the large-scale Antarctic atmospheric
circulation that can affect smaller-scale atmospheric features over the continent. On the East
Antarctic Plateau, studies have found that the main cause for rapid surface warming is a synoptic-
scale blocking high at upper-levels, leading to poleward flow of warm air (Hirasawa et al. 2000,
2013). In the West Antarctic and RIS regions, the Amundsen-Bellingshausen Seas Low (ABSL)
is a climatological low-pressure feature in the Amundsen-Bellingshausen Seas region that supports
the poleward flow of air (Hosking et al. 2013). They note that the ABSL shifts westward towards
the Ross Sea from summer to winter. This shifts the area of poleward, meridional flow from the
Ellsworth Land/Antarctic Peninsula region to the Marie Byrd Land/Siple Coast region.

For the RIS, the synoptic-scale setup leading to rapid warming typically results from the
passage of cyclonic disturbances in the Ross Sea (Coggins et al. 2014). These cyclonic
disturbances may originate from a prominent region of cyclogenesis upstream of the RIS off the
coast of Adelie Land (Bromwich et al. 2011). The authors in this study investigated how cyclones
form off the coast of Adelie Land using output from the Antarctic Mesoscale Prediction System
(AMPS) for the years 2003-2005, finding two primary patterns: secondary development and lee
cyclogenesis. The former is dependent on enhanced low-level cyclonic vorticity and baroclinicity
resulting from an existing synoptic-scale cyclone to the west of Adelie Land, coastal barrier winds,
and katabatic winds. The latter occurs on the cyclonic-shear side of the Adelie Land katabatic jet,

where a low-level warm potential temperature anomaly sets up a lee trough that propagates



eastward off Cape Adare and into the Ross Sea with the arrival of upper-level synoptic-scale
forcing.

These synoptic-scale disturbances have complex effects on the atmospheric patterns in the
RIS region, mostly owing to the complex topography of the region. Coggins et al. (2014) produced
a synoptic climatology of the RIS and Ross Sea using ERA-Interim (ERA-1) reanalysis output of
10-m wind, 2-m temperature, and mean sea level pressure, for the years 1979 through 2011. They
used a k-means clustering algorithm to show maps of atmospheric conditions that reflect patterns
repeated in the data, finding that one prevalent feature in the wind field is a strong low-level jet
propagating from the southern tip of the RIS and Siple Coast and northward along the
Transantarctic Mountains. This resembles the Ross Ice Shelf air stream (RAS), a prominent feature
of the low-level wind field over the RIS (Parish et al. 2006, Seefeldt and Cassano 2008). These
studies have found that the RAS begins at the southern tip of the RIS due to a confluence of
drainage flow from the East and West Antarctic plateaus. Synoptic-scale disturbances can enhance
the pressure gradient over the RIS along the Transantarctic Mountains, thereby strengthening the
RAS. Seefeldt and Cassano (2012) found that there is strong seasonality to the RAS, with it being
more common in the winter. Additionally, its strength is dependent on the position of the cyclone
in the Ross Sea. By examining the meteorological environment before, during, and after the
RWEW in this study, the climatological temperature, wind, and cyclone patterns in and around the
RIS can be used to understand the mechanisms by which such a rapid and large-scale surface
temperature warming occurred.

For the event in this study, AWS observational data (temperature, pressure, wind speed
and direction) from the 14 AWS that observed a warming event are studied. Figure 1.3 shows

temperature observations at Schwerdtfeger, which observed a warming event from 02:30 UTC 13



July to 13:50 UTC 15 July. The preceding synoptic environment consisted of a stationary surface
cyclone in the Ross Sea, a ridge upstream in the Amundsen Sea, and a strong zonally oriented
baroclinic zone. A cyclone propagating off Cape Adare merged with the existing surface cyclone,
reorienting the baroclinic zone to advect warm air towards the RIS. The wind field of the RIS was
modified due to the approaching cyclone, enhancing the effects of warming along the
Transantarctic Mountains. The European Centre for Medium Range Weather Forecasts (ECMWF)
Reanalysis Interim (ERA-I; Dee et al. 2011) and version 5 (ERAS5; Hersback et al. 2020) data are
used to assess the upper- and lower-level synoptic setup to this event to investigate how this
warming event compared to others in the RIS and the Antarctic. Chapter 2 describes the data and
methodology used for this study, including a discussion of the AWS, reanalysis, and satellite data.
Chapter 3 consists of a case study analysis of the 12-15 July 2007 RWEW over the RIS. Chapter
4 consists of a discussion of this case study RWEW, how it relates to previously documented
warming events in the Antarctic, and the roles of turbulent mixing, warm air advection, and cloud
cover contributing to this RWEW. Chapter 5 outlines future work, including investigation of the
large-scale influences on this warming event and how that can be used to understand previous and

future warming events in the Antarctic.
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Figure 1.3: Temperature observations at Schwerdtfeger for July 2007 (top) and 12-16 July 2007
(bottom). The black vertical lines denote the beginning and ending of the warming event.
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CHAPTER 2: DATA AND METHODOLOGY

Observational data from the UW-Madison AWS network were examined to determine
whether a warming event occurred in the study period of 12-15 July 2007. These data are 10-
minute, quality-controlled observations (q10) that include temperature, pressure, wind speed, and
wind direction. The beginning and ending of the warming events were subjectively determined.
When there was a temperature increase of 30° C or greater in five or fewer days, the beginning of
that temperature increase was chosen based on when the trend switched from neutral or negative
to positive. The ending of the event was chosen when the trend switched from positive to neutral
or negative. There were 22 AWSs installed on the RIS or in the Ross Island region during the time
of this RWEW. It was determined that 14 distinct AWSs observed this warming event. If an AWS
was missing observational data during the study period of interest and hence did not have a
continuous enough data set, it not included in this study. Each of the 14 AWS observing warming
had quality-controlled data available that were nearly uninterrupted throughout the event. Table 1
lists each AWS that observed the warming, its start and end times, and the observational data at
the beginning and end of the warming. For computing climatological statistics for the 14 AWSs,
all available 3-hourly quality-controlled data in the period 1991-2020 were used. The 3-hourly
time resolution was chosen because there is a more complete record of quality-controlled data at
this increment than at the 10-minute resolution. For comparing AWS data to ERAS reanalysis data
(as we will do in subsequent portions of the analysis), 1-hourly quality-controlled AWS data were
used to match ERAS’s time resolution.

For the synoptic meteorological analysis of the RWEW, ERA-I and ERA5S reanalysis

output, CloudSat and CALIPSO satellite retrievals, and infrared satellite composite imagery were
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used. The ERA-I reanalysis data are based on a gridded dataset of recorded climate observations
at 0.7° x 0.7° spatial resolution and 6-hourly temporal resolution (Dee et al. 2011). ERA5
reanalysis data are at 0.25° x 0.25° spatial resolution (31 km), 1-hourly temporal resolution, and
are based on the Integrated Forecasting System Cy41r2 and observational data assimilation to
model the atmosphere (Hersback et al. 2020). The ERAS reanalysis is one of the better-performing
reanalyses over Antarctica. Gossart et al. (2019) evaluated near-surface variable output from four
reanalyses: ERAS5, ERA-Interim, the Climate Forecast System Reanalysis (CFSR), and the
Modern-Era Retrospective Analysis for Research and Applications, version 2 (MERRA-2). ERAS
was shown to best capture the seasonal cycle of near-surface temperature, with the smallest bias
relative to observations. Zhu et al. (2021) did an assessment of ERA5 and ERA-I surface air
temperatures by comparing the two reanalyses’ output to observations, including numerous AWS
used in this RWEW study. The authors found ERAS surface air temperature data correlated well
with observations, including capturing long-term surface air temperature trends. Tetzner et al.
(2019) compared ERA5 and ERA-I reanalysis output to AWS data in the southern Antarctic
Peninsula and Ellsworth Land regions and found similar results in ERA5 surface air temperature
performance. The authors also found ERA5 accurately captured the surface wind regime above
1000 m, but coastal regions exhibited a wind bias of -1.48 m s. Since the Ross Sea borders the
RIS, and RIS surface elevations are near sea level, it can be considered a coastal region, and these
ERAS wind biases will be considered when using ERA5 10-m wind data.

To further test the validity of ERAS reanalysis data for this study, correlations between
AWS observations and ERAS data were calculated. A nearest-neighbor approach was employed
between hourly AWS observations and ERAS data for temperature, pressure, and wind speed. The

period examined was from 00 UTC 10 July through 23 UTC 17 July to capture the state of the
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atmosphere before, during, and after the RWEW (Fig. 2.1). Temperature differences between the
AWS observations and ERA5 were generally within +/-4° C though sometimes reached +/-8° C.
ERAS5 mean sea level pressure values were greater than AWS pressure observations at each site,
typically by approximately 5-10 hPa. During each distinct warming event, correlations were
calculated between hourly AWS observations and hourly ERAS data for temperature, pressure,
and wind speed (Fig. 2.2). Strong correlations were found for temperature (most with an r? value
greater than or equal to 0.92) and pressure (not shown; most with an r? value greater than or equal
to 0.99). For wind speed (not shown), weaker correlations were found between AWS wind speed
observations and ERA5 10-m wind speed, with about half of the r? values between 0.40 and 0.80.
Given these correlation results 