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Abstract: Off the coast of Victoria Land, Antarctica an area of open water—the Terra Nova
Bay Polynya (TNBP)—persists throughout the austral winter. The development of this coastal
polynya is driven by extreme katabatic winds blowing down the slopes of Transantarctic Mountains.
The surface-atmosphere coupling and ABL transformation during the katabatic wind events between
18 and 25 September 2012 in Terra Nova Bay are studied, using observations from Aerosonde
unmanned aircraft system (UAS), numerical modeling results and Antarctic Weather Station (AWS)
measurements. First, we analyze how the persistence and strength of the katabatic winds relate to
sea level pressure (SLP) changes in the region throughout the studied period. Secondly, the polynya
extent variations are analysed in relation to wind speed changes. We conclude that the intensity
of the flow, surface conditions in the bay and regional SLP fluctuations are all interconnected and
contribute to polynya development. We also analyse the Antarctic Mesoscale Prediction System
(AMPS) forecast for the studied period and find out that incorrect representation of vertical ABL
properties over the TNBP might be caused by overestimated sea ice concentrations (SIC) used as
model input. Altogether, this research provides a unique description of TNBP development and its
interactions with the atmosphere and katabatic winds.

Keywords: atmospheric boundary layer; sea ice–atmosphere interactions; katabatic winds

1. Introduction

Terra Nova Bay is located in the western Ross Sea, between Cape Washington in the North and the
Drygalski Ice Tongue in the south, along the coast of Victoria Land, Antarctica (Figure 1). An ice-free
stretch of sea persists there throughout the winter—the Terra Nova Bay Polynya (TNBP), forced by sea
ice removal from the coast by strong offshore winds and maintained due to the presence of Drygalski
Ice Tongue, which blocks the transport of ice from the south [1]. The extent of the recurring polynya is
defined by the distance between open water with frazil ice formation near the coast and the downwind
area where the ice becomes compact. During winter the mean area occupied by the TNBP varies
between 1000 and 1300 km2 [2], but some observations indicate that it can reach even 8500 km2 [3].
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Figure 1. Map of Terra Nova Bay area. Satellite image for 20 September 2012 from the NASA Worldview
application (https://worldview.earthdata.nasa.gov), part of the NASA Earth Observing System Data
and Information System (EOSDIS).

Previous studies have shown that extreme winds on the coast of the Antarctic are a result of
combined influence of the forcing from temperature inversion over sloping terrain and synoptic scale
pressure gradients [4,5]. What is more, Turner et al. [5] concludes that the enhancement of the strong
wind events is dependent on the location of the storm offshore and Ebner et al. [6] adds that when
a cyclone moves from west to east along the Anatarctic coast it promotes the intensification of a
downslope flow. Likewise, the passage of a low pressure system in the Ross Sea or presence of a
cyclone to the east of Terra Nova Bay is often accompanied by stronger and longer extreme winds
events [7,8]. Thus, in Terra Nova Bay, where several different flow regimes from various valleys
meet, wind reaches high speed and drives the expansion of the polynya [9]. However, not every
downslope flow can be regarded as a katabatic one because this term refers strictly to the flow of
negatively buoyant, radiatively cooled air [10]. Whereas, as mentioned above, intensive winds blowing
in Terra Nova Bay might be driven by a number of different factors associated with local and regional
weather conditions. The determination of the exact nature of the flow requires detailed analysis of
thermodynamic evolution of air coming through the valleys of the Transantarctic Mountains, which is
beyond the scope of this paper. We conclude that extreme winds studied in the presented article are
probably a result of several forces acting together, but for simplicity, strong (>20 m/s) downslope
winds (from west-northwest) are referred to as “katabatic”. Although, we acknowledge that they are
rather a mix of katabatic, downslope and offshore flow.

The development of katabatic winds begins in the interior of the Antarctic due to intensive
radiative cooling of the surface and a consecutive buildup of near-surface inversion layer, which has
lower temperature than the air downslope. This cold, negatively buoyant air is driven downslope
through the valleys of the Transantarctic Mountains, due to gravitational pull and thermodynamic
forcing. In the coastal area near Terra Nova Bay the primary and wider route of flow descent is
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Reeves Glacier and the secondary one is the Priestly Glacier [8,11] (Figure 1). Once the katabatic
wind reaches the shore, it spreads laterally over the ocean and can propagate over a long distance,
depending on the duration and intensity of the flow. Gradual removal of sea ice from the coast and the
interaction of relatively warm open water with cold katabatic flow results in strong atmosphere-surface
coupling. In consequence, heat and moisture are exchanged upward and momentum is transferred
downward [12]. As the energy from the surface is absorbed by the atmosphere, the formation of
new sea ice takes place, which is then transported further away from the coast by offshore winds.
Simple numerical modelling studies [13] state that wind is a major contributor to sea ice divergence,
but in the areas where polynya expansion is most significant, it might be accompanied by ocean
currents. However, it is generally agreed that the key factors responsible for the development of coastal
polynyas like TNBP are wind and topography [6,14]. Observations of oceanic boundary layer reveal
that ocean heat loss to the atmosphere drives the production of unconsolidated frazil ice, producing
bulges of warm salty water directly beneath the ocean surface [15]. A continuous formation of sea
ice and resulting rejection of salt increases the density of near–surface water [16] and produces the
densest water in the ocean—the Antarctic Bottom Water (AABW). Studies indicate that TNBP may
contribute about 10% of all AABW formed in the Ross Sea [2] and therefore plays a crucial role in
the global thermohaline circulation. Whereas, the total ice production in TNBP has been estimated at
53 ± 5 km3/year [17].

First reports about strong, persistent winds blowing in Terra Nova Bay come from the journals
of the Northern Party of Robert F. Scott’s Terra Nova Expedition, which was stranded at the area
throughout the winter [18]. Further observations of extreme katabatic events in Terra Nova Bay were
largely limited to the summer season, as harsh, austral winter conditions of the Antarctic coast present
a challenging environment for field campaigns. In consequence, scientists turned their attention
toward satellite based studies [3,12,19] and numerical modelling [2,7,20]. The first observations of
the atmospheric boundary layer (ABL) over the polynya were made with manned aircraft in late
1980s [12]. Since then a number of campaigns covering different branches of science have taken place
in the bay, including studies of atmospheric chemistry [21], seawater chemistry [22], biology [23]
and physical oceanography [24]. The first late winter measurements of the atmosphere and surface
state in Terra Nova Bay have been done in September 2009 by Aerosonde unmanned aerial systems
(UAS) [25] and were followed up by a second successful Aerosonde UAS field campaign in September
2012 [26], which provided a comprehensive three-dimensional description of the atmosphere over
TNBP. Nevertheless, all of mentioned observations are limited to short periods of time and for now the
only source of continuous meteorological data from the coastal area of the bay are Antarctic Automatic
Weather Stations (AWS) installed in the region in the 1980s and maintained by the cooperative efforts of
the University of Wisconsin and other partners [27]. Observations from mentioned campaigns, satellite
data and AWS stations have been used in many numerical modelling studies of the katabatic wind
events (e.g., [28–32]). In general, models perform well when it comes to large scale weather patterns but
struggle to accurately represent low level properties of the atmosphere, especially over complex coastal
topography [7,33]. Thus, the accuracy of the models is limited by their horizontal resolution [33].
Another reason behind model errors is representation of sea ice which, according to Bourassa et al. [34],
has significant impact on models results on the wide range of spatiotemporal scales.

In this study the surface and atmospheric conditions in Terra Nova Bay between 18 and 25
September 2012 are analysed based on the numerical modelling simulations, satellite images and
in-situ atmospheric measurements. The results of numerical weather prediction (NWP) simulations
are obtained from the Antarctic Mesoscale Prediction System (AMPS) [35], which is a real–time
Polar Weather Research and Forecasting (WRF) system run over Antarctica, and from Modern-Era
Retrospective analysis for Research and Applications (MERRA). Satellite images of sea ice concentration
(SIC) come from the AMSR2 sensor [36] and ice surface temperature (IST) from Visible Infrared Imager
Radiometer Suite (VIIRS) [37]. Continuous measurements of meteorological parameters in the upwind
part of the bay are obtained from the Manuela AWS station located on the Inexpressible Island (Figure 1).
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The key element of presented research is UAS observations from September 2012 [26]—the only source
of data about atmospheric conditions above polynya. Wind speed and temperature measured during
simultaneous flights in both downwind and cross wind directions are analysed in relation to surface
sea ice concentration and temperature. Both UAS Aerosonde and and Manuela AWS observations are
also used for the validation of AMPS model predictions for 18–25 September. Furthermore, large scale
fluctuations of sea level pressure (SLP) are studied to determine the influence of synoptic conditions
on the frequency of extreme katabatic events. Altogether, the purpose of our study is to provide a
detailed description of the TNBP surface and atmospheric state during and between polynya events,
along with a brief analysis of the AMPS model results from the studied period.

2. Data and Methods

2.1. UAS Flights

The Aerosonde UAS is a small (3.6 m wingspan, 19–21 kg take-off weight), robotic, pusher-prop
aircraft capable of carrying a variety of instrument packages and performing well in polar
winter conditions. During analysed flights it was equipped with the sensors of air temperature,
relative humidity, atmospheric pressure and surface temperature. Data from surface temperature
sensor was only available for a certain percentage of the flights and is not considered in the presented
article. The wind speed and wind direction were calculated indirectly, based on the measurements of
flight heading and speed from the UAS Piccolo Avionics system. Detailed technical description of data
processing, the aircraft and its capabilities can be found in Cassano et al. [26]. During the campaign
in 2012, 9 missions were flown from McMurdo Station, Antarctica to Terra Nova Bay on 13, 18, 19,
22 and 25 September. On those days, once the Aerosonde UAS flew past the Drygalski Ice Tongue the
flight height was lowered to approximately 100–150 m and the measurement phase of the flight over
TNBP began. The flight patterns above TNBP can be divided into two types (Figure 2). The goal of
the first one was to sample the downstream evolution of the air mass coming off the continent as the
aircraft passed over the bay. Those downwind transects included repeated profiles of the atmosphere,
made by the aircraft ascending and descending in the spiral pattern, from approximately 100 m to the
top of the ABL (Figure 2a). The aim of the second type of flight was to measure crosswind variability
of the atmospheric state over TNBP (Figure 2b). Therefore, the Aerosonde UAS flew in horizontal
lines, roughly perpendicular to the low level flow, moving away from the coast with every new line.
Spiral profiles were flown at the beginning, approximately at mid-point and at the end of each of these
cross-wind legs. On 18, 19, 22 and 25 September both the crosswind and downwind transects were
flown above the surface of Terra Nova Bay, including repeated, second downwind transects conducted
in order to sample the changes in the atmospheric state after a few hours. The analysis presented
in this article focuses on UAS observations of wind speed, wind direction and temperature with an
emphasis on the vertical profiles observed during 6 of the Aerosonde flights (Table 1). A MatLab
smoothing method of moving average of the elements of a vector, using a fixed window length of 3
was applied to analysed profiles. Data smoothing did not change the outcome of our analysis of the
measurements but only made the profiles easier to read in presented figures (Figures 6–10).

Table 1. Aerosonde UAS flights analysed in the presented article.

Start Time End Time Data Name Profiles Analyzed

04:30 UTC 20:37 UTC 18 September 2020 Flight 1 Profiles 1–4
05:41 UTC 20:04 UTC 18 September 2020 Flight 2 Profile 0
04:06 UTC 13:20 UTC 19 September 2020 Flight 3 Profiles 1–4
04:34 UTC 20:04 UTC 22 September 2020 Flight 4 Profiles 1–4
03:15 UTC 21:16 UTC 25 September 2020 Flight 5 Profiles 5–7
04:33 UTC 18:58 UTC 25 September 2020 Flight 6 Profiles 1–4
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Figure 2. UAS Aerosonde crosswind (a) and transect (b) flights on the 25 September 2012.

In the analysis of UAS Aerosonde profiles we use the term "katabatic" when the flow is coming
from west–northwest directions [11] and wind speeds exceeds ∼20 m/s, in agreement with previous
studies of Knuth and Cassano [11], Maqueda et al. [38]. Based on those conditions a horizontal and
vertical extent of the katabatic flow can be estimated. Meanwhile, Vignon et al. [39] defines katabatic
layer as the layer of the atmosphere where downslope wind exceeds certain speed and is capped
by temperature inversion. While we agree that in many cases temperature inversion is a reasonable
measure of katabatic layer’s depth, we use it to define the depth of boundary layer, which is more
relevant in the analysis of surface–atmosphere interactions.

The UAS Aerosonde data presented in this study are openly available in the United States Antarctic
Program Data Center (http://gcmd.nasa.gov/getdif.htm?NSF-ANT10-43657, doi:10.15784/600125).

2.2. Manuela AWS

Manuela AWS is a part of the University of Wisconsin AWS network collecting meteorological
data from a number of locations in the Antarctic [27]. This AWS station on Inexpressible Island (74.96◦S,
163.7◦E) has been in operation since 1984. Sensors of air temperature, relative humidity, atmospheric
pressure, wind speed and direction are mounted on the 3 m tower. The accuracy of the sensors is,
approximately: ±0.5 ◦C for temperature, ±0.1 hPa for pressure, ±2% for humidity, and ±2% for wind
speed and direction. Measurements are transmitted hourly via the ARGOS network and subjected
to a quality control by the University of Wisconsin. The results, for the studied period, are provided

http://gcmd.nasa.gov/getdif.htm?NSF-ANT10-43657
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in 1 h intervals. Wind speed and direction, along with temperature observations from the station are
analysed for the description of the upwind conditions during katabatic winds events.

2.3. Satellite Data

Satellite images of sea ice concentration and ice surface temperature provide us with a detailed
description of surface conditions and enable an analysis of surface-atmosphere coupling in the Terra
Nova Bay.

2.3.1. Sea Ice Concentration

Sea ice concentration images provided by the Institute of Environmental Physics, University
of Bremen [36] (https://seaice.uni-bremen.de/sea-ice-concentration-amsr-eamsr2/) are calculated
daily, in near real time, from the AMSR2 sensor data. AMSR2, a successor of AMSR-E(Advanced
Microwave Scanning Radiometer for EOS) is carried by the “Shizuku” (GCOM-W1) satellite, launched
on 18 May 2012 and delivering data since August 2012. The frequency used for the calculation of SIC
from brightness temperature is 89 GHz and the images are retrieved with the ARTIST Sea Ice (ASI)
algorithm [40]. All swatch SIC data of one calendar day are resampled into various polar stereographic
grids using the nearest neighbour routine. The regional maps, including the one for the area of Ross
Sea, have a grid spacing of 3.125 km.

The approximate area of the polynya is calculated based on the maps of SIC. First, the gray
coloured maps of SIC below 70% in Terra Nova Bay are generated and then the program Pixie is called
to determine the spatial extent of the polynya. Pixie is a program created for the image analysis and
available for free on GitLab (https://gitlab.com/seadata-software/pixie). It is a python script that
applies simple methods of image recognition for given color intensity threshold, from 0 (black) to
255 (white). For the presented study, to calculate spatial coverage of the pixels forming the polynya,
a threshold of 254 (corresponding to SIC of 70%) has been determined as the most suitable and is
applied for all images. Next, the program creates binary maps of pixels classified as polynya area and
calculates, taking into account spatial dimensions of created map and the number of pixels present
in the whole image, the total area of SIC below 70% in km2. The value of 70% have been chosen
based on the comparative analysis of IST and SIC images and similar studies of spatial polynya
coverage [32,41,42]. It has to be noted that it is a rough estimation of polynya spatial extent, created to
illustrate SIC changes with different synoptic and regional atmospheric conditions.

2.3.2. Ice Surface Temperature

Ice surface temperature data come from the radiance data acquired by the Visible Infrared
Radiometer Suite (VIIRS) and processed by the NASA Goddard Space Flight Center [37]. The VIIRS
instrument flies on board the Suomi National Polar-orbiting Partnership (NPP) satellite. The VIIRS sea
IST is computed from bands M15 (10.763 µm) and M16 (12.013 µm) of brightness temperature, using the
split window method of Yu and Rothrock [43]. A reported accuracy of the applied algorithm [44]
is ±1 K. The presence of cloud cover or melt ponds and leads in the summer season may cause
erroneous interpretation of the surface; however, in the case considered in this article they are both
either scarce or absent (winter season). Datasets with a spatial resolution of 750 m are provided at
least daily, but for the areas were swaths overlap (near poles), may appear more frequently. For the
considered period at least one image, without or with minimal clouds obstruction, is available for
further analysis.

2.4. Numerical Modelling Results

2.4.1. Antarctic Mesoscale Prediction System

AMPS is a real time mesoscale modelling system providing numerical forecasts for the Antarctic
since 2000 [45]. It is run at the Mesoscale and Microscale Meteorology (MMM) Division of the National

https://seaice.uni-bremen.de/sea-ice-concentration-amsr-eamsr2/
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Center for Atmospheric Research (NCAR). In the period considered in our research AMPS used a
Polar WRF Model version 3.2.1., developed at the Byrd Polar and Climate Research Center at Ohio
State University. The model was initialised twice a day, at 0000 and 1200 UTC. For the western Ross
Sea the horizontal resolution was 5 km. Air column is divided into 44 terrain following eta levels.
The boundary conditions were assimilated by the WRF Data Assimilation System (WRFDA) with a
three dimensional variational data assimilation (3DVAR) approach from the output of NCEP Global
Forecast System (GFS; [46]). Sea ice concentration was specified from daily SSM/I data. More detailed
description of this version of the AMPS and the Polar WRF set-up for the Antarctic are available
in Bromwich et al. [47]. The goal of the presented study is to evaluate part of the AMPS output,
in particular wind speed, direction and air temperature, in relation to the UASs measurements and
satellite images during the extreme katabatic events over the TNBP.

2.4.2. MERRA Reanalysis

The Modern-Era Retrospective analysis for Research and Applications (MERRA) data spans the
period between 1979 and February 2016, thus covering the modern satellite era. The MERRA dataset
was created with version 5.2.0 of the Goddard Earth Observing System (GEOS) atmospheric model
and data assimilation system (DAS). The horizontal resolution of the output is 0.5◦ × 0.66◦ with 72
vertical layers. MERRA provides scientists with a state-of-art global analysis, with a focus on improved
estimates of the global hydrological cycle. Furthermore, MERRA puts the observations from NASA’s
Earth Observing System (EOS) satellites into a climate context [48]. In our analysis, MERRA output is
used for the investigation of synoptic scale sea level pressure changes in the Ross Sea between 18 and
25 September.

3. Synoptic Overview of the Ross Sea and Terra Nova Bay Region

Regional scale circulation near Terra Nova Bay is dominated by the Amundsen Sea Low (ASL),
a permanent region of low pressure located in the South Pacific sector of the Southern Ocean,
including the Ross Sea, Amundsen Sea and the Bellingshausen Sea. This region, with Ross Sea [49]
and Adélie Land [50] in particular, is known for significant cyclone activity due to the interaction of
cold, dry continental air with relatively warm, moist air from the Southern Ocean. The large scale
winter atmospheric circulation in this region is characterised by alternating low and high pressure
systems forming in the lower latitudes (60–70◦S) and moving from west to east along the Antarctic
coast. Studies indicate that presence of a synoptic cyclone in the eastern part of Ross Sea with isobars
parallel to the Transantarctic Mountains results in the generation of katabatic events in Ross Ice Shelf
and Terra Nova Bay [51].

Figure 3 shows the evolution of SLP in the Ross Sea region throughout the period of 18–25
September 2012. On 18 September the sea level pressure (SLP) in the Ross Sea is dominated by a strong
cyclone located near Marie Byrd Land (Figure 3a,b) with 940 hPa at its centre. A gradual increase
of the SLP toward Victoria Land, with 970 hPa measured by Manuela AWS on Inexpressible Island,
is accompanied by wind speeds of up to ∼30 m/s (Figures 4a and 5a). Strong wind speeds and SLP
difference between TNBP and eastern Ross Sea of ∼20 hPa persists till 20 September (Figure 5a).
In the following days, between 20 and 22 September, the cyclone moves further toward the east,
with decreasing influence on the Ross Sea SLP (Figure 3c–e). On 20 September, a small low pressure
system approaches from the north and moves to the east, maintaining a ∼10 hPa pressure difference
between the slopes of the Transantarctic Mountains and the central Ross Sea. Exceptionally strong
winds, above 35 m/s are measured by Manuela AWS on 21 and 22 September and the polynya remains
open with an area of SIC lower than 70% covering 2838 km2 on 22 September. On 23 September the
cyclone moves further to the east and an anticyclone approaches from north-west increasing the SLP in
the region up to 998–1000 hPa over the Ross Sea and almost 1000 hPa at the Manuela AWS (Figure 3e,f).
In consequence, the pressure gradient between Terra Nova Bay coast and eastern Ross Sea decreases to
a few hPa on 23 September and wind speed at Manuela AWS slows down to only few m/s (Figure 5a).
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Under those circumstances the polynya starts to freeze over and only a small patch of 53 km2 of low
SIC remains in Terra Nova Bay. On the following day, the high pressure system retreats to the north
and on 25 September a small cyclone appears offshore Oates Land, increasing the pressure gradient
between the Oates Land and the coast of Terra Nova Bay to ∼15 hPa (Figure 3h). Simultaneously,
wind speed on Inexpressible Island increases to ∼35 m/s and the SIC in Terra Nova Bay decreases
again. In consequence, on 25 September polynya reaches the size of ∼2407 km2 (Figure 3h).

Figure 3. Sea level pressure maps for the Ross Sea area from MERRA dataset. Every image represents
situation from a single hour of 11:30 a.m. on a consecutive days between 18 and 25 September
2020 (a–h).
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Figure 4. Measurements from Manuela AWS for the period of 18–25 September 2012 (http://amrc.ssec.
wisc.edu).

Figure 5. (a) Plotted together: MERRA sea level pressure from the point in the Ross Sea area and
the point in Terra Nova Bay (marked in (b)), Manuela AWS wind speed and polynya surface area.
(b) Location of the plots from (a).

Presented relationship between the synoptic scale SLP changes and the wind speed variations
in Manuela AWS indicates, in agreement with other studies from the region (e.g., [4–6]),
that pressure gradient between the slopes of the Transantarctic Mountains and the Ross Sea
is partially responsible for the occurence of extreme wind events in TNBP. As explained by
e.g., Ebner et al. [6], Renfrew and Anderson [52] the clear sky conditions and development of stable
boundary layer on the slopes, after the passage of synoptic cyclone, leads to the development of
downslope winds. However, when considering the relationship between katabatic winds and polynya
extent we also have to take into account, among others, the balance between the ice production in
the open water zone and the movement of the offshore pack ice out of Terra Nova Bay. The complete
understanding of processes associated with polynya expansion requires additional studies of dynamic
and thermodynamic processes in sea ice and the oceanic mixed layer, which determine spatiotemporal
changes in sea ice concentration, thickness and drift velocities. They are beyond the scope of this study.

http://amrc.ssec.wisc.edu
http://amrc.ssec.wisc.edu
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Upwind Conditions on Inexpressible Island

Manuela AWS is located in the transition zone between Terra Nova Bay and Nansen Ice Sheet,
hence provides a valuable source of information about katabatic flow properties before it enters
the Ross Sea. Between 18 and 25 September 2012, the prevailing wind direction is west–northwest,
which is typical for katabatic wind regimes in this region [11,53] (Figure 4b). The wind speed varies
from ∼1 m/s to ∼40 m/s, preceding the periods of polynya closing and opening. Manuela AWS
measurements indicate that the katabatic flow coming off the slopes of Transantarctic Mountains has
the properties of the air in the interior of the continent, it is dry and cold (Figure 4a). For the first
few days, 18–22 September, the air temperature remains lower than −20 ◦C and relative humidity
below 70% together with generally high wind speeds (∼20–25 m/s), interrupted by short periods of
winds below 20 m/s. Strongest wind speeds, above 30 m/s, coincide with an air humidity decrease
below 60% or even 40%, and a few degrees temperature drop. The closing of the polynya on the
23rd corresponds to significant changes in the air properties on the Inexpressible Island. For a short
time wind speed is below 5 m/s, air humidity above 80% and air temperatures increases to −20 ◦C,
revealing a reduced flow of continental air. Another polynya opening, on 25 September is preceded
by significant increase of wind speed to ∼35 m/s and decrease of relative humidity to ∼40% in the
Manuela AWS station, with only a small change of temperature (Figure 4a).

4. The Atmosphere–Surface Coupling during Different Stages of Polynya Development

The Aerosonde UAS flight days coincide with different phases of polynya development. The first
stage, found on 18 and 19 September, corresponds to the early phase of polynya expansion–an opening
mode, accompanied by increasing intensity of the katabatic wind. On the days of 22 and 25 September
the TNBP grows in size, but the horizontal and vertical extent of intensive offshore flow is smaller.
Overall, the two periods differ in terms of local and regional atmospheric conditions and polynya
influence on the ABL. Note that most of the analysed UAS Aerosonde flights align with the direction of
near-surface winds, with the exception of Profiles 9, 10, 11 from 25 September, which are located along
the flight path perpendicular to the low level flow. Furthermore, when we refer to “upwind”, we mean
an upstream area near the Inexpressible Island and Nansen Ice Sheet, while “downwind” applies
to downstream area of TNBP further offshore. In the following paragraphs the atmosphere–surface
coupling during the measurements is studied in detail, with additional description of atmospheric and
surface conditions from the days between UAS Aerosonde flights.

4.1. 18 and 19 September 2012

On 18 September Terra Nova Bay is mostly covered by sea ice, with small area of SIC below 20%
near Nansen Ice Sheet (Figure 6c). The wind speed on 18 September exceeds 23 m/s near the coast
(Profiles 1, 2) and slows down by few m/s further offshore (Profiles 3,4; Figure 6b). Thus, katabatic
layer extends up to ∼500 m in profiles 1, 2 and up to ∼200 m in profiles 3, 4 on 18 September (Figure 6b).
Small changes of temperature (∼1 ◦C–2 ◦C) with the distance offshore, observed on 18 September
(Figures 6 and 7a), indicate little transfer of heat between the ice covered ocean and the atmosphere
due to low IST and high SIC. Meanwhile, downwind decrease of wind speed suggests momentum
loss from the atmosphere to the ice and ocean surface, which drives the ice away from the coast and
generates waves. In general, temperature decreases with height in profiles 1–4, although there is a weak
inversion at the height of ∼100 m in profile 4 (Figure 6a). This is in agreement with Bromwich [54],
who found warm signature in thermal infrared wavelengths related to katabatic flow, resulting from
vertical mixing due to turbulence generated by very strong winds.

Profile 0, located on the southwestern edge of Terra Nova Bay, is outside of the strong katabatic
flow and thus offers a view of the lower atmosphere not influenced by strong winds, discussed
previously (Figure 6a,b). Due to an imbalance between the outgoing longwave radiation and the
downwelling solar and longwave radiation the surface based inversion is present there, as is common
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in the polar regions. Stable inversion layer extends up to ∼300 m, where the temperature starts to
decrease with height. At the altitude of ∼1000 m the atmosphere becomes warmer and more uniform
and at ∼1200 m the difference between profile 0 and other measurements is reduced. Wind speed
in this area is much lower than in other profiles and fluctuates around 5 m/s in the whole profile.
Interestingly, wind direction in this point varies considerably with height from west-northwest-north
up to ∼400 m and south-southwest-west up to ∼1400 m. In general, atmospheric properties in the
location of profile 0 are distinctly different and resemble conditions from the interior of the Antarctic.
Such contrast over a relatively small distance between profiles 0 and 1 (∼17 km) demonstrates the
impact of katabatic winds on local and regional atmospheric properties.

Figure 6. Vertical measurements of temperature (a), wind speed (b) and wind direction (e), with the
locations of UAS Aerosonde flights plotted on the map of SIC (c) and IST (d) on 18 September 2012.
Dashed lines on the temperature plot represent dry adiabatic lapse rate. Profiles started at: 10:17 UTC
(1); 11:00 UTC(2); 11:34 UTC (3); 12:19 UTC (4); 10:22 UTC (0).
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On 19 September the polynya is larger and the ABL properties change (Figure 7a–c).
The temperature lapse rate is dry adiabatic in profiles 1 and 2 up to 300 m of altitude and in the
first few meters of the flight in profiles 3 and 4 (Figure 7a). In comparison to 18 September (Figure 6),
the low level air is several degrees colder and capped by an inversion below 500 m (Figure 7a).
The cold low level air, together with consistently intensive (∼35 m/s), west-northwest flow marks
the strengthening of the katabatic flow (Figure 7b,e). The katabatic layer expands in the vertical and
horizontal directions reaching ∼500 m in all profiles.

Figure 7. UAS Aerosonde measurements from 19 September 2012. Subfigures labeled as in Figure 6.
Profiles started at: 10:06 UTC (1); 10:40 UTC (2); 11:08 UTC (3); 11:35 UTC (4).

In general, temperature lapse rate higher or equal to dry adiabatic lapse rate, means that
convection can occur in the ABL. The top of convective layer is marked by temperature inversion.
The formation of the convective boundary layer on 19 September is a result of large temperature
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difference between the surface of open, or covered by thin layer of ice, water and cold air associated
with katabatic flow. Therefore, as the surface is much warmer than the incoming air, the atmosphere is
heated from below. However, when the strength of the flow increases on 19 September, the effects of
surface–atmosphere interactions are limited to a narrow layer of the atmosphere due to continuous,
intensive advection of air near the surface (Figure 7b). This ongoing flow transports the released heat
further offshore and the remnant of the convective layer is also present over the areas of high SIC
and compact sea ice (profile 4, Figure 7a), as in the numerical modelling of Dare and Atkinson [31].
Hence, a 3 ◦C temperature difference between profile 1 and 4 (Figure 7a) is a result of polynya warming
of the atmosphere upstream and spreading of this warm air downstream.

4.2. 22 and 25 September 2012

Manuela AWS station measurements (Figures 4 and 5a) and satellite images reveal that through
19 and 22 September 2012 the wind speed on Inexpressible Island exceeds 20 m/s for most of the time
and polynya expands further into the bay, in comparison to 18 and 19 September (Figures 6 and 7c).
However, the disappearance of SLP difference between Terra Nova Bay and the Ross Sea on 23 of
September (Figure 5a) is accompanied by significant decrease of wind speed on Inexpressible Island
(Figure 4a) and SIC increase in the bay (Figure 5a). On the following day, 24 of September, as the wind
gains speed and SLP decreases in the eastern part of Ross Sea (Figure 3g), the polynya opens again
in Terra Nova Bay (Figure 5a). However, Manuela AWS measurements indicate that throughout 25
September wind speed gradually decreased, together with pressure gradient between the Ross Sea
and studied area (Figure 5a) .

On 22 September the SIC in Terra Nova Bay is low and the polynya is significantly bigger than
on 19 September, covering the area of ∼2838 km2 (Figure 5a). Consequently, a continuous transfer of
heat from the surface leads to the development of unstable conditions and warming of the atmosphere.
The first four profiles from 22 September show that the closer to the coast the profile is located, the
colder is the air and faster the flow (Figure 8a,b). Temperature increases with the distance offshore
from −20 ◦C to −17 ◦C and wind speed decreases from ∼24 m/s to 10 m/s in the lowest layer of
the flights (Figure 8b). In the first two profiles the temperature lapse rate is dry adiabatic up to a
height of ∼200 m and up to ∼400 m in profiles 3 and 4. However, a stable ABL is present at the
bottom of profiles 3 and 4 probably due to increasing SIC at these locations and limited transfer of
heat. The dry adiabatic lapse rate above this shallow, stable layer reflects the remnants of convection
from further upwind. The dominating wind direction in all profiles is west-northwest up to ∼500 m,
changing to south-southwest and finally southeast with altitude (Figure 8e). In general, profiles 1–4
differ from each other up to height of ∼500 m indicating the extent of the ABL influenced by the TNBP.
Furthermore, the warming and deepening of convective boundary layer in the lowest 200 to 400 m in
the profiles from 22 September is a classic picture of air mass modification above polynya [30,55].

On the 25 of September the SIC in Terra Nova Bay is below 50% over a wide stretch of water
near the coast (Figure 9c). The first 4 profiles are lined up perpendicularly to the coast. In all of them
we can see extensive mixing and convection, as the temperature lapse rate is adiabatic till ∼600 m
of altitude in first three profiles and even higher in profile 8 (Figure 9a). Elevated inversion and
intensive mixing indicate that warm air from the surface penetrated deeply into the ABL. Furthermore,
unstable conditions in profiles located far from the shore demonstrate us how the heat gained from
the surface upstream is spread horizontally over a large distance (Figure 9a). Wind speed in profile
1 varies significantly with height and exceeds 20 m/s in almost the whole profile (Figure 9b). In the
next two profiles the strength of the flow does not fall below 15 m/s, but as we move further from the
coast the wind speed starts to decrease and in profile 4 reaches ∼12 m/s in the lowest layer of the ABL.
Wind direction along the perpendicular line created by profiles 1–4 varies between southwest-west
and above ∼1000 m changes to west.
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Figure 8. UAS Aerosonde measurements from 22nd of September 2012. Subfigures labelled as in
Figure 6. Profiles started at: 07:56 UTC (1); 08:34 UTC (2); 09:21 UTC (3); 10:05 UTC (4).

Profiles 5–7 form a line across Terra Nova Bay. They are located over areas of SIC below 20–30%
and show significant warming of the ABL from the surface (Figure 10a). Main temperature inversion
in all profiles is located above ∼700 m of altitude; however, the temperature lapse rate is dry adiabatic
in the first 200–300 m, marking the depth of the boundary layer. Moving from north to the south, the
temperature in the lowest layer of the ABL decreases from −17 ◦C (profile 5) to −22 ◦C (profile 7)
(Figure 10a). On the other hand, the wind speed in lowest layer of the atmosphere varies from 5 m/s
in Profile 5 to 23 m/s in profile 6 and 12 m/s in Profile 7 (Figure 10b). Wind direction in profile 7 and 6
alternates between west-southwest in the whole profile, although the changes are bigger and expanding
to south or west in profile 6. In the most northern profile, nr 5, the wind blows from west-southwest in
the lowest layer of the ABL and then varies with altitude between northwest-southwest. The lack of
katabatic signature in profiles 5 and 7 is due to their location on the verge of TNBP and away from main
glacier flow, whereas profile 6 show a low level, downslope flow, consistent with the measurements
from Figure 9.
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Figure 9. UAS Aerosonde measurements from 25th of September 2012. Subfigures labeled as in
Figure 6. Profiles started at: 07:25 UTC (1); 08:33 UTC (2); 09:13 UTC (4); 11:47 UTC (5).

In contrast to previous days, when the dowslope flow was dominated by the katabatic component,
on 25 September it is rather synoptically forced. Such conclusion can be made based on the variations
of wind direction in all profiles, which include southwestern component in the lowest layer of the
ABL. The low SLP north of Terra Nova Bay, near Oates Land, resulted in high pressure gradient
between those areas of ∼15 hPa, which explains the southwestern direction of the flow throughout
25 September.
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Figure 10. UAS Aerosonde measurements from 25th of September 2012. Subfigures labeled as in
Figure 6. Profiles started at: 09:28 UTC (5); 10:13 UTC (6); 11:14 UTC (7).

5. Validation of AMPS Results

The following analysis focuses on the UAS Aerosonde profiles (Figure 11), examined in Section
4 and Manuela AWS observations from the period of 18–25 September 2012. (Figure 4). The AMPS
profiles, from the nearest model grid point to the location of UAS Aerosonde measurements,
are compared with observations. The hourly AMPS output from 12 to 24 h forecasts is used in
the analysis. The model output time closest to the beginning of UAS Aerosonde profile is used, thus,
for profile starting at 07:25 UTC we analyse AMPS forecast from 07:00 UTC.
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Figure 11. Location of the UAS Aerosonde profiles with maps of AMPS sea ice concentration for
profiles 1–4 from 18, 19, 22, 25 September 2012 (a–d) and profile 5-7 from 25 September 2012 (e).
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A statistical analysis of AMPS model capability to simulate vertical and temporal changes of
temperature and wind speed was carried out. We study the AMPS potential to reproduce vertical
properties of the atmosphere (temperature and wind) during different stages of polynya development,
along with temporal changes of wind speed on the Inexpressible Island. The atmosphere, from the
lowest (∼100 m) up to the highest UAS Aerosonde flight altitude, has been divided into three vertical
bins: lower (100–500 m), middle (500–1000 m) and upper (1000–1500 m). The following statistics are
calculated for each of the bins and for the AWS observations, for both temperature and wind speed:
RMSE (Root Mean Squared Error), Pearson’s correlation coefficient (Corr. coef.) and MBE (Mean Bias
Error) (Tables 2–5). The hypothesis of no correlation between UAS Aerosonde and AMPS profiles is
tested with the p-value test. The correlation is regarded as significant when the p-value is smaller than
the level of significance α = 0.05. Furthermore, we consider the fit between model output and UAS
Aerosonde measurements as good, when the Pearson’s correlation coefficient exceeds 0.70 and the
RMSE, as well as MBE does not exceed a few ◦C and m/s.

5.1. Manuela AWS and AMPS Model Time Series for Temperature and Wind Speed

A time series of wind speed and temperature for the nearest model grid point to Manuela AWS
are compared with the measurements from the station for the period between 18 and 25 September.
The Pearson’s correlation coefficient, RMSE and MBE are calculated to assess the correlation between
modelled and observed values (Table 2). Obtained correlation coefficients indicate that temperature
variations with time are slightly better simulated than wind speed (0.89 and 0.84, respectively).
On average, as represented by the values of MBE, the differences between AMPS model results and
Manuela AWS observations are small. However, short spikes in the AMPS time series of temperature
and wind speed (Figure 12), together with RMSE of ∼2 ◦C and ∼5 m/s (Table 2), indicate that
sometimes the model tends to overestimate temporal variations of the katabatic flow. To the advantage
of AMPS, the general pattern of temperature and wind speed changes throughout the studied period
is well simulated, in particular intensive katabatic flow on the 18–22 and 25 September and its absence
on 23 of September.

Table 2. Statistics for the comparison of AMPS results and AWS Manuela observations between 18 and
25 September 2012. T—temperature, WS—wind speed.

18–25 September 2012 RMSE (T) (◦C) Corr. coef. (T) MBE (T) (◦C) RMSE (WS) (m/s) Corr. coef. (WS) MBE(WS) (m/s)

Manuela AWS 2.26 0.89 0.72 5.14 0.84 0.37
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Table 3. Statistics for the comparison of AMPS results and UAS Aerosonde profiles in the lowest layer of the atmosphere (∼100–500 m). T—temperature, WS—wind speed.

Date Profile Number RMSE (T) (◦C) Corr. coef. (T) p-Value (T) MBE (T) (◦C) RMSE (WS) (m/s) Corr. coef. (WS) p-Value (WS) MBE (WS) (m/s)

18 September Profile 0 2.04 0.94 0.000 2.03 2.10 −0.62 0.000 −1.29
18 September Profile 1 1.62 −0.95 0.000 0.09 4.81 0.85 0.000 4.12
18 September Profile 2 2.20 −0.95 0.000 −0.29 7.55 0.86 0.000 7.37
18 September Profile 3 2.28 −0.89 0.000 0.55 8.78 0.89 0.000 8.58
18 September Profile 4 1.86 0.96 0.000 1.77 15.58 −0.71 0.000 −15.54
19 September Profile 1 2.46 0.78 0.000 2.22 3.76 0.87 0.000 −2.97
19 September Profile 2 2.05 0.70 0.000 1.85 4.62 0.80 0.000 −3.55
19 September Profile 3 1.17 0.70 0.000 1.11 4.39 0.94 0.000 −4.03
19 September Profile 4 0.93 0.76 0.000 0.76 7.43 0.98 0.000 −7.25
22 September Profile 1 2.37 −0.98 0.000 −1.64 1.27 0.94 0.000 −0.97
22 September Profile 2 2.92 −0.45 0.019 2.68 6.60 0.38 0.048 5.83
22 September Profile 3 1.14 −0.47 0.011 0.46 11.52 −0.68 0.000 10.87
22 September Profile 4 1.26 −0.62 0.001 −0.44 14.93 −0.78 0.000 14.20
25 September Profile 1 5.08 0.72 0.000 −4.99 3.21 −0.53 0.000 −2.08
25 September Profile 2 2.55 0.99 0.000 −2.52 10.30 −0.70 0.000 10.13
25 September Profile 3 4.01 0.98 0.000 −4.00 2.70 0.41 0.118 1.18
25 September Profile 4 1.13 0.99 0.000 −1.12 3.00 −0.51 0.006 −2.92
25 September Profile 5 2.01 0.95 0.000 −1.94 26.80 0.07 0.695 26.78
25 September Profile 6 3.59 0.98 0.000 −3.58 5.63 0.64 0.000 5.35
25 September Profile 7 1.07 0.97 0.000 −1.02 5.32 0.58 0.003 −4.50
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Table 4. Statistics for the comparison of AMPS results and UAS Aerosonde profiles in the middle layer of the atmosphere (500–1000 m). T—temperature, WS—wind speed.

Date Profile Number RMSE (T) (◦C) Corr. coef. (T) p-Value (T) MBE (T) (◦C) RMSE (WS) (m/s) Corr. coef. (WS) p-Value (WS) MBE (WS) (m/s)

18 September Profile 0 1.59 0.95 0.000 1.56 1.40 0.74 0.000 −0.27
18 September Profile 1 3.38 0.97 0.000 3.32 4.07 −0.15 0.322 2.29
18 September Profile 2 3.37 0.91 0.000 3.36 4.84 0.03 0.818 1.61
18 September Profile 3 3.10 0.58 0.000 3.06 1.95 0.94 0.000 −1.21
18 September Profile 4 2.62 0.94 0.000 2.61 7.75 0.95 0.000 −6.79
19 September Profile 1 2.44 −0.78 0.000 2.32 5.94 0.92 0.000 −5.48
19 September Profile 2 2.29 0.37 0.002 2.23 8.23 0.88 0.000 −7.93
19 September Profile 3 1.28 −0.67 0.000 −0.29 5.56 0.97 0.000 −5.34
19 September Profile 4 0.70 −0.61 0.000 −0.26 7.81 0.92 0.000 −7.52
22 September Profile 1 1.07 0.89 0.000 0.86 3.53 0.82 0.000 2.49
22 September Profile 2 0.22 0.97 0.000 0.06 3.16 0.65 0.000 −0.88
22 September Profile 3 0.65 0.97 0.000 −0.57 2.18 0.86 0.000 −0.43
22 September Profile 4 0.90 0.99 0.000 −0.90 1.21 0.97 0.000 0.76
25 September Profile 1 4.32 −0.44 0.000 −4.08 3.33 0.11 0.192 0.41
25 September Profile 2 2.55 0.88 0.000 −2.68 6.02 0.13 0.304 4.21
25 September Profile 3 4.10 0.28 0.337 −3.99 5.90 −0.42 0.132 −4.84
25 September Profile 4 1.12 −0.29 0.070 0.32 11.82 -0.63 0.000 −10.94
25 September Profile 5 1.61 −0.13 0.422 −1.12 20.60 0.14 0.396 20.07
25 September Profile 6 3.76 0.91 0.000 −3.75 4.51 0.95 0.000 4.22
25 September Profile 7 0.46 0.85 0.000 0.08 3.47 −0.76 0.000 −2.94
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Table 5. Statistics for the comparison of AMPS results and UAS Aerosonde profiles in the upper layer of the atmosphere (1000–1500 m). T—temperature, WS—wind speed.

Date Profile Number RMSE (T) (◦C) Corr. coef. (T) p-Value (T) MBE (T) (◦C) RMSE (WS) (m/s) Corr. coef. (WS) p-Value (WS) MBE (WS) (m/s)

18 September Profile 0 1.02 −0.43 0.001 0.18 1.56 0.49 0.000 −1.01
18 September Profile 1 2.49 −0.72 0.000 0.17 8.10 0.76 0.000 −7.65
18 September Profile 2 2.14 −0.59 0.000 0.83 6.63 0.95 0.000 −6.40
18 September Profile 3 2.16 −0.71 0.000 −0.89 5.02 0.88 0.000 −4.90
18 September Profile 4 2.04 −0.86 0.000 0.26 4.71 0.07 0.471 −4.14
19 September Profile 1 3.28 −0.92 0.000 −2.21 3.14 −0.53 0.000 −1.68
19 September Profile 2 3.50 −0.85 0.000 −2.34 4.07 −0.84 0.000 −2.07
19 September Profile 3 2.54 0.88 0.000 −2.50 4.81 −0.86 0.000 −4.04
19 September Profile 4 2.25 0.71 0.000 −2.20 5.92 −0.78 0.000 −5.21
22 September Profile 1 0.30 0.97 0.000 −0.20 2.33 −0.18 0.128 −1.04
22 September Profile 2 0.70 0.43 0.000 0.14 3.09 0.53 0.000 −2.47
22 September Profile 3 0.76 0.88 0.000 −0.72 4.91 0.30 0.014 −4.32
22 September Profile 4 0.46 0.43 0.002 −0.03 4.98 −0.35 0.012 −4.08
25 September Profile 1 2.73 0.98 0.000 −2.71 9.29 −0.22 0.040 9.04
25 September Profile 2 2.55 −0.56 0.000 −1.93 2.65 0.81 0.000 −2.47
25 September Profile 3 4.12 0.05 0.700 −3.84 6.75 0.14 0.230 −6.44
25 September Profile 4 0.96 0.78 0.000 −0.62 8.08 −0.68 0.000 −6.98
25 September Profile 5 0.97 0.33 0.004 −0.37 6.55 0.40 0.000 6.15
25 September Profile 6 2.07 −0.11 0.329 −1.50 8.23 0.22 0.038 −6.26
25 September Profile 7 3.34 0.17 0.172 −2.71 4.95 0.93 0.000 −4.47
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Figure 12. Observations from Manuela AWS station and model results from the nearest point to
Manuela AWS location for (a) temperature and (b) wind speed between 18 and 25 September 2012.

5.2. AMPS Results for 18 September 2012

In contrast to UAS Aerosonde measurements, a strong, low level inversion is present in the model
results for profile 2 (Figure 13a). In consequence, correlation coefficient for this profile is negative in the
lowest bin (Table 3). Overall, despite being interrupted by few, weak inversions, observed temperature
decreases gradually with height from ∼100 m to ∼1100 m of altitude (Figure 13a). Whereas, in the
AMPS results, the low level inversion layer is overlaid by colder air, which cools down steadily up
to the top of the profile (Figure 13a). Therefore, due to similar lapse rates the model reproduces
temperature profile well in the middle bin of the atmosphere (Table 4), although it is overestimated
by ∼3.4 ◦C . In the upper layer of the atmosphere due to absence of strong temperature inversion at
∼1100 m, the agreement between modelled and observed temperatures is poor (Table 5, Figure 13a).
Meanwhile, the shape of wind speed profile is well simulated by the model up to 700 m of altitude
(Figure 13b). At this height, modelled wind speed continues to decrease slowly, reaching few m/s
in the uppermost layer, whereas the observed one fluctuates around 15 m/s till ∼1100 m and then
slows down to ∼10 m/s. In consequence, the fit between AMPS and UAS Aerosonde wind speed
in profile 2, is moderately good in the lowest and uppermost bins, even though the strength on the
flow is overestimated in low altitudes (∼4 m/s) and underestimated in the highest one (∼−6.5 m/s)
(Figure 13b).

The aforementioned, low level inversion is present in profiles 0 and 4, which are well simulated by
the model in the lowest layer of the atmosphere (∼100 m–500 m) (Table 3). The good fit at this locations
might also be related to similar SICs, in AMSR2 sensor data and sea ice map applied to the model
(∼85–100%) (Figure 11). In the same manner as in profile 2, temperature in the middle bin is quite well
reproduced in all profiles, although a bit overestimated (Table 4). Whereas, in the uppermost layer
the AMPS model fails to reproduce UAS Aerosonde measurements of temperature and correlation
coefficients are negative (Table 5). Moving on to wind speed in the lowest bin it is, in contradiction
to temperature, well simulated in profiles 1, 2, 3 but with quite large RMSE of ∼5–9 m/s (Table 3).
The strength of the katabatic flow is, as in profile 2, overestimated. Whereas, in the overlapping layer
(500–1000 m) wind speed changes with altitude are properly simulated only in profiles 3, 4 and 0,
thus the ones located downstream and away from the downslope flow (Table 4). Model results for
profile 3 also agree with observations in the uppermost layer, although the strength of the flow is
underestimated (Table 5). Therefore, wind speed in profile 3 was well simulated throughout all bins,
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despite the fact that high correlation for temperature was only found in the middle one. Good fit
between modelled and observed wind speeds at 1000–1500 m is also found in profiles 1 and 2 (Table 5).

Figure 13. Exemplary profiles from UAS Aerosonde observations and AMPS model results. (a,b) Profile
nr. 2, 18.09.2012. (c,d) Profile nr. 4, 19.09.2012.

5.3. AMPS Results for 19 September 2012

Temperature and wind speed in the lowest layer of the atmosphere are well reproduced by the
AMPS model in all profiles from 19 September (Table 3). In the most downstream profile, nr 4,
temperature is a bit overestimated up to the height of ∼600 m, where modelled and observed
temperatures start to differ (Figure 13c). In the AMPS results temperature decreases with height
from the beginning of middle bin up to the top height of the profiles (Figure 13c). Whereas, in the
observations it generally increases up to ∼1100 m and then cools down with height. In consequence,
the fit between modelled and measured temperatures in profile 4 is poor in the middle layer (Table 4)
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and quite good in the uppermost one (Table 5). Due to lack of mentioned atmosphere warming
between the ∼600–1100 m the AMPS model underestimates temperatures in the 1000–1500 m layer
by ∼−2 ◦C (Figure 13c, Table 5). The shape of wind speed profile is well simulated in the first two
bins, although flow intensity is underestimated by ∼7.5 m/s (Tables 3 and 4). In the uppermost
layer of the atmosphere, measured wind speed decreases with height, while in the model it remains
almost constant (∼5 m/s) (Figure 13d), thus the agreement between both profiles is poor (Table 5).
Furthermore, modeled profile 4 does not include small fluctuations of wind speed, which are present
in UAS Aerosonde measurements (Figure 13d).

Overall, temperatures in the lowest bin, in all profiles from 19 September are well simulated
and only a bit overestimated (∼1–2 ◦C) (Table 3). In contrast, statistics for middle bin indicate poor
agreement between modelled and observed temperatures (Table 4). Whereas, in the uppermost one
the correlation for temperature is relevant only in profiles 3 and 4 (Table 5). In terms of wind speed,
the AMPS results are highly correlated with measurements in both lowest and middle bins, although
in the downstream profiles the RMSE is quite high (∼5–8 m/s). In general, on 19 September the model
reproduces very well the properties of strong, katabatic flow in the lowest layer of the atmosphere.
However, AMPS fails to simulate atmosphere warming in the upper bins and, while reproducing the
shape of wind speed profile very well, underestimates the strength of the flow in all layers, which
leads to poor agreement at higher altitudes (Table 5).

5.4. AMPS Results for 22 September 2012

AMPS model results and UAS Aerosonde measurements from 22 September contradict each
other in the lowest layer of the atmosphere (Figure 14a, Table 3). The low level inversion is too strong
and wind speed is too high in the model results for profile 3 (Figure 14a,b). However, higher in
the atmosphere (∼500 m) both modelled and observed temperature, as well as wind speed, start to
decrease with height (Figure 14a,b). In fact, AMPS and UAS Aerosonde profiles between the altitudes
of 500–1000 m are very similar. In consequence, in the middle layer the correlation is high and
the RMSE small (Table 4). Good fit between compared profiles of temperature continues into the
uppermost layer (Figure 14a). The same cannot be said about wind speed, as modelled and observed
profiles differ from each other in the highest altitudes in terms of lapse rate and strength (Figure 14b).

Moving on to other profiles from 22 September, both temperature and wind speed in the lowest
layer are poorly simulated by the AMPS model (Table 3). Good fit between model results and
observations is found only for wind speed in profile 1 with high correlation coefficient (0.98) and
low bias (−0.97 m/s) (Table 3). In opposition to the poorly simulated lowest layer of the atmosphere,
the middle bin is much better reproduced (Table 4). The correlation for both wind speed and
temperature is positive and high with RMSE smaller than ∼1 ◦C for temperature and 4 m/s for
wind speed. In the uppermost bin, temperature is well reproduced in profiles 1 and 3, with small bias
and RMSE (∼0.5–1 ◦C) (Table 5). Whereas, the AMPS results for wind speed at the highest altitudes
does not match those found in the observations (Table 5).
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Figure 14. Exemplary profiles from UAS Aerosonde observations and AMPS model results. (a,b) Profile
nr 3, 22.09.2012. (c,d) Profile nr. 4, 25.09.2012.

5.5. AMPS Results for 25 September 2012

Unstable conditions in profile 4, in the lowest layer of the atmosphere from 25 September,
are well reproduced by the AMPS model (Figure 14c). Temperature is underestimated by ∼1 ◦C
and wind speed by ∼3 m/s (Table 3). However, higher up in the atmosphere the fit between
modelled and observed properties of profile 4 is poor. While in UAS Aerosonde measurements
temperature decreases with height up to ∼1000 m of altitude, in the model air maintains almost
constant temperature of −24–−23 ◦C in the middle bin (Figure 14c). Furthermore, in both model
results and observations the stretch of the atmosphere between 500 and 1000 m is overlaid by inversion
layer, but in the measurements the inversion is stronger and overlapped by a layer of warmer air
(Figure 14c). In consequence, the fit for profile 4 in terms of temperature is good only in the lowest bin.
Moving on to wind speed, the AMPS and UAS Aerosonde profiles have contrasting shapes throughout
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the middle and uppermost bins (Figure 14d). In the lowest layer of the atmosphere the modelled flow
is a bit weaker than the observed one but similar to observations maintains constant speed up to 500 m
of altitude (Figure 14d).

Other temperature profiles from 25 September are also well reproduced by the model in the lowest
bin, as indicated by high values of correlation coefficient (±0.95 in most profiles) (Table 3). The RMSE
is relatively low, with an exception of profiles 1 and 3 where temperature is underestimated by ∼5 ◦C
(Table 3). On the other hand, wind speed is not well reproduced in AMPS models results, and only in
profiles 6 and 7 the fit between compared profiles can be considered as moderately good. Insignificant
correlations indicate that as in profile 4 (Figure 14d), wind speed does not change much with height
up to 500 m of altitude. Moving on to the middle bin, a good fit between compared profiles is only
present in profiles 2, 6, 7 for temperature and profile 6 for wind speed, although temperatures are
underestimated by 3–4 ◦C and wind speed is overestimated by ∼4 m/s (Table 4). In other profiles the
correlation is either insignificant or minor. In the uppermost layer, good fit for temperature is found in
profiles 1 and 4, thus the upwind and downwind ones (Table 5). Wind speed between 1000 and 1500 m
is well reproduced in profile 2 and 7, although it is a bit underestimated (Table 5).

6. Discussion

This study focuses on the short period of time between 18 and 25 September 2012. Throughout
those few days two cyclones moved from west to east along the Antarctic coast, the extent of TNBP
changed from several tens of km2 to more than 2000 km2 and wind speed on Inexpressible Island
varied between few m/s to more than 35 m/s (Figure 5a). Thus, even though the UAS Aerosonde
measurements covered only few days, they provide valuable information about the atmospheric
properties during different stages of polynya development.

Ebner et al. [6], Jolly et al. [56], Parish and Cassano [57] determined that synoptic scale pressure
gradient plays an important role in determining the surface wind field in the coastal regions of the
Antarctic and is crucial in the occurrence of extremely strong downslope flow. Turner et al. [5] in turn
demonstrated that the location of the storm track plays an important role in the enhancement of the
katabatic flow down the valleys. Short analysis of pressure gradient between Inexpressible Island
and eastern Ross Sea and the movement of the cyclones in the region (Figures 3–5) agrees with
aforementioned findings. In the same way as described in Ebner et al. [6] the cyclone moving from
west to east through 18–19 and 20–21 September (Figure 3a,b) along the Antarctic coast promotes the
intensification of a downslope flow (Figures 5–8b). However, as explained by Jolly et al. [56], when the
synoptic pressure gradient is reduced, mesoscale dynamics play a larger role in regulating the surface
winds. Such situation is found on 25 September when the pressure gradient of ∼15 hPa between
Oates Land and Terra Nova Bay increases due to the development of a mesoscale cyclone (Figure 3).
In consequence, the direction of the flow shifts from northwest, which is typical for katabatic winds,
to southwest. Furthermore, the analysis of Manuela AWS and UAS Aerosonde measurements indicates
that while the flow on 18 and 19 September has mostly katabatic origin, due to low temperature and
humidity, on the following days it has a more diverse background.

Similar to Ebner et al. [6] the katabatic winds are strongest at the beginning of polynya
development, on 18 and 19 September (Figure 5a). As the intensive wind persists for a certain
time the polynya starts to expand further into the bay (Figure 5a), in agreement with the conclusions
of (i.a., Ciappa et al. [3], Yoon et al. [58]). The more opened is the polynya, the more intensive is the
heat exchange between the surface and the atmosphere, which leads to deeper mixing in the ABL.
The weakening of the flow and change in the weather conditions on Inexpressible Island (Figure 4),
as well as in TNBP (Figure 5a) occurs within few hours leading to SIC increase in the polynya.
Rapid reduction of polynya size and decrease in downslope flow strength are common in coastal
regions of the Antarctic [59].

In general, UAS Aerosonde show us how complex the relationship and connections between
surface, ABL and the flow from the interior of the continent is. The most intensive flows bring very
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cold and dry air (19 September, Figure 4) into the bay causing a drop in the temperatures (Figure 7a).
As the winds drive the ice away from the shore the sea surface starts to release heat into the ABL to
overcome a huge difference between air–water temperatures (up to 40 ◦C). Intensive flow of air and
decreasing sea ice cover drive the development of unstable boundary layer [60]. At the beginning
of polynya development (18 and 19 September), the atmospheric conditions are more homogenous
(Figures 6 and 7), in response to relatively uniform surface properties and downslope flow. Whereas,
when the SIC decreases, TNBP expands (Figure 5a) and the surface conditions vary between compact
ice, frazil ice, sea ice floes and open water. In response, the profiles from 22 September differ from each
other (Figure 8). Temperature inversion is present in the profiles further from the coast, while in those
closer to the coast, where SIC is lower, temperatures decrease with height (Figure 8a). Additionally,
comparison of profiles from 19 and 22 September show that very intensive winds are accompanied
by low level inversion, which is absent or located at higher altitude in the profiles with lower wind
speed. The development of deeper ABL in calmer wind conditions is well supported by past polynya
studies [30,55,61,62].The last day of UAS Aerosonde flights is particularly interesting. In all profiles
from 25 September the temperature lapse rate is approximately adiabatic, thus the convection takes
place in the first 500 m (at least) of the ABL (Figure 9a). In comparison to 22 September the air above
the boundary layer, near 500 m, has cooled by 5 ◦C from conditions on the 22 September, with the
pronounced inversion near 500 m on the 22nd no longer evident on the 25 September. Considering
that the winds exceed 20 m/s only near the coast and in the northern part of the bay and flow from the
southwest (Figure 9e), we can assume that the origins of the flow were different from the previous
days. The direction of the wind (southwest) confirms our previous statement that the flow in Terra
Nova Bay on this day is driven by pressure difference between Oates Land and the region of TNBP.
Furthermore, we assume that weaker flow of cold air from the interior of the Antarctic on 25 September
made the development of unstable conditions in a large portion of the ABL possible.

Antarctic Mesoscale Prediction System predictions were evaluated, based on UAS Aerosonde
observations and Manuela AWS measurements. The upwind conditions on an Inexpressible Island
are well resolved by the model. The fluctuations of the katabatic flow throughout studied period,
with its strengthening between 18 and 22 September, as well as abrupt weakening on 23 September
are present in the model results (Figure 12). In terms of vertical structure of the atmosphere the
AMPS model ability to reproduce temperature and wind speed in the air column depends on time
and location of the UAS Aerosonde profile. On 19 September, despite underestimation of wind speed
throughout the whole profile (Figure 13d), the AMPS model very well simulates the properties of
cold and strong, low level katabatic flow (Figure 13c,d). Whereas on 18 and 22 September AMPS
profiles include low level inversions, which are absent in the measurements (Figure 13a) or much
weaker (Figure 14, accompanied by overestimated wind speed in the lowest layer of the atmosphere
(Figures 13b and 14b). Therefore, on those days the model tends to overrate the strength of the
katabatic flow and underestimate atmosphere warming.

On 22 September, the upper layer of the atmosphere is better resolved than the lower one
(Figure 14a,b) due to overestimated katabatic flow and different surface conditions. In fact, SIC data
from AMSR2 sensor often does not match the one found in the AMPS model. Satellite based SIC maps
show low concentrations (10–20%) over the polynya and high values (80–95%) on its edge due to the
accumulation of newly formed ice. Whereas, in the AMPS model the SIC does not fall below 70% in the
areas of polynya formation and gradually increases with the distance offshore (Figure 11). Inadequate
surface conditions may also be responsible for aforementioned, too strong inversions (Figure 13a) or
smaller height of unstable boundary layer (Figure 14c) due to limited heat exchange.

On 25 September the model reproduced unstable conditions from the lowest layer of
the atmosphere, together with weak wind speed and south-westerly direction of the flow
(Figures 14c,d and 15d) very well. Furthermore, temperature and wind speed in the AMPS model
results change steadily with height and in most cases do not include any jumps or second inversions
found in UAS Aerosonde observations (Figures 13 and 14), especially in the upper bin. Their origins
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are hard to define based on the available amount of data. Additionally, wind speed tends to decrease
faster with height than in the measurements (Figures 13b and 14b), which leads to higher values
of RMSE and MBE (Tables 3–5). AMPS also erroneously simulates the temperature lapse rate and
underestimates the upper atmosphere cooling (Figure 13c) and warming (Figure 14c) with height.

Figure 15. AMPS model wind speed results for Terra Nova Bay region for the days of UAS Aerosonde flights,
(a) 18, (b) 19, (c) 22, (d) 25 September 2012.

To summarise, in comparison to large scale climate models, which are unable to resolve katabatic
wind events, the AMPS model represents the spatial distribution and intensity of strong winds near
Terra Nova Bay quite well (Figure 15). However, the path of the flow might in some cases be too
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narrow or too wide, leading to high overestimation and underestimation of wind speed (Tables 3–5).
Additionally, inadequate surface conditions, particularly the lack of SIC variations throughout the day
in Terra Nova Bay, causes errors in both temperature and wind speed simulations. This is in agreement
with conclusions of Bourassa et al. [34], who highlighted the importance of an accurate SIC data in
numerical modelling of polar regions. Considering, that the variations of sea ice coverage in the bay,
together with the intensity of the downslope flow (Figure 4a), may change quite rapidly, the AMPS
model is probably unable to represent them accurately (e.g., 22 September). Furthermore, good/poor
correlation for modelled wind speed profiles is not, in many cases, related to good/poor correlation
for temperature profiles (e.g., profile 1, 2, 3 from 18 September; Table 3). Therefore, the errors in model
results are related to both misrepresentation of katabatic flow intensity and surface conditions.

Due to lack of direct observations and increasing availability of satellite images, the majority of
TNBP studies focused on polynya size and the relationship between its size and the strength of katabatic
winds. UAS Aerosonde measurement give us a rare opportunity to study the ABL over Terra Nova
Bay during different stages of polynya development and varying intensity of downslope/offshore flow.
The surface conditions and properties of the downslope flow are interconnected and together affect
temperature and wind speed throughout the ABL and the bay. Considering that our study focuses
only on a few days, it only gives us a glimpse into the processes taking place in Terra Nova Bay in
response to katabatic wind events and changing synoptic conditions. More observations are needed
to fully understand the extreme winds and atmosphere–surface interactions in TNBP and improve
predictions made by numerical weather prediction models.
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