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Key points 8 

• A consistent decrease in downwelling longwave radiation as stability increases points to radiative 9 
forcing as an important distinguishing factor in changing stability across the Antarctic continent 10 
and throughout all seasons, except summer. 11 

• Between the three weakest stability regimes (near-neutral, very shallow mixed, and weak 12 
stability), a unique pattern emerges, and likely defines the very shallow mixed regime where wind 13 
speeds are always weaker in comparison to the near-neutral and weak stability regimes.  14 

• Reduced downwelling longwave radiation in combination with stronger near-surface wind speed 15 
is associated with stability regimes with enhanced stability above a layer of weaker near-surface 16 
stability.  17 
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Abstract  

The relative importance of changes in radiative forcing (downwelling longwave radiation) and 18 
mechanical mixing (20 m wind speed) in controlling boundary layer stability annually and seasonally at 19 
five study sites across the Antarctica continent is presented. From near-neutral to extremely strong near-20 
surface stability, radiative forcing decreases with increasing stability, as expected, and is shown to be a 21 
major driving force behind variations in near-surface stability at all five sites. Mechanical mixing usually 22 
decreases with increasing near-surface stability for regimes with weak to extremely strong stability. For 23 
the cases where near-neutral, very shallow mixed, and weak stability occur, the wind speed in the very 24 
shallow mixed case is usually weaker compared to the near-neutral and weak stability cases while 25 
radiative forcing is largest for the near-neutral cases. This finding is an important distinguishing factor for 26 
the unique case where a very shallow mixed layer is present, indicating that weaker mechanical mixing in 27 
this case is likely responsible for the shallower boundary layer that defines the very shallow mixed 28 
stability regime. For cases with enhanced stability above a layer of weaker near-surface stability, lower 29 
downwelling longwave radiation promotes the persistence of the stronger stability aloft, while stronger 30 
near-surface winds act to maintain weaker stability immediately near the surface, resulting in this two-31 
layer boundary layer stability regime.  32 
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1 Introduction  33 

The atmospheric boundary layer is the lowest part of the atmosphere where the surface of the 34 
earth and overlying atmosphere interact, for example, exchanging heat and moisture. Boundary layer 35 
stability varies based largely on the surface energy budget and mechanical mixing driven by wind shear. 36 
Increased downwelling longwave radiation, in the presence of cloud cover, or solar radiation reduces 37 
boundary layer stability, while clear skies, with less downwelling longwave radiation, and long periods of 38 
darkness, especially in the polar regions, allows for the formation of strong near-surface temperature 39 
inversions (King and Turner 1997; Cassano et al., 2016). Increased near surface wind speed, and thus 40 
wind shear, can also reduce stability by generating turbulence and mixing down warmer air from aloft. In 41 
contrast, weak winds and reduced wind shear and mixing allow for stronger near-surface stability 42 
(Hudson and Brandt, 2005; Dice and Cassano, 2022). Here, we will use the findings from Dice et al. 43 
(2023), which described the range of boundary layer stability present at two continental interior and three 44 
coastal sites in Antarctica (Figure 1), to determine how radiative forcing and mechanical mixing vary 45 
across this range of boundary layer stability regimes, and how these mechanisms vary seasonally and 46 
across the continent. 47 

Previous boundary layer studies have widely documented radiative forcing and wind shear to be 48 
two main drivers of variations in static stability in the boundary layer (Hudson and Brandt, 2005; Stone 49 
and Kahl, 1991; King and Turner, 1997; etc.). In terms of radiative forcing, Cassano et al. (2016) found a 50 
strong seasonal cycle of inversion strength over the Ross Ice Shelf, approximately 100 km from 51 
McMurdo, with stronger inversion strength in the austral winter during polar night while solar radiation is 52 
zero, and weaker inversion strength in the austral summer during polar day when the sun is always above 53 
the horizon and solar heating is strongest. Dice and Cassano (2022) also found decreasing radiative flux 54 
with increasing stability at McMurdo. At Neumayer, Silva et al. (2022) noted strong temperature 55 
inversions, especially during the winter when solar radiation is low or zero during polar night. Hudson 56 
and Brandt (2005) found that inversion strength decreases with increasing radiative flux in the winter at 57 
South Pole and Dome Concordia (“Dome C”). This was also observed by Pietroni et al. (2013), who 58 
found the strongest surface-based temperature inversions at Dome C to occur with strong radiative 59 
cooling, which is at its maximum in the austral winter. Further, increased downwelling longwave 60 
radiation is usually associated with reduced near-surface stability in the Arctic (Solomon et al., 2023) and 61 
Antarctic (Stone and Kahl, 1991; Dice and Cassano, 2022). 62 

When analyzing boundary layer stability in terms of variations in near-surface wind speed, 63 
Cassano et al. (2016) found that over the Ross Ice Shelf, the strength of inversions is related to the 64 
strength of the wind speed, with the strongest inversions occurring when the wind speed is less than 4 m s-65 
1, and the strength of the inversion rapidly decreases with increasing winds above 4 m s-1. Dice and 66 
Cassano (2022) found the strongest inversions occurring with wind speeds less than 4.3 m s-1 at 67 
McMurdo. Silva et al. (2022) investigated boundary layer stability at Neumayer, and found strong 68 
inversions were associated with low wind speeds. Hudson and Brandt (2005) found that, while it is 69 
generally expected that increasing wind speeds will reduce near-surface stability by mixing warmer air 70 
from aloft to the surface, the strongest stability conditions occur when wind speeds are 3 m s-1 to 5 m s-1 71 
rather than calm at South Pole and Dome C, which was also noted by other studies in the coastal regions 72 
of Antarctica (Cassano et al., 2016). Results from Argentini et al. (2005) show that a wind speed of 4.5 m 73 
s-1 is required to reduce stable conditions to well mixed conditions at Dome C and Pietroni et al. (2013) 74 
found the strongest surface-based temperature inversions at Dome C occur with weak winds. 75 

In addition to radiative forcing and mechanical mixing, several other phenomena can alter the 76 
static stability in the boundary layer. For example, temperature advection or warm air from over open 77 
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water or cold air from over ice sheets or sea ice can quickly change near-surface stability conditions 78 
especially at coastal locations such as McMurdo, Neumayer, and Syowa. Warm air advection over a cold 79 
surface would result in increased near-surface stability (Stone and Kahl, 1991; Vignon et al., 2017; 80 
Pietroni et al., 2013). It is also possible that cyclonic activity can alter near-surface boundary layer 81 
stability, through changes in wind speed and cloud cover associated with the cyclone. At Neumayer, 82 
cyclonic activity reaches a maximum in the fall and spring, during which temperature inversions are 83 
rarely observed, whereas during non-cyclonic periods, temperature inversions are observed three times as 84 
often compared to during the cyclonic periods (Silva et al., 2022). Additionally, katabatic flow from the 85 
continental interior has been observed to impact conditions at Syowa and can flow from the plateau 86 
located just above the South Pole as well. At Syowa, there is a high frequency of strong wind events 87 
associated with katabatic activity in the fall and winter (Yamada and Hirasawa, 2018). The effects of 88 
katabatic flow on boundary layer stability at Syowa is not well documented, but katabatic flow can either 89 
result in the influx of cold air near the surface, resulting in strong temperature inversions, or increased 90 
mechanical mixing can reduce near-surface stability (Vihma et al., 2011). At South Pole, clear-sky 91 
conditions are associated with weak katabatic flow from the plateau, resulting in a persistent and strong 92 
surface-based temperature inversion (Stone and Kahl, 1991).  93 

The results presented below will assess differences in radiative forcing, as shown by downwelling 94 
longwave radiation, and mechanical generation of turbulence, as shown by near-surface wind speed, 95 
associated with varying boundary layer stability across the Antarctic continent (Section 3). The relative 96 
importance of forcing mechanisms for the various regimes annually and seasonally and across the 97 
continent will be explored in Section 4.   98 

 

Figure 1: As seen in Dice et al. (2023): Map locations of all study sites (red dots with station names) 99 
across the continent. Map courtesy of Quantarctica (Matsuoka et al., 2018). 100 
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2 Data and Methods  101 

2.1 Data 102 

Radiosonde data from two continental interior sites (South Pole and Dome C) and three coastal 103 
sites (McMurdo, Neumayer, and Syowa) (Figure 1, Table 1) as well as corresponding downwelling 104 
longwave and shortwave radiation data at the time the radiosonde launches occurred are included in this 105 
analysis. As described by Dice et al. (2023), the lengths of data sets (13 months at McMurdo to 19 years 106 
at Syowa) are used for the data presented here, reflecting the longest term, continuous, and easily 107 
accessible data set from each of the five sites listed above. The shorter period of data from McMurdo is 108 
used to coincide with availability of radiosonde and radiation data from the year-long Department of 109 
Energy Atmospheric Radiation Measurement (ARM) West Antarctic Radiation Experiment (AWARE) 110 
(Lubin et al., 2017, 2020; Silber et al., 2018) campaign, which was also previously analyzed by Dice and 111 
Cassano (2022) and Dice et al. (2023). The data from Neumayer station is also a relatively shorter data 112 
set, as data with high enough resolution was not available until 2018 (Dice et al., 2023). The data sets at 113 
South Pole, Dome C, and Syowa have data available spanning more than at least 15 years.  114 

Located 2835 m above sea level, South Pole is a high elevation continental interior site known for 115 
its persistent cold conditions and temperature inversions (Zhang et al., 2011; Hudson and Brandt, 2005; 116 
etc.). Radiosonde data from 1 January 2005 through 29 September 2021 have been retrieved from the 117 
Antarctic Meteorological Research and Data Center (AMRDC). The radiosondes at South Pole are 118 
launched once per day at 2100 UTC, and twice per day during the austral summer when conditions allow. 119 
The radiative flux data from South Pole are from the Baseline Surface Radiation network (BSRN), and 120 
the instrumentation for this data is located 0.8 km away from the radiosonde launch site (Table 1).  121 

Also located at high elevation, at 3233 m above sea level, Dome C is located on a plateau with a 122 
nearly flat surface around it, characterized by almost constant near-surface temperature inversions and 123 
strong stability (Genthon et al., 2013; Pietroni et al., 2013). Radiosonde data from Dome C between 21 124 
January 2006 and 14 October 2021 are from the Antarctic Meteo-Climatological Observatory, and 125 
radiosonde launches are performed once per day throughout the year at 1200 UTC. Radiation data from 126 
Dome C was obtained from BSRN, and the site of the radiation instrumentation is located 0.6 km away 127 
from the radiosonde launch site (Table 1).  128 
 129 

Located on Hut Point Peninsula of Ross Island, McMurdo is a coastal site surrounded by complex 130 
topography, where Mt. Erebus rises to 3,794 m. McMurdo is located between McMurdo Sound to the 131 
west and north and the Ross Ice Shelf to the south and east. The data used in this study from McMurdo 132 
are from the AWARE campaign (Lubin et al., 2017, 2020; Silber et al., 2018), which occurred at 133 
McMurdo from 20 November 2015 to 3 January 2017. During AWARE, radiosonde launches occurred 134 
twice daily at 1000 UTC and 2200 UTC. The surface radiative flux data from AWARE were recorded 135 
approximately 2 km away from the radiosonde launch site (Table 1). The radiosonde site is characterized 136 
by coastal influences from McMurdo Sound, with slower wind speeds and warmer temperatures, whereas 137 
higher wind speeds and colder temperatures are characteristic of the higher elevation observation site on 138 
the Ross Ice Shelf side of the Hut Point peninsula where the surface radiation was measured during 139 
AWARE (Dice and Cassano, 2022) 140 

Located near sea-level on the Ekström Ice Shelf, Neumayer is characterized by flat and 141 
homogeneous terrain. Neumayer is influenced by cyclone activity in the circumpolar trough, which can 142 
act to quickly impact boundary layer stability at this site (Silva et al., 2022). Radiosonde and surface 143 
radiative flux data from Neumayer Station are from BSRN, recorded from 1 June 2018 to 31 January 144 
2021, with radiosonde launches occurring once per day at 1200 UTC, and when conditions are favorable 145 
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during austral summer, a second launch occurs at 0500 UTC. The site of the instrumentation for the 146 
radiative flux data is located 3.1 km away from the radiosonde launch site (Table 1).  147 

Syowa station is located near sea level on East Ongul Island in the Lutzow-Holm Bay, where the 148 
wind and weather conditions are impacted by cyclone activity and katabatic winds from the continental 149 
interior (Murakoshi, 1958; Yamada and Hirasawa, 2018). Radiosonde data from 1 February 2001 through 150 
23 January 2020 are from the Office of Antarctic Observation Japan Meteorological Agency (pers. comm. 151 
Yutaka Ogawa). The radiosonde launches occur twice pre day at 1130 UTC and 2330 UTC. The surface 152 
radiative flux data is from BSRN, and the instrumentation for this data is located 1.1. km away from the 153 
radiosonde launch site (Table 1). 154 

The radiosonde observations from all five sites will be analyzed from 20 m above ground level 155 
(AGL) to 500 m AGL. The height of 20 m was chosen as the lowest height to analyze, as oftentimes, 156 
warm biases near the surface in radiosonde data are observed below this height, due to radiosondes being 157 
moved from warm buildings to outside without enough time to equilibrate to outside temperatures before 158 
launch (Schwartz and Doswell, 1991; Mahesh et al., 1997). The height of 500 m was chosen to be the top 159 
of the profiles we will analyze here, as the depth of the boundary layer was below 500 m in most cases 160 
(Dice and Cassano, 2022; Dice et al., 2023). The boundary layer stability profiles in this study will be 161 
assessed based on the vertical potential temperature gradient from each radiosonde profile.  162 

Given the two separate locations of the radiosonde launch sites and the surface observation site, it 163 
is important to note that these two locations could have slightly different meteorological conditions. For 164 
this reason, and because several of the sites have different heights at which surface wind speed is 165 
recorded, the surface wind speeds discussed in this study will be near-surface 20 m wind speeds taken 166 
from the radiosonde observations rather than surface wind speeds from the respective surface observation 167 
sites.  168 
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Table 1: Information for each of the five study sites: South Pole, Dome C, McMurdo, Neumayer, and 169 
Syowa. From left to right, the columns indicate: study site, latitude, longitude and elevation above sea 170 
level (ASL), site location type, distance between the location of the radiosonde launches and the location 171 
of the surface observation instrumentation, the type of radiosonde and accuracy of the temperature and 172 
wind measurements, respectively, the radiation instrumentation and accuracy, the time period of the 173 
radiosonde and radiation data, and the number of radiosonde launches in the dataset.  174 

Station Latitude, 

Longitude, 

Elevation 

Site 

Type 

Distance 

between 

Observations 

Radiosonde 

Type and 

Accuracy 

Radiation 

Instrument 

and Accuracy 

Time Period 

of Surface 

Observations 

Numbe

r of 

Profiles 

South Pole -89.98°S, 

24.80°W; 

2,836 m 

Interior 

plateau 

811.8 m Vaisala RS41-

SGP 

radiosondes;  

0.2 K, 0.5 m s-1 

Pyrgeometer, 

Eppley, PIR;  

5 W m-2 

Pyranometer, 

Eppley, PSP; 

<0.5% 

01 Jan 2005-

29 Sep 2021 

8,587 

Dome 

Concordia 

-75.10°S, 

123.33°E;  

3,251 m 

Interior 

plateau 

571.8 m RS-92 

radiosondes;  

0.2 K, 0.2 m s-1 

Pyrgeometer, 

Kipp & 

Zonen, CG4;  

<7.5 W m-2 

Pyranometer, 

Kipp & 

Zonen, CM22; 

<0.5% 

21 Jan 2006- 

14 Oct 2021 

5,147 

McMurdo -89.98°S, 

24.80°W; 

2,836 m 

Coastal; 

Ross 

Island 

1.7 km RS-92 

radiosondes;  

0.2 K, 0.2 m s-1 

Pyrgeometer, 

Eppley, PIR;  

5 W m-2 

Pyranometer, 

Eppley, PSP; 

<0.5% 

30 Nov 2015- 

03 Jan 2017 

8,587 

Georg von 

Neumayer 

-70.65°S, -

8.17°W;  

38 m 

Coastal; 

Ekström 

Ice 

Shelf 

3.1 km Vaisala, RS41-

SGP 

radiosondes;  

0.2 K, 0.5 m s-1 

Pyrgeometer, 

Eppley, PIR; 

5 W m-2 

Pyranometer, 

Kipp & 

Zonen, CM11; 

<0.5% 

01 Jun 2018- 

31 Jan 2021 

1,220 

Syowa -69.00°S, 

39.58°W; 

18.4 m 

Coastal; 

East 

Ongul 

Island 

1.1 km Meisei RS-11G 

radiosondes;  

0.5 K, 2 m s-1 

Pyrgeometer, 

Kipp & 

Zonen, CG4; 

<7.5 W m-2 

Pyranometer, 

EKO, MS-43; 

<5% 

01 Feb 2007- 

23 Jan 2020 

6,390 
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2.2 Methods 175 

2.2.1 Definition Scheme for Boundary Layer Stability Regimes 176 

Boundary layer stability regimes, accounting for both near-surface stability and stability above 177 
the boundary layer, were defined by Dice et al. (2023) (Table 2) and used to classify the stability in 178 
individual radiosonde profiles. The potential temperature gradient between 20 m and 50 m in each 179 
radiosonde profile were used to define six near-surface stability regimes. These six near-surface stability 180 
regimes range from near neutral conditions (NN; dθ/dz < 0.5 K (100 m)-1) to extremely strongly stable 181 
conditions (ESS; dθ/dz > 30 K (100 m)-1). Thresholds to distinguish between these six regimes, near 182 
neutral (NN), weak stability (WS), moderate stability (MS), strong stability (SS), very strong stability 183 
(VSS) and extremely strong stability (ESS) were defined by Dice et al. (2023) and Jozef et al. (2023) 184 
(Table 2), and were found to have robust applications in both the Antarctic and Arctic. 185 

 Stability regimes aloft, just above the boundary layer, were also defined, as many of the 186 
radiosonde profiles have enhanced stability above layers of weaker, near-surface stability. It is important 187 
to identify the stability structure both within, and just above the boundary layer for understanding of its 188 
evolution in time. For example, enhanced stability above the boundary layer could act to suppress the 189 
growth of the boundary layer with strong radiative forcing or mechanical mixing. Stability aloft was 190 
defined by first finding the top of the boundary layer based on the bulk Richardson number, as described 191 
in Jozef et al. (2022). A ratio between the production or suppression of turbulence by buoyancy and 192 
turbulence generated by wind shear, the bulk Richarson number is used to identify the point in each 193 
radiosonde profile where turbulence is no longer sustained (Stull, 1988). Thus, the height of the boundary 194 
layer is given by the height at which the bulk Richardson number exceeds the critical value (0.5) and 195 
remains above this value for at least 20 consecutive meters in each radiosonde profile. Then, the stability 196 
regime above the boundary layer was found by identifying the maximum potential temperature gradient 197 
between the top of the boundary layer and 500 m (the top of the profile used in this study), using the same 198 
potential temperature gradient thresholds used to define the near-surface stability (Table 2). An aloft 199 
stability regime was only attributed to a radiosonde profile when stability aloft was greater than the near-200 
surface stability. In cases where the greatest stability in the profile occurs near the surface, no aloft 201 
stability regime is defined.  202 

It was also noted in the near neutral (NN) and weak stability (WS) regimes that there was one 203 
grouping of profiles where the boundary layer depth is greater than 125 m, and one grouping where the 204 
depth was less than 125 m. For these profiles with a boundary layer depth less than 125 m and a NN or 205 
WS stability designation, the regime was instead identified to be very-shallow mixed, or VSM.  206 

The near-surface and aloft stability (if applicable) for each radiosonde profile were combined to 207 
give the final stability regime. Thus, profiles with, for example, near-neutral stability near the surface and 208 
moderate stability above the boundary layer was named as “near-neutral, moderate stability aloft”, or 209 
“NN-MSA”. Applying this method to the various combinations of near-surface and aloft stability regimes 210 
left seven “stability groupings”, where the near-surface stability is the same, but varied stability is present 211 
aloft. For example, the NN “stability grouping” consists of the following NN (near-neutral), NN-WSA 212 
(near-neutral, weak stability aloft), NN-MSA (near-neutral, moderate stability aloft), and NN-SSA (near-213 
neutral, strong stability aloft). Figures throughout this paper use distinct colors for each of these stability 214 
groupings: NN, brown, VSM, red, WS, green, MS, blue, SS, purple, VSS, pink, and ESS, indigo. The 215 
darkest color in each group is the “basic near-surface stability regime”, where no enhanced stability aloft 216 
is present, and the color used to represent the regimes decreases in intensity as stability aloft in each 217 
grouping increases. The basic near-surface stability regimes consist of the following: NN, WS, MS, SS, 218 
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VSS, and ESS, as well as VSM-WSA. The VSM-WSA regime is also considered a basic near-surface 219 
stability regime because the VSM portion of this regime is a subset from the NN or WS regime, as it has 220 
the same potential temperature gradient, just a shallower boundary layer (Dice et al., 2023). Additionally, 221 
to help with visualization of the vertical structure of the regimes, an example profile of the potential 222 
temperature gradient and potential temperature anomaly for each of the twenty boundary layer regimes 223 
can be seen in Figure 2.  224 

Table 2: As seen in Dice et al. (2023): Boundary Layer Regime definition scheme. The left column of the 225 
table shows the potential temperature gradient (dθ/dz in K (100 m)-1) thresholds used to define each of 226 
the six basic near-surface stability regimes from 20 m to 50 m. The middle column shows how the very 227 
shallow mixed layer definition was applied to NN and WS cases. The third column shows the maximum 228 
potential temperature gradient thresholds (dθ/dz in K (100 m)-1) for the aloft stability regimes.  229 

 

 

 

 

 

 

 

 

Near-Surface Stability Very Shallow Mixed Layer Stability Above Boundary Layer 

(“Aloft”) 
Near-Neutral (NN):  

dθ dz-1 < 0.5 K (100 m)-1 

If near-surface stability = NN or 

WS and ABL height <125 m 

➢ Near-surface stability 

=Very-Shallow Mixed 

(VSM) 

Weak Stability (WS):  

dθ dz-1 >= 0.5 K (100 m)-1  

and < 1.75 K (100 m)-1 

Weak Stability Aloft (-WSA):  

dθ dz-1 >= 0.5 K (100 m)-1  
 and < 1.75 K (100 m)-1  

Moderate Stability (MS):  

dθ dz-1 >= 1.75 K (100 m)-1  

and < 5 K (100 m)-1 

 
Moderate Stability Aloft (-MSA):  

dθ dz-1 >= 1.75 K (100 m)-1   

and < 5 K (100 m)-1  

Strong Stability (SS):  

dθ dz-1 >= 5 K (100 m)-1  

and < 15 K (100 m)-1 

Strong Stability Aloft (-SSA):  

dθ dz-1 >= 5 K (100 m)-1 

Very Strong Stability (VSS): 

dθ dz-1 >= 15 K (100 m)-1  

and < 30 K (100 m)-1 

Very Strong Stability Aloft (-VSSA):  

dθ dz-1 >= 15 K (100 m)-1  

Extremely Strong Stability (ESS):  

dθ dz-1 >= 30 K (100 m)-1 

Extremely Strong Stability Aloft (-ESSA):  

dθ dz-1 >= 30 K (100 m)-1  
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Table 3: As seen in Dice et al. (2023): Boundary Layer Regime acronyms and color codes. On the left is 230 
the color and acronym used to represent each of the 20 stability regimes in figures and tables throughout 231 
this paper, and the full regime name is spelled out on the right. The basic near-surface stability regimes 232 
are denoted in bold font.  233 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Regime 

Color and 

Acronym 

Regime Full Name  

NN Near Neutral 

NN-WSA Near Neutral- Weak Stability Aloft 

NN-MSA Near Neutral- Moderate Stability Aloft 

NN-SSA Near Neutral- Strong Stability Aloft 

VSM-WSA Very Shallow Mixed- Weak Stability Aloft 

VSM-MSA Very Shallow Mixed- Moderate Stability Aloft 

VSM-SSA Very Shallow Mixed- Strong Stability Aloft 

WS Weak Stability 

WS-MSA Weak Stability- Moderate Stability Aloft 

WS-SSA Weak Stability- Strong Stability Aloft 

MS Moderate Stability 

MS-SSA Moderate Stability- Strong Stability Aloft 

MS-VSSA Moderate Stability- Very Strong Stability Aloft  

MS-ESSA Moderate Stability- Extremely Strong Stability Aloft 

SS Strong Stability 

SS-VSSA Strong Stability- Very Strong Stability Aloft 

SS-ESSA Strong Stability- Extremely Strong Stability Aloft 

VSS Very Strong Stability 

VSS-ESSA Very Strong Stability- Extremely Strong Stability Aloft 

ESS Extremely Strong Stability  
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Figure 2: Examples (from Dome C) of the vertical profile structure of the regimes listed in Table 3. The 234 
potential temperature gradient is shown in pink (top axis), the potential temperature anomaly (with 235 
respect to the 20 m potential temperature form the radiosonde) is shown in blue (bottom axis). The 236 
stability regime acronym is given above the top left corner of each subplot and is also indicated by the 237 
colored outline around each plot, according to the key in the bottom right of the figure. 238 
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3 Results  239 

Once each radiosonde profile has been assigned a boundary layer stability regime, the list of dates 240 
and times when each regime occurred is used to calculate statistics of the boundary layer forcing 241 
mechanisms for each regime. To assess the possible atmospheric forcing that drives the variability in 242 
stability regimes we compare downwelling longwave radiation and 20 m wind speed across the different 243 
stability regimes (Table 2). The 20 m radiosonde wind speed is used rather than the surface wind speed to 244 
remove any potential discrepancy in wind speeds due to the difference in location of surface observations 245 
and radiosonde launch sites, as described in Section 2.1. These two forcing variables serve as proxies for 246 
varying surface energy fluxes and mechanical mixing which may lead to variations in near-surface 247 
stability (Rodrigo and Anderson, 2013). As observed in Dice and Cassano (2022) and other studies, 248 
surface heating or reduced cooling (increased downward radiative fluxes) and increased mechanical 249 
mixing (greater near surface wind speed and shear) lead to weaker stability, while surface cooling and 250 
decreased mechanical mixing allow stable conditions and temperature inversions to form at the surface 251 
(e.g., King and Turner, 1997; Andreas et al., 2000; Hudson and Brandt, 2005). While downwelling 252 
longwave radiation is largely independent of stability, wind speeds can change in response to changes in 253 
stability. For example, with very strong near-surface stability, winds can become decoupled from the 254 
frictional, slowing effects of the surface and increase. In addition to these two variables, additional 255 
forcing mechanisms, such as the passing of synoptic cyclones or other weather systems, or low-level 256 
advection, all of which could result in changes in near surface stability, are possible, although not 257 
investigated at length in this analysis. 258 

Box plots of downwelling longwave radiation and 20 m radiosonde wind speed are shown for 259 
each stability regime with increasing stability, from NN to ESS, from left to right on an annual (left panel) 260 
and seasonal (right four panels) basis at each site (Figures 3 through 12). The seasons are defined in this 261 
study as follows: summer (DJ), fall (FMA), winter (MJJA), and spring (SON), as used in previous studies 262 
of the Antarctic (Cassano et al., 2016, Seefeldt and Cassano, 2012). Each box plot shows the mean (black 263 
asterisk), median (black horizontal line), 25th and 75th percentiles (edges of box), and 10th and 90th 264 
percentiles (whiskers) for each regime, although the analysis below will primarily focus on the mean 265 
values. The number of observations in each regime annually and seasonally are given by the numbers at 266 
the top of each plot, and the horizontal black line across each of the annual and seasonal panels is the 267 
mean for that period of time. Regimes with fewer than 10 observations will not be discussed at length, as 268 
these small sample sizes may not be representative. The number of observations, mean downwelling 269 
longwave radiation, and mean 20 m wind speed in each regime are listed in Tables S1 to S5 for each site.  270 

3.1 South Pole  271 

South Pole, a high-plateau continental interior site, is generally characterized by strong and 272 
persistent radiative cooling allowing for the formation of strong stability (Stone and Kahl, 1991; Lazzara 273 
et al., 2012). Dice et al. (2023) noted that boundary layer stability at South Pole was largely dominated by 274 
the SS, VSS, or ESS regimes, occurring near the surface 51% of the year. However, they found when 275 
considering the maximum stability in the profile, SS, VSS, or ESS conditions occur 85.2% of the year, 276 
either near the surface or aloft but below 500 m. Here, the radiative forcing and mechanical mixing for 277 
each stability regime will be analyzed on an annual and seasonal basis.  278 

The downwelling longwave radiation for each regime annually and seasonally is shown in Figure 279 
3 and Table S1. Considering changes in downwelling longwave radiation as stability increases, the first 280 
result to note is that annually, the downwelling longwave radiation (Figure 3) decreases by nearly half 281 
from weak to strong stability across the basic near-surface stability regimes from NN (174 W m-2) to ESS 282 
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(91 W m-2). Similarly, in the fall and spring, downwelling longwave radiation consistently decreases from 283 
the MS (138 W m-2 in the fall 129 W m-2 in the spring) to ESS (95 W m-2 in the fall and 93 W m-2 in the 284 
spring) basic near-surface stability regimes, which are the most common regimes in these seasons. In the 285 
winter downwelling longwave radiation is higher in the SS (115 W m-2) regime, compared to the much 286 
lower values in the VSS (90 W m-2) and ESS (88 W m-2) regimes, indicating a clear difference in forcing 287 
for relatively weaker versus relatively stronger stability regimes. A similar observation is noted in the 288 
summer, where the downwelling longwave radiation is similar in the NN (173 W m-2) and VSM-WSA 289 
(163 W m-2) regimes and is then about 21% lower, and similar, across the WS, MS, and SS regimes, 290 
ranging from 128 to 137 W m-2. Annually and across all seasons, the downwelling longwave radiation in 291 
the SS, VSS, and ESS regimes is almost always lower than the seasonal mean, and the downwelling 292 
longwave radiation in the NN regime, and usually in the VSM regime, is above the seasonal mean.  293 

It is also important to note the influence of downwelling shortwave radiation in the summer and 294 
transition seasons, as enhanced downwelling shortwave radiation can also reduce near-surface stability. 295 
On an annual basis at South Pole downwelling shortwave radiation across the NN, VSM-WSA, WS, and 296 
MS basic near-surface stability regimes is highest (362 W m-2 to 394 W m-2) and above the annual mean, 297 
then dramatically decreases in the SS regime (248 W m-2) and is lowest and below the annual mean in the 298 
VSS regime (76 W m-2) and the ESS regime, which occurs almost exclusively when downwelling 299 
shortwave radiation is zero (Figure S1). These results show that the strongest stability regimes can only 300 
form when there is very little downwelling shortwave radiation. With downwelling shortwave radiation 301 
much higher than 300 W m-2 throughout the summer season, it is thus not surprising that the strongest 302 
stability regimes (VSS and ESS) occur rarely or not at all. In the fall and spring, during the transiting into 303 
or out of the polar night, a wide range of downwelling shortwave radiation is possible and a strong 304 
decrease in downwelling shortwave radiation is noted going from the MS regime (233 W m-2 in the fall 305 
and 341 W m-2 in the spring) to the ESS regime (24 W m-2 in the fall and 62 W m-2  in the spring) which 306 
further supports the observation that these strongest stability regimes are limited to periods with little or 307 
no sunlight.  308 

When stability aloft increases within a given stability grouping, downwelling longwave radiation 309 
usually decreases. In the fall, winter, and spring, and on an annual basis, this decrease is largest in the MS 310 
stability grouping, by as much as 26 W m-2 to 37 W m-2, followed by the decrease in the SS stability 311 
grouping, by as much as 16 W m-2 to 26 W m-2. In the summer, downwelling longwave radiation 312 
decreases within the NN (15 W m-2), VSM (16 W m-2), and MS (6 W m-2) stability groupings, although 313 
not as strongly as what was seen within stability groupings in the other seasons, while downwelling 314 
longwave radiation is more similar as stability aloft increases in the WS stability grouping.  315 
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Figure 3: Box plot showing the distribution of downwelling longwave radiation observed for each stability regime at 316 
South Pole annually (left panel) and seasonally (right four panels – summer, fall, winter, and spring). Box plots 317 
show median downwelling longwave radiation (horizontal line), mean downwelling longwave radiation (black star), 318 
25th and 75th percentiles (edges of boxes), and 10th and 90th percentiles (whiskers). The thin vertical black lines in 319 
the figure separate the stability groupings in each panel (annual or seasonal). The thin horizontal black lines across 320 
each panel (annual or seasonal), indicate the mean value for that entire time period. The numbers at the top indicate 321 
the number of radiosonde profiles in each regime. 322 

While the trend in downwelling longwave radiation both annually and seasonally generally shows 323 
a clear decrease from weak to strong stability both at the surface and aloft (Figure 3 and Table S1), the 20 324 
m wind speed (Figure 4; Table S1) observations for the various regimes shows less of a clear difference in 325 
wind speed with varying stability. However, it is noted that for most near-surface stability groupings the 326 
20 m wind speed tends to increase with increasing stability aloft, suggesting that increased mechanical 327 
mixing by stronger winds is required for maintaining reduced near-surface stability as stability aloft 328 
increases, consistent with Dice and Cassano (2022).  329 

When looking at just the basic near-surface stability regimes on an annual basis mean wind 330 
speeds are highest in the WS regime (6.2 m s-1), and then lower and similar across the SS, VSS, and ESS 331 
regimes, ranging from 5.1 m s-1 to 5.4 m s-1, and lowest in the NN, VSM-WSA, and MS regimes, ranging 332 
from 4.3 m s-1 to 4.5 m s-1. A similar pattern is observed in the summer, where wind speeds are the 333 
strongest in the WS regime (5.7 m s-1), weaker in the NN (4.5 m s-1) and the VSM-WSA (4.3 m s-1) 334 
regimes and weakest in the MS (3.9 m s-1) and SS regimes (3.7 m s-1). Annually and in the summer, the 335 
stronger wind speeds in the WS regime in comparison to the VSM-WSA regime is a key difference that 336 
distinguishes these regimes which are similar in boundary layer strength (Table 2) but have different 337 
boundary layer depths. This will be discussed further in the discussion section below. In the fall and 338 
spring, wind speed is slightly higher in the MS regime (6.0 m s-1 in the fall and 5.8 m s-2), and weaker and 339 
similar across the SS, VSS and ESS regimes (between 4.7 m s-1 and 5.2 m s-1 in the fall and between 5.0 340 
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m s-1 and 5.2 m s-2 in the spring). In the winter, wind speeds decrease from SS (7.1 m s-1) to ESS (5.3 m s-341 
1), which is a more consistent decrease with increasing stability, and more like the expected result that 342 
weaker winds are associated with stronger stability (e.g., Cassano et al., 2016). 343 

Winds generally increase with increasing stability aloft in each stability grouping annually and, in 344 
the fall and spring (Figure 4; Table S1). Annually, the wind speed increases the most in the MS stability 345 
grouping from 4.4 m s-1 to 8.5 m s-1, but also shows clear increases across the NN, VSM, WS, SS, and 346 
VSS stability groups. Wind speed increases 1.3 m s-1 to 2.8 m s-1 with increasing stability in the 347 
frequently observed MS, SS, and VSS stability groups in the fall and spring. In contrast, in the winter, as 348 
stability aloft increases within stability groupings, wind speed increases only slightly with increasing 349 
stability aloft in the SS (0.6 m s-1) and VSS (0.5 m s-1) stability groupings. In comparison, wind speeds 350 
across the MS-SSA, MS-VSSA, and MS-ESSA regimes do not follow a very clear trend, ranging from 351 
8.5 m s-1 to 8.9 m s-1. Similarly in the summer, wind speed increases 0.6 m s-1 to 0.9 m s-1 in the NN, 352 
VSM, and WS stability groupings as stability aloft increases. It is also interesting to note that the mean 353 
wind speed for the basic near-surface stability regimes, annually and seasonally, is generally lower than 354 
the annual or seasonal mean, while the wind speeds in regimes with enhanced stability aloft is often 355 
higher than the annual or seasonal mean. As noted above, this suggests that stronger mechanical mixing 356 
may be needed to reduce near-surface stability in the presence of enhanced stability aloft, which was also 357 
noted by Dice and Cassano (2022) at McMurdo.  358 

 

Figure 4: Box plot showing the distribution of 20 m wind speed observed for each stability regime at South Pole 359 
annually (left panel) and seasonally (right four panels – summer, fall, winter, and spring). Box plots show median 360 
20 m wind speed (horizontal line), mean 20 m wind speed (center black star), 25th and 75th percentiles (edges of 361 
boxes), and 10th and 90th percentiles (whiskers). The thin vertical black lines in the figure separate the stability 362 
groupings in each panel (annual or seasonal). The thin horizontal black lines across each panel (annual or 363 
seasonal), indicate the mean value for that entire time period. The numbers at the top indicate the number of 364 
radiosonde profiles in to each regime. 365 
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3.2 Dome C  366 

At Dome C, strong radiative cooling throughout the year and associated strong surface 367 
temperature inversions are well documented (Phillpot and Zillman, 1970; Hudson and Brandt, 2005; 368 
Genthon et al., 2013; Ganeshan et al., 2022; Dice et al., 2023; etc.). Like South Pole, Dice et al. (2023) 369 
observed consistently strong stability (SS, VSS, and ESS regimes) throughout the year at Dome C, 370 
occurring near the surface 73.6% of the year and 82.4% of the time either at the surface or just above the 371 
boundary layer.  372 

Downwelling longwave radiation observed for each stability regime, both annually and 373 
seasonally, is shown in Figure 5 and Table S2. Considering first changes in downwelling longwave 374 
radiation across just the basic near-surface stability regimes, a clear decrease of downwelling longwave 375 
radiation occurs as basic near-surface stability increases annually and, in the fall, winter, and spring. 376 
Across the basic near-surface stability regimes downwelling longwave radiation decreases by nearly half 377 
from the VSM-WSA (123 W m-2) to the ESS (79 W m-2) regimes on an annual basis. While only MS and 378 
stronger regimes are observed regularly during fall, winter, and spring, there is also a clear decrease in 379 
downwelling longwave radiation from MS (116 W m-2 in the fall, 132 W m-2 in the winter, and 104 W m-2 380 
in the spring) to ESS (83 W m-2 in the fall, 76 W m-2 in the winter, and 81 W m-2 in the spring) regimes 381 
during these seasons. During these times of the year, downwelling longwave radiation is generally less 382 
than the annual or seasonal means for the SS and stronger stability regimes, and usually greater than the 383 
annual or seasonal means in MS or weaker stability regimes. In summer, there is little change in 384 
downwelling longwave radiation across the most frequently observed basic-near surface stability regimes 385 
(VSM-WSA to VSS) ranging from 120 W m-2 to 127 W m-2. 386 

Similar to South Pole, downwelling shortwave radiation is much higher in the basic near-surface 387 
stability regimes of NN, VSM-WSA, WS, and MS (557 W m-2 to 616 W m-2) on an annual basis in 388 
comparison to in the SS (199 W m-2), VSS (127 W m-2), and ESS (63 W m-2) regimes, further indicating 389 
that these regimes mostly form when there is little or no solar radiation (Figure S2). This is also observed 390 
in the transition seasons, with downwelling shortwave radiation decreasing sharply from the MS regime 391 
(449 W m-2 in the fall and 532 W m-2 in the spring) to the ESS regime (105 W m-2 in the fall and 194 W 392 
m-2 in the spring), which in combination with the decrease in downwelling longwave radiation, 393 
contributes to the range of regimes observed in these seasons. Surprisingly, only a slight decrease in 394 
downwelling shortwave radiation occurs across the basic near-surface stability regimes in the summer, 395 
from the VSM-WSA regime (616 W m-2) to the VSS regime (588 W m-2). This suggests that changes in 396 
shortwave radiation are likely not important in distinguishing these different stability regimes.  397 

Changes in downwelling longwave radiation within regime groups, as aloft stability increases, is 398 
not always as clear as was seen for the near-surface stability regimes (Figure 5; Table S2). On an annual 399 
basis there is little change in downwelling longwave radiation within the NN, VSM, or WS stability 400 
groups but there is a consistent decrease in downwelling longwave radiation as aloft stability increases in 401 
the MS, SS, and VSS stability groups. In fall and spring, downwelling longwave radiation also 402 
consistently decreases in the SS and VSS stability groups, and slightly decreases from MS to MS-VSSA 403 
in the fall. In the winter, downwelling longwave radiation decreases from MS to MS-VSSA. In some 404 
cases, there is little change within regime groups (e.g., SS and VSS in in winter, and MS in the fall and 405 
spring, excluding MS-ESSA) while in other cases there is only a noticeable decrease in downwelling 406 
longwave radiation for the strongest aloft stability within a regime group (e.g., SS in fall and SS and VSS 407 
in spring). In the summer there is little change in downwelling longwave radiation as stability aloft 408 
increases within the various stability regime groups. 409 
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Figure 5: Box plot showing the distribution of downwelling longwave radiation observed for each stability regime at 410 
Dome C annually (left panel) and seasonally (right four panels – summer, fall, winter, and spring). Box plots show 411 
median downwelling longwave radiation (horizontal line), mean downwelling longwave radiation (black star), 25th 412 
and 75th percentiles (edges of boxes), and 10th and 90th percentiles (whiskers). The thin vertical black lines in the 413 
figure separate the stability groupings in each panel (annual or seasonal). The thin horizontal black lines across 414 
each panel (annual or seasonal), indicate the mean value for that entire time period. The numbers at the top indicate 415 
the number of radiosonde profiles in each regime. 416 

The distribution of 20 m wind speed for each stability regime, on an annual and seasonal basis, is 417 
shown in Figure 6 and Table S2. Interestingly, wind speed generally increases with increasing stability 418 
annually and in the fall, winter, and spring, which is unexpected. Another robust feature seen in Figure 6 419 
is that 20 m wind speed generally increases within regime groups as aloft stability increases, such that 420 
mean wind speed for the regimes with enhanced stability aloft is often above the annual or seasonal mean, 421 
while mean wind speeds for the basic near-surface stability regimes are below or close to the annual or 422 
seasonal mean.  423 

Considering first the basic near-surface stability regimes, a surprising result is seen for the annual 424 
data. The 20 m wind speed increases by almost 80% from the weakest stability, VSM-WSA (3.3 m s-1) to 425 
the strongest stability, ESS (7.7 m s-1). As discussed in the introduction, stronger winds are typically 426 
associated with weaker near-surface stability (e.g., Pietroni et al., 2013; Cassano et al., 2016), thus, this is 427 
a surprising result, which will be discussed further in Section 4. In the winter, for the basic near-surface 428 
stability regimes with the most observations, the wind speed is highest in the MS regime (9.0 m s-1), 429 
decreases to SS (5.1 m s-1), and then increases to ESS (8.0 m s-1). In the fall and spring, the MS (5.3 m s-1 430 
in the fall and 5.8 m s-1 in the spring) and SS (4.8 m s-1 in the fall and 5.5 m s-1 in the spring) regimes have 431 
similar wind speeds that are below the seasonal mean, while the wind speed is higher in and increases 432 
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from VSS (5.9 m s-1 in the fall and 6.5 m s-1 in the spring) to ESS (7.3 m s-1 in both seasons). Unlike what 433 
was seen for the annual data, differences in the 20 m wind speed across the basic near-surface stability 434 
regimes in the summer do not show a consistent pattern as stability varies. The 20 m wind speed is 435 
weakest for the VSM-WSA regime (3.2 m s-1), almost 40% stronger and similar for the WS (4.3 m s-1), 436 
VSS (4.6 m s-1), and SS (4.8 m s-1) regimes and strongest for the MS (5.3 m s-1) regime. The weaker 437 
winds in the VSM-WSA regime in comparison to those in the WS regime will be discussed in detail in 438 
Section 4.  439 

 When looking at wind speed variability within stability groups as stability aloft increases there is a 440 
relatively consistent pattern of stronger winds being associated with increasing stability aloft. This is very 441 
clearly seen in the annual data in Figure 6 and Table S2. Here, the wind speed change is largest in the SS 442 
regime group, increasing from 5.1 m s-1 to 10.1 m s-1, and in MS regime group, increasing from 5.5 m s-1 443 
to 9.8 m s-1. Smaller increases in wind speed, of 1.8 m s-1 to 2.8 m s-1, are seen across the NN, VSM, WS, 444 
and VSS regime groups annually.  Clear increases in wind speed with increasing stability aloft are seen 445 
for the MS, SS and VSS regime groups in fall, winter, and spring. The largest increase in wind speed 446 
occurs in the SS regime in the winter (increase of 6.1 m s-1) and fall (3.8 m s-1) and in the MS regime in 447 
the spring (increase of 4.4 m s-1). In the summer, speeds weakly increase in the NN, WS and MS regimes 448 
(0.5 m s-1 to 1.4 m s-1) and show little change for the other regime groups. In most cases the mean wind 449 
speed in each regime is less than the annual or seasonal mean for the basic near-surface stability regimes 450 
and increases to greater than the annual or seasonal mean for many of the enhanced stability aloft 451 
regimes. This suggests that to maintain a given near-surface stability stronger winds, and mechanical 452 
mixing, is required as stability aloft increases. This behavior is consistent with findings of Cassano et al. 453 
(2016), Dice and Cassano (2022) and others that found that stronger winds typically reduce near surface 454 
stability.  455 
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Figure 6: Box plot showing the distribution of 20 m wind speed observed for each stability regime at Dome C 456 
annually (left panel) and seasonally (right four panels – summer, fall, winter, and spring). Box plots show median 457 
20 m wind speed (horizontal line), mean 20 m wind speed (center black star), 25th and 75th percentiles (edges of 458 
boxes), and 10th and 90th percentiles (whiskers). The thin vertical black lines in the figure separate the stability 459 
groupings in each panel (annual or seasonal). The thin horizontal black lines across each panel (annual or 460 
seasonal), indicate the mean value for that entire time period. The numbers at the top indicate the number of 461 
radiosonde profiles in each regime. 462 

3.3 McMurdo  463 

 The results at the two continental interior sites above are reflective of the nearly constant, 464 
strongly stable conditions seen in the boundary layer throughout much of the year there, that form in 465 
response to the extremely low values of downwelling longwave radiation (Phillpot and Zillman, 1970; 466 
Zhang, et al., 2011; Dice et al., 2023). Now, the three coastal sites will be analyzed: McMurdo, 467 
Neumayer, and Syowa. In comparison to the continental interior sites, a wider range of boundary layer 468 
stability regimes are present at these sites (Dice et al., 2023), and are expected to have more complex 469 
forcing mechanisms, such as temperature advection (Dice and Cassano, 2022), katabatic winds 470 
(Murakoshi, 1958; Hudson and Brandt, 2005; Lazzara et al., 2012), and cyclonic activity (Silva et al., 471 
2022). Specifically at McMurdo, Dice et al. (2023) found that the summer was largely dominated by the 472 
NN, VSM, and WS regimes (92.1%), while near surface stability in the winter was more varied but found 473 
that MS or SS conditions occur near the surface or aloft 84.6% of the winter season. 474 

 The downwelling longwave radiation at McMurdo as a function of stability regime is shown 475 
annually and seasonally in Figure 7 and Table S3. Most notably, the downwelling longwave radiation 476 
shows a clear decrease from weak to strong stability across the basic near-surface stability regimes 477 
annually and in the transition seasons. On an annual basis downwelling longwave radiation decreases by 478 
over 70 W m-2 from NN (232 W m-2) to SS (161 W m-2). In the transition seasons, the decrease from 479 
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weakest to strongest stability is between 16 W m-2 and 36 W m-2, from VSM-WSA (191 W m-2 in the fall 480 
and 200 W m-2 in the spring) to SS (175 W m-2 in the fall and 164 W m-2 in the spring). There is not a 481 
consistent decrease in downwelling longwave radiation with increasing basic near-surface stability in the 482 
summer or winter for the most frequently observed regimes. In the summer, downwelling longwave 483 
radiation is highest in the NN basic near-surface stability regime (244 W m-2), slightly less in the MS 484 
regime (235 W m-2) and lowest in the VSM-WSA regime (227 W m-2). In the winter, downwelling 485 
longwave radiation is about the same in the MS regime (148 W m-2) and the SS regime (149 W m-2). 486 
Generally, across all seasons and annually, regimes with stability MS and stronger have downwelling 487 
longwave radiation below the seasonal mean (Figure 7). These results are consistent with those found by 488 
Dice and Cassano (2022) at McMurdo Station, where decreasing downwelling longwave radiation with 489 
increasing stability was observed annually and seasonally, with the highest values observed in summer, 490 
and lowest in winter. 491 

  In addition, downwelling shortwave radiation at McMurdo (Figure S3) is higher in the NN and 492 
VSM-WSA (204 W m-2 to 207 W m-2) basic near-surface stability regimes in comparison to the WS, MS, 493 
SS, and VSS stability regimes (7 W m-2 to 123 W m-2) annually. This pattern is also observed for the 494 
regimes present in the fall and spring (VSM-WSA, and MS and SS). These results suggest that reductions 495 
in both downwelling longwave and shortwave radiation result in increased near surface stability. A less 496 
clear pattern emerges in the summer, where downwelling shortwave radiation is lower in the NN regime 497 
(264 W m-2) and higher in the VSM-WSA and MS regimes (both 350 W m-2), and thus other factors are 498 
likely more important in distinguishing regimes in this season. 499 

When considering stability aloft, downwelling longwave radiation usually decreases with 500 
increasing stability aloft (Figure 7; Table S3). Annually, downwelling longwave radiation decreases 501 
within the NN (45 W m-2 difference) and VSM (24 W m-2) stability groups, and within the VSM stability 502 
group in the spring (28 W m-2) and from NN-MSA to NN-SSA in the winter (27 W m-2). In most of the 503 
other stability groupings in the other seasons, downwelling longwave radiation decreases only slightly as 504 
aloft stability increases (e.g.in the NN regime group in summer and fall) or does not show a uniform 505 
change as aloft stability increases (e.g., WS regime group in winter and spring). 506 
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Figure 7: Box plot showing the distribution of downwelling longwave radiation observed for each stability regime at 507 
McMurdo annually (left panel) and seasonally (right four panels – summer, fall, winter, and spring). Box plots show 508 
median downwelling longwave radiation (horizontal line), mean downwelling longwave radiation (black star), 25th 509 
and 75th percentiles (edges of boxes), and 10th and 90th percentiles (whiskers). The thin vertical black lines in the 510 
figure separate the stability groupings in each panel (annual or seasonal). The thin horizontal black lines across 511 
each panel (annual or seasonal), indicate the mean value for that entire time period. The numbers at the top indicate 512 
the number of radiosonde profiles in each regime. 513 

Considering now the 20 m wind speed at McMurdo annually and seasonally (Figure 8; Table S3), 514 
there is not a clear pattern across the basic near-surface stability regimes, but there is a tendency for wind 515 
speed to increase with increasing stability aloft in many of the stability groups.  516 

Annually, wind speed is greatest in the WS (5.3 m s-1) and NN (5.2 m s-1) basic near-surface 517 
stability regimes. Wind speeds are more than 2 m s-1 lower and similar across the VSM-WSA, MS, and 518 
SS regimes (2.5 m s-1 to 3.0 m s-1). Similarly, in the summer the wind speed is highest in the NN regime 519 
(5.4 m s-1) and more than 3 m s-1 less in the VSM-WSA and MS regimes. The weaker winds in the VSM-520 
WSA regime, compared to either the NN or WS regimes will be discussed further in the next section. 521 
Winds are similar between the frequently observed MS (1.9 m s-1) and SS (2.0 m s-1) regimes in winter. In 522 
the fall similar winds occur between VSM-WSA (3.0 m s-1) and MS (2.8 m s-1), then increase from MS to 523 
SS (5.3 m s-1). In the spring, similar wind speeds also occur between VSM-WSA (3.1 m s-1) and MS (3.3 524 
m s-1), but then decrease from MS to SS (2.4 m s-1). 525 

Wind speed increases with increasing stability aloft, for each stability grouping, on an annual 526 
basis and usually in the seasons as well (Figure 8; Table S3). The largest change in wind speed with 527 
increased stability aloft occurs in the fall. At this time of year wind speeds within the NN and VSM 528 
regimes increase by over half between the basic near-surface stability regime and the strongest aloft 529 
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stability regime (3.9 m s-1 to 6.5 m s-1 from NN-WSA to NN-MSA and 3.0 m s-1 to 7.1 m s-1 in the VSM 530 
stability grouping). Wind speed also generally increases with increasing stability aloft within each 531 
stability group for the other seasons, but usually by less than 2 m s-1, and often closer to 1 m s-1. This 532 
tendency for wind speed to increase with increasing stability aloft was also noted at both the continental 533 
interior sites above and may reflect the need for stronger winds to weaken the near surface stability when 534 
stronger stability aloft is present. The exceptions to this are decreases, rather than increases, in wind speed 535 
of 1 to 2 m s-1 with increasing aloft stability in the NN stability group in the winter (NN-MSA to NN-536 
SSA; a decrease of 1.1 m s-1) and spring (NN-WSA to NN-SSA; a decrease of 0.6 m s-1). 537 

 

Figure 8: Box plot showing the distribution of 20 m wind speed observed for each stability regime at McMurdo 538 
annually (left panel) and seasonally (right four panels – summer, fall, winter, and spring). Box plots show median 539 
20 m wind speed (horizontal line), mean 20 m wind speed (center black star), 25th and 75th percentiles (edges of 540 
boxes), and 10th and 90th percentiles (whiskers). The thin vertical black lines in the figure separate the stability 541 
groupings in each panel (annual or seasonal). The thin horizontal black lines across each panel (annual or 542 
seasonal), indicate the mean value for that entire time period. The numbers at the top indicate the number of 543 
radiosonde profiles in each regime. 544 

3.4 Neumayer  545 

 Like McMurdo, a wide range of boundary layer regimes, compared to the near-constant strong 546 
stability at South Pole and Dome C, is present at Neumayer (Dice et al., 2023). Neumayer is another 547 
coastal site located on an ice shelf and is often influenced by the passing of cyclones, which impacts 548 
stability in the boundary layer and results in quickly changing meteorological conditions (Silva et al., 549 
2022). Dice et al. (2022) found boundary layer stability regime distribution similar to that of McMurdo, 550 
with the summer largely characterized by NN, VSM, and WS regimes (80.1%). In the winter, moderate or 551 
strong stability, either near the surface or aloft, above a layer of weaker stability is often present (85.2%).  552 
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 Figure 9 and Table S4 show the range of downwelling longwave radiation across stability 553 
regimes annually and seasonally at Neumayer. The first thing to note is that downwelling longwave 554 
radiation generally decreases with increasing stability across the basic near-surface stability regimes 555 
annually and seasonally. The largest decrease is seen in the spring from the NN to SS regime, with a 556 
difference of 164 W m-2. Decreases on the order of 40 W m-2 are observed in the summer (41 W m-2), fall 557 
(43 W m-2) and winter (44 W m-2). While there is a general trend for downwelling longwave radiation to 558 
decrease from weakest to strongest stability regimes, in the summer and winter the weakest stability 559 
regimes (NN (summer only), VSM-WSA and WS) have similar values of downwelling longwave 560 
radiation that is noticeably larger than for the stronger stability regimes. This suggests that there may be 561 
fundamental differences in radiative forcing between weaker and stronger stability regimes in these 562 
seasons.  563 

Additionally, the downwelling shortwave radiation (Figure S4) decreases consistently from the 564 
NN (302 W m-2) to the VSS (15 W m-2) basic near-surface stability regimes on an annual basis. In the 565 
summer, downwelling shortwave radiation in the VSM-WSA regime (302 W m-2) is much lower than that 566 
in the NN (385 W m-2) and WS regimes (407 W m-2), consistent with less radiative forcing and a 567 
shallower boundary layer in the VSM-WSA regime. A decrease in downwelling shortwave radiation from 568 
the WS regime (407 W m-2) to MS regime (306 W m-2) in combination with the decrease in downwelling 569 
longwave radiation also appears to contribute to the differences in stability in these regimes in summer. 570 
Similarly, downwelling shortwave radiation decreases from the NN (258 W m-2) to SS (128 W m-2) 571 
regimes in the spring and from VSM-WSA (219 W m-2) to SS (83 W m-2) regimes in the fall indicating 572 
that changes in downwelling shortwave radiation likely contribute to the changing stability.  573 

 A comparison of downwelling longwave radiation across stability regimes can also be made as 574 
stability aloft increases within a given stability regime grouping. The most noteworthy observation is the 575 
very strong decrease within stability groupings as stability aloft increases in the spring where 576 
downwelling longwave radiation decreases by as much as 42 W m-2 in the NN stability grouping and 23 577 
W m-2 in the MS stability grouping. A weaker decrease is observed in the fall for the MS (16 W m-2) and 578 
VSM (7 W m-2) stability groups. In the summer, downwelling longwave radiation decreases with 579 
increasing stability in the VSM and MS stability groupings, but not in the NN or WS groupings, where 580 
downwelling longwave radiation is more varied. A similar observation is noted for the winter, where 581 
downwelling longwave radiation slightly decreases in the NN stability grouping (excluding the basic 582 
near-surface stability regime of NN), is nearly the same within the MS stability grouping, and increases or 583 
is variable in all the other stability groupings.  584 
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Figure 9: Box plot showing the distribution of downwelling longwave radiation observed for each stability regime at 585 
Neumayer annually (left panel) and seasonally (right four panels – summer, fall, winter, and spring). Box plots 586 
show median downwelling longwave radiation (horizontal line), mean downwelling longwave radiation (black star), 587 
25th and 75th percentiles (edges of boxes), and 10th and 90th percentiles (whiskers). The thin vertical black lines in 588 
the figure separate the stability groupings in each panel (annual or seasonal). The thin horizontal black lines across 589 
each panel (annual or seasonal), indicate the mean value for that entire time period. The numbers at the top indicate 590 
the number of radiosonde profiles in each regime. 591 

The 20 m wind speed for each regime annually and seasonally is shown in Figure 10 and Table 592 
S4. Annually wind speeds are highest in the NN (8.9 m s-1) and WS (7.9 m s-1) basic near-surface stability 593 
regimes and lowest in VSM-WSA (4.3 m s-1) regime. Wind speeds are similar in MS and SS (5.0 m s-1 to 594 
5.2 m s-1) and slightly higher in the VSS (6.0 m s-1) regime. The wind speed in the MS, SS and VSS 595 
regimes are higher than those in the VSM-WSA regime but lower than those in the NN and WS regimes. 596 
Similarly, in the summer and spring, wind speeds are highest in NN (7.4 m s-1 in the summer and 11.3 m 597 
s-1 in the spring ) and WS (8.7 m s-1 in the summer and 8.5 m s-1 in the spring), and lower and similar 598 
across VSM-WSA, MS, and SS (4.2 m s-1 to 5.3 m s-1 in the summer and 5.2 m s-1 to 5.8 m s-1 in the 599 
spring) regimes. In the winter, wind speeds decrease slightly from WS (7.3 m s-1) to SS (5.2 m s-1) and are 600 
then slightly higher in VSS (6.7 m s-1). In the fall, wind speeds are weakest in VSM-WSA (2.8 m s-1), and 601 
higher and decrease slightly from MS to SS (4.9 m s-1 to 3.7 m s-1). It is also interesting to note here that 602 
in most cases in all seasons the VSM-WSA, MS, SS and VSS basic near-surface stability regimes have 603 
wind speeds lower than the seasonal mean, while the NN and WS regimes have mean winds speeds close 604 
to or above the seasonal mean. This observation is consistent with Silva et al. (2022), who observed 605 
weaker wind speeds with stronger stability at Neumayer. Winds in the VSM-WSA regime in comparison 606 
to those in the NN and WS regimes are 49% weaker on an annual basis, and 41% to 47% weaker in the 607 
summer and spring.  608 
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When considering stability aloft, another interesting result from Figure 10 and Table S4 is that 609 
wind speed generally increases with increasing stability aloft in the stability groupings annually and 610 
seasonally, although this is usually most evident in the NN, VSM and WS regime groups. As discussed 611 
for other sites above, this may indicate that stronger mechanical mixing is necessary to reduce near-612 
surface stability. The increase in wind speed with increased stability aloft is largest in the NN regime in 613 
the winter (5.2 m s-1) and summer (2.5 m s-1) and the VSM regime in the fall (3.6 m s-1) and spring (3.9 m 614 
s-1. Additionally, regimes with enhanced stability aloft tend to have wind speeds above the seasonal mean, 615 
especially in the NN and WS regime groupings, in comparison to the basic near-surface stability regimes.  616 

 

Figure 10: Box plot showing the distribution of 20 m wind speed observed for each stability regime at Neumayer 617 
annually (left panel) and seasonally (right four panels – summer, fall, winter, and spring). Box plots show median 618 
20 m wind speed (horizontal line), mean 20 m wind speed (center black star), 25th and 75th percentiles (edges of 619 
boxes), and 10th and 90th percentiles (whiskers). The thin vertical black lines in the figure separate the stability 620 
groupings in each panel (annual or seasonal). The thin horizontal black lines across each panel (annual or 621 
seasonal), indicate the mean value for that entire time period. The numbers at the top indicate the number of 622 
radiosonde profiles in each regime. 623 

3.5 Syowa  624 

 At Syowa, katabatic winds from the continental interior as well as passing cyclones both impact 625 
boundary layer conditions at this site (Murakoshi, 1958; Yamada and Hirasawa, 2018), resulting in 626 
potentially quickly changing stability. A variety of stability regimes are observed at this site (Dice et al., 627 
2023), and like the other coastal sites, the summer is largely made up of the NN, VSM, and WS regimes 628 
(82.9%) near the surface. In the winter stronger stability either near the surface or aloft is generally 629 
present (71.1%).  630 
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 Figure 11 and Table S5 shows the downwelling longwave radiation at Syowa for each regime 631 
annually and seasonally. The first thing to note about the downwelling longwave radiation at Syowa is 632 
that the NN, VSM-WSA, and WS basic near-surface stability regimes have similar and larger 633 
downwelling longwave radiation than the MS and stronger stability regimes annually and for each season. 634 
On an annual basis, mean downwelling longwave radiation varies from 226 W m-2 to 236 W m-2 across 635 
the NN, VSM-WSA, and WS regimes and then steadily decreases from WS (234 W m-2) to VSS (154 W 636 
m-2). In the winter and spring, this pattern is the strongest, with downwelling longwave radiation ranging 637 
from 208 W m-2 to 236 W m-2 across the NN, VSM-WSA, and WS regimes. It is then about 44 W m-2 638 
lower in MS (178 W m-2 to 184 W m-2), SS (168 W m-2 to 169 W m-2), and VSS (150 W m-2). This pattern 639 
is weaker but still present in the summer and fall, with downwelling longwave radiation ranging from 239 640 
W m-2 to 253 W m-2 across NN, VSM-WSA, and WS in the summer. It is then approximately 26 W m-2 to 641 
34 W m-2 lower in MS (214 W m-2 to 227 W m-2) and SS (199 W m-2 to 223 W m-2). Annually and 642 
seasonally, downwelling longwave radiation in the NN, VSM-WSA, and WS basic near-surface stability 643 
regimes is usually above the seasonal mean while the downwelling longwave radiation in the MS, SS, and 644 
VSS regimes is usually below the seasonal mean. This suggests distinct radiative forcing for the most 645 
stable basic near-surface stability regimes (MS and stronger) compared to the three weakest regimes (NN, 646 
VSM-WSA, and WS) annually and seasonally at Syowa. 647 

 On an annual basis, downwelling shortwave radiation at Syowa consistently decreases from the 648 
NN basic near-surface stability regime (203 W m-2) to the VSS (53 W m-2) basic near-surface stability 649 
regime, and this pattern occurs in the transition seasons as well (Figure S5). In concert with the distinction 650 
in downwelling longwave radiation between the NN, VSM-WSA, WS regimes versus the lower 651 
downwelling longwave radiation in the WS and stronger regimes, this decrease in downwelling shortwave 652 
radiation is likely a contributing factor in distinguishing regimes in the transition seasons. In the summer, 653 
downwelling shortwave radiation is similar in the NN (299 W m-2) and VSM-WSA (303 W m-2) regimes, 654 
but then sharply decreases to the WS regime (249 W m-2). A slight increase in downwelling shortwave 655 
radiation from the WS (249 W m-2) to the SS (267 W m-2) regimes in the summer is likely counteracted 656 
by the decrease in downwelling longwave radiation across these regimes.  657 

 When considering stability aloft in each stability grouping, generally downwelling longwave 658 
radiation decreases as stability aloft increases for most regimes and seasons (Figure 11, Table S5). The 659 
strongest decrease in downwelling longwave radiation occurs in the winter in the WS regime, a decrease 660 
of 36 W m-2. In the transition seasons, there is also a strong decrease in downwelling longwave radiation 661 
especially from VSM-WSA (239 W m-2 in the fall and 212 W m-2 in the spring) to VSM-SSA (213 W m-2 662 
in the fall and 187 W m-2 in the spring).  663 
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Figure 11: Box plot showing the distribution of downwelling longwave radiation observed for each stability regime 664 
at Syowa annually (left panel) and seasonally (right four panels – summer, fall, winter, and spring). Box plots show 665 
median downwelling longwave radiation (horizontal line), 25th and 75th percentiles (edges of boxes), mean 666 
downwelling longwave radiation (center black star), 10th and 90th percentiles (outer black stars), and minimum 667 
and maximum (whiskers). The thin vertical black lines in the figure separate the stability groupings in each panel 668 
(annual or seasonal). The thin horizontal black lines across each panel (annual or seasonal), indicate the mean 669 
value for that entire time period. The numbers at the top indicate the number of radiosonde profiles in each regime. 670 

At Syowa, the 20 m wind speed is shown for each regime on an annual and seasonal basis in 671 
Figure 12 and Table S5. The clearest result from Figure 12 regarding the basic near-surface stability 672 
regimes is the relatively strong wind speeds in the WS regime in comparison to the other regimes, 673 
especially the NN and VSM-WSA regimes, annually and seasonally, except in winter when NN and WS 674 
have similar strong winds. Annually, wind speeds are strongest in the WS basic near-surface stability 675 
regime (9.7 m s-1), weaker and similar between NN (7.2 m s-1) and MS (6.5 m s-1) regimes, and then 676 
weakest and similar between the VSM-WSA, SS, and VSS (4.4 m s-1 to 5.4 m s-1) regimes. A similar 677 
pattern is observed in the fall. However, in the winter NN has slightly stronger winds than WS, and in 678 
summer and spring, wind speeds in the NN and VSM-WSA regimes are similar. Like what was noted at 679 
all the sites above as well, winds in the VSM-WSA regime are 31% to 43% weaker than those in the NN 680 
and WS regimes on an annual basis and in the fall and winter. Wind speed in the VSM-WSA regime is 681 
more like that in the NN regime in the summer and spring, but still over 45% weaker than those in the 682 
WS regime. When considering WS and stronger stability regimes the wind speed generally decreases with 683 
increasing stability. This can be seen in the fall and spring where wind speeds decrease, from WS (9.5 m 684 
s-1 to 9.7 m s-1) to SS (5.5 m s-1), and from WS (10.5 m s-1) to VSS (4.4 m s-1) in the winter. However, in 685 
the summer, while wind speeds decrease from WS (8.3 m s-1) to MS (6.9 m s-1), winds then increase to SS 686 
(8.3 m s-1).  687 
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As stability aloft increases in each stability grouping, wind speed decreases with increasing 688 
stability on an annual basis and usually in the winter (Figure 12; Table S5). Wind speed also decreases 689 
with increasing stability aloft in the WS and MS stability groupings in the fall and spring, and in the WS 690 
group in the summer. This tendency for wind speed to decrease with increasing stability aloft is generally 691 
opposite what was observed at the other sites discussed previously (Figures 4, 6, 8, and 10). This decrease 692 
in wind speed with increasing stability aloft is usually less than 3 m s-1, except in the winter in the NN 693 
stability group (5.3 m s-1) and in the winter and spring in the WS stability group (both decrease 4.1 m s-1). 694 
In the summer, fall, and spring as stability aloft increases wind speeds do not differ much in the NN and 695 
VSM stability groupings. For example, wind speeds across the NN and VSM regimes in summer differ 696 
only by 1.3 m s-1 to 1.4 m s-1, and in fall, wind speed in the NN regime differ by less than 1 m s-1. 697 

 

Figure 12: Box plot showing the distribution of 20 m wind speed observed for each stability regime at Syowa 698 
annually (left panel) and seasonally (right four panels – summer, fall, winter, and spring). Box plots show median 699 
20 m wind speed (horizontal line), mean 20 m wind speed (center black star), 25th and 75th percentiles (edges of 700 
boxes), and 10th and 90th percentiles (whiskers). The thin vertical black lines in the figure separate the stability 701 
groupings in each panel (annual or seasonal). The thin horizontal black lines across each panel (annual or 702 
seasonal), indicate the mean value for that entire time period. The numbers at the top indicate the number of 703 
radiosonde profiles in each regime. 704 

4 Discussion and Conclusions 705 

To compare and synthesize the forcing mechanisms for varying boundary layer stability across 706 
the Antarctic continent from the individual sites presented in the previous section, Figure 13 shows the 707 
mean downwelling longwave radiation (left column) and 20 m wind speed (right column) for each 708 
stability grouping annually (panels a and b) and seasonally (panels c to j). Here, stability groupings are all 709 
stability regimes with the same near surface stability classification regardless of the aloft stability. For 710 
example, the mean forcing for the NN stability grouping would include all the NN regimes, regardless of 711 
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aloft stability. To further simplify the results shown in this summary figure, any stability grouping which 712 
exhibits less than 10 observations total in each season has been omitted from this figure. For example, 713 
there is only one ESS observation at Neumayer and Syowa, both in the winter, so these stability 714 
groupings are not shown since the mean is likely not very representative.  715 

Figure 13 (left column) shows downwelling longwave radiation generally decreases annually and 716 
seasonally with increasing stability from the NN to ESS stability groups, consistent with the results 717 
shown in Section 3 for all five study sites. Downwelling longwave radiation usually decreases from NN 718 
to VSM, and then slightly increases from VSM to WS. From WS to the strongest stability regime present 719 
at a given site in each season, downwelling longwave radiation then usually decreases, except in the 720 
summer at the continental interior sites where downwelling longwave radiation is similar across these 721 
regimes. Similar to downwelling longwave radiation, downwelling shortwave radiation is also found to 722 
generally decrease with increasing stability annually and in the transition seasons (Figure S6). While the 723 
magnitude of the change in downwelling shortwave radiation is large (usually >100 W m-2) across the 724 
range of stability regimes observed in a given season it is important to remember that the high albedo of 725 
the Antarctic ice sheet will mute the impact of this large change in downwelling shortwave radiation on 726 
the surface energy budget making the forcing from changes in downwelling longwave and downwelling 727 
shortwave radiation comparable in their net effect on the surface energy budget. In the summer there 728 
generally is not a trend in downwelling shortwave radiation with varying stability (Figure S6). 729 

At Dome C, solar radiation has previously been described as a dominant forcing mechanism,  730 
rather than downwelling longwave radiation, in driving changes in stability during this season, unlike in 731 
the winter and transition seasons when changes in downwelling longwave radiation are more able to 732 
quickly alter near-surface stability (Zhang et al., 2011; Pietroni et al., 2013). However, upon examination 733 
of downwelling shortwave radiation at Dome C in the summer (Figure S2), a clear difference in solar 734 
radiation was not observed across the regimes. This is likely because the radiosondes at Dome C are 735 
launched at approximately 0400 local time, and thus are likely reflective of early morning conditions, 736 
namely shallower boundary layers with stronger stability (Dice et al., 2023) after a period of low solar 737 
radiation. Further investigation of the forcing mechanisms for variations in boundary layer stability at 738 
Dome C in the summer would require higher temporal resolution radiosonde data.  739 

For the 20 m wind speed (Figure 13, right column), considering the first three stability regimes 740 
(NN, VSM, and WS), wind speeds are usually strongest in the WS regime, except at Neumayer, while 741 
wind speeds are more moderate in NN, and weakest in VSM. This is seen annually and seasonally and 742 
highlights an important difference in forcing for the VSM regime in comparison to the NN and WS 743 
regimes, from which VSM is derived, having the same potential temperature gradient as these regimes, 744 
but with a much shallower boundary layer (Table 2). The relatively weaker winds in VSM in comparison 745 
to NN and WS, which was also observed at all sites in Section 3, suggests there is less mechanical 746 
generation of turbulence in this regime which results in a shallower boundary layer. At all sites except 747 
Dome C, from WS to the strongest stability regime present in each season at a given site, the 20 m wind 748 
speed usually decreases. The few exceptions to this behavior are at Neumayer, from SS to VSS annually 749 
and in the winter, and from MS to SS in the summer. The increase in 20 m wind speed as stability 750 
increases at Dome C is an unexpected result, as previous studies have shown that lower wind speeds are 751 
usually associated with stronger stability (Hudson and Brandt, 2005; Cassano et al., 2016; Dice and 752 
Cassano, 2022). A discussion as to why this behavior is observed will be given below. 753 

Considering the combined effects of radiative forcing and mechanical mixing on boundary layer 754 
stability for the NN, VSM and WS regimes we note unique forcing for each stability grouping. For the 755 
NN regime, larger downwelling longwave radiation than in the VSM and WS groups results in reduced 756 
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surface cooling or possibly radiative heating, resulting in reduced near-surface stability. Higher 757 
downwelling shortwave radiation (Figure S6) in the NN regime in comparison to the VSM and WS 758 
regimes in most cases in the fall and spring also likely contribute to increased surface heating and the 759 
near-neutral conditions. Also, the winds in NN, which are usually more moderate in comparison to those 760 
in WS, also favor the near-neutral stability of this regime (Cassano et al., 2016, Nigro et al., 2017). The 761 
WS regime usually has lower downwelling longwave radiation in comparison to the NN regime, which 762 
favors slightly enhanced stability in comparison. The stronger winds in the WS regime, compared to NN 763 
and VSM, prevent stability from being any stronger in the WS regime. The VSM regime has distinct 764 
radiative and mechanical forcing compared to the NN and WS regimes. The VSM regime has mean 765 
downwelling longwave radiation between that in the NN and WS regimes favoring stability that is 766 
intermediate to these two regimes. The weaker winds in VSM compared to NN and WS result in less 767 
mechanical generation of turbulence and a shallower boundary layer, which distinguishes this regime 768 
from the NN and WS regimes.  769 

In comparison, for the WS and stronger stability regimes it appears that the decrease in 770 
downwelling longwave radiation, with increasing stability, is the primary forcing that leads to greater near 771 
surface stability, in combination with a general decrease in downwelling shortwave radiation as well 772 
(Figure S6). For all sites, except Dome C, wind speed generally decreases with increasing stability which 773 
also favors stronger near surface stability due to reduced mechanical mixing. The anomalous results at 774 
Dome C will be discussed further below. 775 
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Figure 13: Summary of the mean downwelling longwave radiation (left column) and 20 m wind speed 776 
(right column) for the near-surface stability regimes at all five sites annually (a and b) and seasonally: 777 
summer, fall, winter, and spring (c through j). 778 
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Next, we compare the forcing mechanisms for the basic near-surface stability regimes, with no 779 
enhanced stability aloft, and regimes with the same near surface stability but enhanced stability aloft. 780 
Figure 14 shows the differences in mean downwelling longwave radiation (left column) and 20 m wind 781 
speed (right column) between each basic near-surface stability regime and those regimes with the same 782 
near-surface stability but enhanced stability aloft. The difference is calculated as the mean downwelling 783 
longwave radiation across, for example, NN-WSA, NN-MSA, and NN-SSA minus the mean 784 
downwelling longwave radiation in NN. The magnitude (either positive or negative) of the bar indicates 785 
this difference annually (a and b) and seasonally (c through j) for each site. As with Figure 13, any basic 786 
near-surface stability regime or aloft groupings with less than 10 observations in has been omitted from 787 
this figure and marked with an X. Where differences between the basic near-surface stability regime and 788 
aloft groupings are not statistically significant, the bar has been dulled in color by the addition of white 789 
shading.  790 

 The left column in Figure 14 shows that downwelling longwave radiation is almost always lower 791 
for regimes with enhanced stability aloft compared to their basic near-surface stability regime 792 
counterparts, indicated by the consistently negative bars annually and seasonally. Additionally, very few 793 
of these bars are distinguished as not statistically significant, indicating that the differences between the 794 
basic near-surface stability regimes and those with enhanced stability aloft are physically important 795 
differences. These differences mostly range from a few to 15 or more W m-2. The magnitude of this 796 
negative difference when enhanced stability is present aloft is usually larger at South Pole compared to 797 
Dome C, which usually has the smallest (or about the same) difference compared to the other sites. Large 798 
differences also occur at Neumayer in the summer for the VSM stability grouping (difference of about 22 799 
W m-2), and the spring in the MS stability grouping (difference of about 25 W m-2). The largest 800 
differences generally occur at Syowa, especially in the winter where this difference reaches nearly 40 W 801 
m-2 in the WS stability grouping.  802 

 The right column in Figure 14 shows that 20 m wind speed is almost always higher (indicated by 803 
few bars with white shading) for regimes with enhanced stability aloft compared to the basic near-surface 804 
stability regimes, except at Syowa, with differences typically ranging from less than 0.5 m s-1 to about 2 805 
m s-1. The magnitude of this difference is usually larger at Dome C (usually between 1 m s-1 and 5 m s-1) 806 
compared to at South Pole (usually less than 2 m s-1), especially when stability is MS and greater. In the 807 
summer, wind speed does not differ as much between the basic and aloft regimes compared to the 808 
difference in the other seasons. In the summer, the smaller difference in wind speed between the basic and 809 
aloft stability regimes in comparison to in the other seasons, suggest that changes in wind speed are not as 810 
important in forcing changes in stability, but rather, like what was noted above, changes in shortwave 811 
radiation contribute more to changes in near-surface stability (Zhang et al., 2011; Pietroni et al., 2013). 812 
Unlike at the other sites, at Syowa (red bars) wind speeds are always less when enhanced stability aloft is 813 
present, and the magnitude of this decrease is usually as large or larger (1 m s-1 to 4 m s-1) than the 814 
increases in wind speed seen at the other sites.  815 

Considering both the radiative and mechanical forcing differences when enhanced stability aloft 816 
is present provides insights into the mechanisms that result in stability regimes with stronger stability 817 
above the boundary layer. The reduced downwelling longwave radiation when there is enhanced stability 818 
aloft (Figure 14) would suggest that near-surface stability should be stronger, like what was seen in 819 
Figure 13, but instead stability near the surface remains the same with enhanced stability aloft. It is 820 
possible that enhanced near-surface wind-driven mixing could be associated with the passing of synoptic 821 
cyclones, other weather systems, or low-level advection, all of which could increase wind speeds and 822 



33 
 

decrease stability near the surface leaving behind enhanced stability aloft. To further investigate this 823 
possibility would, however, require higher temporal resolution radiosonde observations. 824 

 825 
Without these higher resolution data to validate this, it is hypothesized that the stronger near 826 

surface stability suggested by the reduced downwelling longwave radiation is unable to form due to the 827 
stronger wind and associated mechanical mixing resulting in a layered stability profile, with weaker 828 
stability near the surface and enhanced stability aloft. This suggested behavior is consistent with previous 829 
research that found that as wind speed increases near surface stability is reduced (Hudson and Brandt 830 
2005; Pietroni et al., 2013; Cassano et al., 2016; Silva et al., 2022). The exception is the anomalous 831 
behavior at Syowa, where wind speed is lower for regimes with enhanced stability aloft in comparison to 832 
the basic near-surface stability regimes, and this will be discussed in more detail below.  833 
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Figure 14: Summary of the difference in downwelling longwave radiation between the near-surface 834 
stability regimes and the mean of the aloft regimes (left column) and the same for 20 m wind speed (right 835 
column) at all five sites annually (a and b) and seasonally: summer, fall, winter and spring (c through j). 836 
An ‘X’ in place of a bar indicates fewer than 10 observations are present for either the basic or aloft 837 
variations in this regime and has not been included. White shading over a given bar indicates that the 838 
difference in downwelling longwave radiation at that site between the aloft regimes and the basic regimes 839 
is not statistically significant.  840 
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The results discussed above confirm many of the expectations outlined in the introduction, that 841 
downwelling longwave radiation decreases with increasing stability as does 20 m wind speed for regimes 842 
WS and stronger (Figure 13). The specific forcing for the VSM regime was discovered to be slightly less 843 
downwelling longwave radiation and weaker winds in comparison to the NN and WS regimes which 844 
result in similar stability but less vertical mixing, and a shallower boundary layer. Figure 14 showed that 845 
enhanced near-surface winds counteract the reduced downwelling longwave radiation when enhanced 846 
stability aloft is present, allowing weaker near-surface stability to persist while enhanced stability is 847 
present aloft. There were also some unexpected results, namely the increase in wind speed with increasing 848 
stability at Dome C (Figure 13, right column), and the lower wind speeds with enhanced stability aloft 849 
compared to the basic near-surface stability regimes at Syowa (Figure 14, right column). These 850 
anomalous findings will now be further discussed. 851 

At Dome C, a strong decrease in downwelling longwave radiation with increasing stability in the 852 
winter, fall, and spring is likely responsible for driving changes in stability during these seasons (Figure 5 853 
and Figure 13). In the summer, while other studies have observed changes in solar radiation to be a 854 
driving force of changes in near-surface stability (Zhang et al., 2011; Pietroni et al., 2013), fairly 855 
consistent downwelling shortwave radiation across regimes (Figure S6) was observed at Dome C in the 856 
summer, however this may be due to the timing of the early-morning radiosonde launches at this site. 857 
Stone and Kahl (1991) found surface warming and reduced stability with enhanced downwelling 858 
longwave radiation, and that variations in downwelling longwave radiation are responsible for most of the 859 
variations in changing surface conditions and stability at the South Pole. This is also consistent with the 860 
observations here from the continental interior, particularly at Dome C Additionally, Pietroni et al. (2013) 861 
found changes in stability in the winter at Dome C to be mostly attributed to sudden increases 862 
downwelling longwave radiation. The unexpected result at Dome C is that wind speed increases with 863 
increasing stability, counter to previous results (Hudson and Brandt 2005; Pietroni et al., 2013; Cassano et 864 
al., 2016; Silva et al., 2022).  865 

It is hypothesized that the stronger wind speed with increasing stability is not contributing to the 866 
formation of the stability regimes, but rather that the increase in wind speed is a response to the greater 867 
stability. In these stronger stability regimes, turbulence generated by wind-driven mixing is suppressed by 868 
increasingly strong buoyancy forces, resulting in a complicated relationship between wind speed and 869 
stability. Specifically, when stability is strong, the boundary layer can become mechanically decoupled 870 
from the surface (Banta et al., 2007; Vignon et al., 2017). The very low values of downwelling longwave 871 
radiation at Dome C led to strong surface cooling and the development of strong stability, especially 872 
immediately adjacent to the ice surface, which resulted in weak or intermittent turbulence (Pietroni et al., 873 
2013; Zhang et al., 2011). With little turbulence, frictional slowing of the wind will be reduced, and 20 m 874 
winds could increase with increasing stability. The reason this behavior occurs at Dome C, but is not 875 
observed at the other sites, is unclear. It may be due to the very strong radiative cooling at this highest 876 
elevation site considered in this study. Also, unlike the other sites, Dome C is almost flat so no katabatic 877 
flow can develop to advect away the radiatively cooled air adjacent to the surface, allowing strong 878 
stability to grow with time while turbulence is suppressed. 879 

At Syowa, unlike at the other sites, wind speed was less when enhanced stability aloft was present 880 
and does not follow the conclusion that increased wind speed is responsible for reducing near surface 881 
stability (Figure 14). This leaves to question the forcing mechanism for regimes with enhanced stability 882 
above a layer of weaker near-surface stability at Syowa. We suggest that the answer is likely related to the 883 
complex katabatic and cyclonic influences that are present at Syowa and have been shown to impact the 884 
boundary layer conditions at this site (Murakoshi, 1958; Tomikawa et al., 2015; Yamada and Hirasawa, 885 
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2018). At Syowa, easterly winds are associated with windy, cyclonic activity and weak near-surface 886 
stability, while southerly or southwesterly winds are associated with calm, non-cyclonic conditions and 887 
moderate to strong stability (Tomikawa et al., 2015; Yamada and Hirasawa, 2018). Supplemental Figure 7 888 
provides some insight for this by showing the range of wind direction observed for each stability regime 889 
annually and seasonally at Syowa. As stability aloft increases in each stability grouping, the wind 890 
direction changes from easterly to more southeasterly. As the wind direction shifts from easterly to 891 
southeasterly the wind has a more continental origin and is likely colder. This suggests that weak drainage 892 
flow from the continental interior may be advecting cold air at low levels, while more mild, maritime air 893 
remains aloft, resulting in profiles with enhanced stability aloft at the interface between the cold 894 
continental air at low levels and the mild maritime air above.  895 

Here, the forcing mechanisms for the variations in boundary layer stability described by Dice et 896 
al. (2023) were identified for two continental interior sites and three coastal sites in Antarctica. Boundary 897 
layer stability and the forcing mechanisms that drive variations in boundary layer stability is widely 898 
misrepresented in weather and climate models (e.g., Genthon et al., 2013; Holtslag et al., 2013; Mahrt, 899 
2014). A next step in this work will be to assess the ability of the Antarctic Mesoscale Prediction System 900 
(AMPS) (Powers et al., 2012) to simulate the frequency of boundary layer stability regimes (Dice et al., 901 
2023) and differing forcing for each stability regime. 902 
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