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Abstract An experiment to investigate atmospheric turbulence was performed at 10 

Concordia station (Dome C, Antarctica) during winter 2012, finding significant turbulence 11 

in a near-surface layer extending to heights of a few tens of metres, despite the strong stable 12 

stratification. The spatial and temporal behaviour of thermal turbulence was examined 13 

using a high-resolution sodar, starting from the lowest few metres with a vertical resolution 14 

better than 2 m. Sodar observations were complemented by in situ measurements using a 15 

weather station and radiometers near the surface, temperature and wind-speed sensors at 16 

six levels on a 45-m tower, and radiosondes. The depth of the surface-based turbulent layer 17 

(SBTL) at Dome C during the whole winter was directly measured experimentally for the 18 

first time, and had an average depth of ≈ 23 m, varying from a few to several tens of metres, 19 

while the inversion-layer depth was ≈ 380 m. Relationships between the depth of the SBTL 20 

and atmospheric parameters such as the temperature, wind speed, longwave radiation, 21 

Brunt–Väisälä frequency and Richardson number are shown. The SBTL under steady 22 

weather conditions is analyzed and classified into three prevailing types: 1) a very shallow 23 

layer with a depth < 15 m, 2) a shallow layer of depth 15–70 m with uniform internal 24 

structure, 3) a shallow layer of depth 20–70 m with waves. Wave activity in the SBTL was 25 
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observed during a significant portion of the time, with sometimes regular (with periodicity 26 

of 8–15 min) trains of Kelvin–Helmholtz billow-like waves occurring at periods of 20–27 

60 s, and lasting several hours. 28 

 29 
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1 Introduction  33 

We report and categorize the important features of small-scale turbulence and sub-34 

mesoscale structures in the stably-stratified atmospheric boundary layer (SBL) under 35 

strong background stability caused by large temperature gradients at extremely low 36 

temperatures during the polar winter on the high Antarctic plateau. A common agreement 37 

on the necessity to improve the description of dynamic and turbulent processes in the SBL 38 

has been recently reached. Although the research of the SBL has been performed for several 39 

decades, a unified pattern or theory does not exist, and the characteristics and origin of 40 

turbulence within the SBL are not yet well clarified. The accurate determination of 41 

turbulent transfer in the lower atmosphere is important for the improved understanding of 42 

surface–atmosphere exchange processes, as well as for improving their representation in 43 

numerical-weather and air-quality-prediction models, especially in the polar regions. The 44 

knowledge of atmospheric turbulence properties is also important to quantify their 45 

influence on the distortion of astronomical images (Gur’yanov et al. 1992; Petenko et al. 46 

2014) and the propagation of electromagnetic waves for telecommunication purposes (e.g. 47 

Tatarskii 1971).  48 

Different classifications of stable-layer regimes have been suggested in the 49 

literature, beginning from the simplest two-regime classification to multi-regime ones of 50 

up to five regimes. Detailed reviews of studies of the SBL are found in Salmond and 51 

McKendry (2005), Banta (2008), Mahrt (2014), and Sun et al. (2015). Different variables 52 

have been suggested as a stability parameter to classify different types of SBL, including 53 

h/L (e.g. Nieuwstadt 1984; Holtslag and Nieuwstadt 1986) and z/L (e.g. Mahrt et al. 1998; 54 

Mahrt 1999), where z is the height above the surface, h is the height of the SBL, and L is 55 

the surface-layer Obukhov length. Grachev et al. (2005), who analyzed data obtained over 56 
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the Arctic ice, showed that the SBL can be classified into four major regimes: the (i) 57 

surface-layer-scaling regime (weakly stable case), (ii) transition regime, (iii) turbulent 58 

Ekman layer, and (iv) intermittently-turbulent Ekman layer (supercritical stable regime). 59 

The use of a Richardson number (both gradient and bulk) for scaling has been discussed 60 

by Van de Wiel et al. (2002a), Klipp and Mahrt (2004), Grachev et al. (2005, 2013), Mahrt 61 

and Vickers (2006), Baas et al. (2006), Galperin et al. (2007), Sorbjan (2006, 2010), Mahrt 62 

et al. (2012), and Sorbjan and Grachev (2010), among others. As a less noisy estimate of 63 

the background stability, Kitaigorodskii and Joffre (1988) and Joffre et al. (2001) suggested 64 

using for the height h a length scale u ͙ / N, where u͙ is the surface friction velocity, and N is 65 

the Brunt–Väisälä frequency above h. Mironov and Fedorovich (2010) examined different 66 

formulations of the SBL depth, and proposed generalized depth-scale formulations. Van 67 

de Wiel et al. (2002a, b; 2003) used the surface turbulent fluxes and the surface net 68 

radiation Rnet to separate the SBL into three regimes: the continuous-turbulence regime for 69 

the weakest stability, the intermittent regime, and the radiation regime for the strongest 70 

stability. Banta et al. (2002) used the mean low-level-jet speed to identify categories of 71 

SBL turbulence structure, while Mahrt and Vickers (2006) found a similar relationship 72 

using the mean wind speed at 2 m. Banta (2008) noted that, for many purposes, it is 73 

desirable to characterize the SBL turbulence in terms of the largest-scale external variables 74 

possible. Sun et al. (2012) revealed three turbulence regimes depending on the wind speed. 75 

Van Hooijdonk et al. (2015) characterized the SBL regimes by a new non-dimensional 76 

parameter, the shear capacity, enabling the prediction of different flow regimes. Petenko et 77 

al. (2014) showed the dependence of the sodar-measured depth of the turbulent layer at 78 

Dome C, Antarctica during winter on the wind speed at 3 m, which consists of two linear 79 

regions with different slopes intersecting at 3–4 m s–1. Vignon et al. (2017a) identified two 80 

regimes of the temperature-gradient dependence on the 10-m wind speed with a threshold 81 

of ≈ 6 m s-1, and emphasized that SBL dynamics are primarily driven by the wind shear. 82 

While linear theory predicts that small-scale fluctuations only exist when the 83 

Richardson number Ri  < the critical value of the Richardson number Ricr = 0.25 (e.g. Miles 84 

1961; Howard 1961), in many geophysical flows, turbulence exists for Ri > 0.25 (e.g. 85 

Schumann and Gerz 1995). Observations show that there is no clear critical Richardson 86 

number for decaying turbulent fluxes (e.g. Galperin et al. 2007; Grachev et al. 2013). 87 
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Zilitinkevich et al. (2007) showed that a second-order moment closure model can predict 88 

the persistence of turbulence beyond the critical Richardson number.  89 

Stable stratification favours the occurrence of disturbances other than turbulence, 90 

which are associated with sub-mesoscale or mesoscale motions, such as propagating 91 

buoyancy waves (internal gravity waves), vorticity-generated waves (Kelvin–Helmholtz 92 

billows), and solitary waves (Sun et al. 2004, 2015; Mahrt and Vickers 2006). Of the 93 

ground-based remote-sensing techniques for studying sub-mesoscale motions in the 94 

atmosphere, including waves, sodar is the simplest among them, and is most suitable for 95 

investigation of the shallow SBL. Sodar measures the temperature structure parameter 96 

CT
2
   characterizing the intensity of temperature fluctuations not only at one fixed level but 97 

continuously over a height range up to several hundreds of metres. The parameter CT
2
   is a 98 

proportionality factor in the two-thirds law for the structure function DT, which is valid 99 

within the inertial subrange of locally-isotropic turbulence (Obukhov 1949) 100 

       3/222
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where T’(r) is the temperature fluctuation around its mean at the point r, and 21 rr r  102 

is the distance between points r1 and r2. 103 

In acoustic remote sensing, the parameter CT
2
   is determined from measurements 104 

of the intensity of the backscattered acoustic signal (Tatarskii 1971), 105 

180
3

1
232 1025.0 


 kTCT ,     (2) 106 

where 180 is the effective backscattering cross-section at a 180° angle per unit of scattering 107 

volume per unit solid angle, T is the absolute temperature of the air, and k is the acoustic 108 

wavenumber. More information about acoustic remote sensing can be found in Brown and 109 

Hall (1978). Even if a sodar is not calibrated, the relative values of CT
2
   provide useful 110 

information on the spatial and temporal variability of the thermal turbulence intensity. In 111 

fact, thermal turbulence is a perfect indicator of any sub-mesoscale disturbances being 112 

generated by them, so a sodar is able to visualize their morphology and help to determine 113 

what kind of mentioned phenomena occurs. Based on our experience with sodar 114 

observations, we believe it is not correct to consider separately small-scale turbulence and 115 

sub-mesoscale motions, which originate from large-scale features of a flow and the external 116 
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conditions, and generate in turn local small-scale turbulence whose spatial and temporal 117 

distribution is modulated by the larger-scale motions. Sun et al. (2004) analyzed the 118 

generation of turbulence by different atmospheric disturbances. The problem of the 119 

separation between the turbulence and non-turbulent motions (Mahrt 2010) demands a 120 

priori information on the specific variability of temporal scales related to processes 121 

occurring under stable stratification. Preliminary experimental data from ground-based 122 

remote-sensing measurements can help develop appropriate analysis procedures to separate 123 

the effect of purely turbulent processes from larger-scale motions. Sodars (as well as radars 124 

and lidars) often show clear traces of wavelike structures appearing as undulating layers of 125 

enhanced thermal turbulence oscillating vertically (e.g. Gossard et al. 1970, 1985; 126 

Emmanuel et al. 1972; Hooke et al. 1973; Kallistratova and Petenko 1993; Petenko et al. 127 

2012), which are very likely due to different kinds of atmospheric waves generated by 128 

various mechanisms, with the duration of wave motions varying from a few minutes to 129 

several hours. Waves generated by shear-flow instability are common in the SBL 130 

(Bretherton 1969; Sun et al. 2015; Lyulyukin et al. 2015). For example, in Antarctica, 131 

wavelike structures have been observed in several studies (King et al. 1987; Kouznetsov 132 

2009; Neff et al. 2008; Petenko et al. 2013, 2015; Argentini et al. 2014b), and Petenko et 133 

al. (2016) reported wavelike braid (or herringbone) patterns in the turbulent layer occurring 134 

regularly during morning convection development at Dome C, Antarctica.  135 

Adequate understanding of the turbulence in the SBL demands measurements of 136 

high vertical resolution, since turbulence can be confined in layers, sometimes only a few 137 

metres deep (Gossard et al. 1970, 1985; Kallistratova and Petenko 1993). Here, we present 138 

a qualitative description of the turbulence structure in the SBL under strong background 139 

stability, as observed during the polar winter at Dome C on the Antarctic plateau. The 140 

description of the experimental set-up and meteorological conditions is given in Sect. 2, 141 

and different patterns of the spatial and temporal distribution of turbulence observed by a 142 

high-resolution sodar are described in Sect. 3. The spatial and temporal characteristics of 143 

the turbulence structure in the lowermost (< 100 m) atmospheric layer are considered under 144 

different meteorological and stability conditions, focusing on the presence of wave activity. 145 

The summary is presented in Sect. 4. 146 

 147 
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2 Experimental Set-up and Meteorological Conditions  148 

The experiment was carried out during the austral winter of 2012 at the French–Italian 149 

station of Concordia Dome C (75°06’’S, 123°21’’E), Antarctic plateau, East Antarctica 150 

(Fig. 1). The station elevation is 3233 m above sea level at a distance of 900 km inland 151 

from the nearest coast, with a surface slope at this site ≈ 0.1%. The sun culminates at 38° 152 

on 21 December, and is permanently below the horizon from 6 May to 12 August.  153 

 154 

 155 

 156 

Fig. 1 Geographical map of East Antarctica, with the position of Dome C (red dot)  157 

 158 

2.1 Instrumentation  159 

2.1.1 Sodar System  160 

An advanced version of a high-resolution sodar (Argentini et al. 2012) developed by the 161 

Institute of Atmospheric Sciences and Climate of the National Research Council of Italy 162 

(ISAC-CNR) was used for turbulence observations in the height range of 2–200 m. The 163 
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four vertically-pointed sodar antennae (three transmitting and one receiving) were installed 164 

400 m south-west of the main buildings of Concordia station (Fig. 2) to minimize the 165 

influence of the station considering that the prevailing atmospheric flow is from the south-166 

south-west sector. The duration of the acoustic pulse emitted every 2 s is 10 ms, with a 167 

corresponding vertical extent of the scattering volume of 1.7 m. Instantaneous values of 168 

the echo intensity with a vertical step of < 1 m were recorded. Details on the processing 169 

techniques may be found in Argentini et al. (2012, 2014b). A noise-subtraction procedure 170 

was developed and applied to the echo-signal intensity profiles (Petenko et al. 2014) to 171 

increase the data quality. While measurements were performed during the entire winter 172 

period, as the sodar was used for several scientific tasks, the high-resolution measurements 173 

were only available during the second part of every month from April to September 2012, 174 

and continuously over 24 h for a total of ≈ 2500 h covering more than 80 days. 175 

 176 

 177 

Fig. 2 Sodar antennae 178 

 179 

2.1.2 Other Measurements  180 
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Measurements of air temperature, humidity, wind speed and direction were provided by an 181 

automatic weather station Milos 520 (Vaisala) with an acquisition rate of 1 min at heights 182 

of 1.4 and 3.6 m above the surface for the temperature and wind speed, respectively. A 183 

mast equipped with a net radiometer CNR1 (Kipp & Zonen) and an ultrasonic 184 

anemometer–thermometer USA-1 (Metek) at a height of 3.5 m was installed about 15 m 185 

from the sodar antennae. The value of the downwards longwave radiative flux > 75 W m-2 186 

was used as an objective criterion for the presence of clouds or mist. Unfortunately, sonic 187 

measurements under low temperatures and weak turbulence had several technical 188 

limitations: (i) as the normal functionality of ultrasonic sensors is limited to temperatures 189 

> −40°C, a heating system is used to allow a functionality up to −50°C; however, this 190 

heating may disturb and increase the background turbulence, especially influencing 191 

temperature fluctuations and the heat flux. (ii) Another problem is caused by internal 192 

electronic noise, which is different for the wind speed and temperature channels, 193 

influencing mainly the temperature measurements. For this reason, in many cases, even if 194 

the momentum-flux (or friction velocity) measurements are reliable, the heat-flux 195 

measurements failed, making accurate determination of the Obukhov length L impossible 196 

under these circumstances. 197 

Radiosoundings were performed every day at 1930 local standard time 198 

(LST = UTC + 8) with a radiosonde RS92-GSL (Vaisala) (temperature, humidity and 199 

wind-speed measurements). In addition, temperature and wind-speed profiles from a 45-m 200 

tower located at a distance of approximately 1 km were available (see Genthon et al. 2013 201 

and Vignon et al. 2017a for a description of the tower equipment), yielding measurements 202 

at heights of about 3, 10, 17, 25, 32 and 41 m. To quantify the stability, we take the bulk 203 

Richardson number RiB as a stability parameter, and follow Mahrt and Vickers (2006) by 204 

computing the bulk Richardson number RiB between the levels z1 and z2 as  205 
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where g is the acceleration due to gravity, z is the height above the surface, V is the wind 207 

speed, θ is the potential temperature in K calculated as θ(z) = T [1000/p(z)]0.286 , where T is 208 

the absolute temperature in K, p is the air pressure in hPa, and θ0 is the average value of θ 209 

between two levels.  210 
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The Brunt–Väisälä frequency is determined from  211 
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with the period corresponding to the Brunt–Väisälä frequency termed the “buoyancy 213 

period”, and calculated as Tb = 2π N-1. 214 

The snow-surface temperature Ts is retrieved from the radiometer data as in Vignon et 215 

al. (2017b) by  216 
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,     (5) 217 

where σ is the Stefan–Boltzmann constant, ε is the snow emissivity of 0.99 (Brun et al. 218 

2011), and LW↑ and LW↓ are the upwards and downwards longwave radiative fluxes, 219 

respectively. 220 

 221 

2.1.3 Characteristics of Meteorological Conditions  222 

The histogram of temperature and the wind rose are shown in Fig. 3a and b, and are in 223 

reasonable agreement with the results of previous measurements (e.g. Genthon et al. 2013; 224 

Pietroni et al. 2012, 2014; Argentini et al. 2014a). The temperatures varied between −80 225 

and −30°C, and the lowest temperatures (< −70°C) generally occurred under clear-sky 226 

conditions. The local climate is characterized by strong temperature inversions, whose 227 

strength, estimated as the difference between temperatures at the top of the inversion and 228 

near the surface, reaches 35°C. A histogram of inversion strength is shown in Fig. 3c, 229 

indicating negative skewness of the distribution and an average strength ≈ 23°C. The flow 230 

regime at ≈ 3 m is characterized mainly by low (< 4 m s–1) and moderate (4–6 m s–1) wind 231 

speeds. Low and moderate katabatic flows are from the south-south-west sector under cold, 232 

calm and fair weather conditions. Low wind speeds, which occurred 40% of the time, 233 

normally did not produce significant turbulence, while moderate wind speeds, which 234 

occurred 50% of the time, favoured enhanced turbulence in the lowest 10–50-m layer.  235 

During winter, remarkable synoptic variations accompanied with cloudiness occurred 236 

due to intrusions of warm and moist air masses from the coastal zones, causing the 237 

asymmetry of the distributions of temperature and the inversion strength (Fig. 3a and b). 238 

These episodic (every 8–12 days) weather events are characterized by higher wind speeds 239 
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(up to 12 m s−1), significantly higher temperatures (up to −40°C), a decrease in the 240 

inversion strength, and strong cloudiness (e.g. Argentini et al. 2001; Genthon et al. 2013). 241 

Intense turbulence in the lowest 100-m layer and elevated turbulent layers at heights of 242 

several hundred metres were observed during transition periods.  243 

 244 

 245 

Fig. 3 Statistics of meteorological variables for the period April–September 2012. Histograms of a 246 

temperature at 1.4 m, c inversion strength from radiosonde ascents, and d differences between the 247 

temperature T1 at 3 m and the snow-surface temperature Ts (blue), and between the temperature T2 at 10 m 248 

and Ts (green). b Wind rose showing the joint probability of wind speed and direction at 3.6 m (the colour 249 

intensity is proportional to the value of the joint probability density function) 250 

 251 

 252 

3 Results and Discussion 253 

The results reported herein are minimally influenced by orography and other external 254 

factors, with the flat surface of slope of < 0.1% providing true horizontal homogeneity. 255 
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Due to the near absence of the sun during the considered period, diurnal variations are 256 

almost negligible. Periods of steady fair weather had a rather long duration of 5–10 days, 257 

being interrupted only by shorter episodic intrusions of warm air and cloudiness from 258 

coastal zones. 259 

 260 

3.1 Surface-based Turbulent Layer 261 

Based on visual inspection of sodar echograms and on the analysis of vertical profiles of 262 

the return-signal intensity for several months, we conclude that the altitude where 263 

turbulence occurs is not equivalent to the whole SBL, which sometimes is associated with 264 

a temperature inversion layer (Yamada 1976) or with a layer below the low-level-jet 265 

maximum (Melgarejo and Deardorff 1974). It has been shown theoretically by Garratt and 266 

Brost (1981), and experimentally by André and Mahrt (1982), that the depth of the 267 

turbulent layer can be less than the inversion-layer depth. Figure 4 shows an example of a 268 

sodar echogram and profiles of air temperature and wind speed measured on the 45-m 269 

tower and by a radiosonde on 27 August 2012, illustrating a time–height section of the 270 

logarithm of the structure parameter CT
2
   in arbitrary units. Turbulence occurs only in the 271 

lowest part (< 40–60 m in this case) of the temperature inversion layer. Although RiB > 0.25 272 

at the heights between 20 and 60 m (Fig. 4h), thermal turbulence is significant in this 273 

region. In the upper part (> 60 m) with high RiB values, no turbulence is detected.  274 

 275 

  276 
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 277 

 278 

Fig. 4 Sodar echogram and profiles of meteorological parameters recorded on 27 August 2012, 1900–2100 279 

LST. a Example of the SBTL shown by a sodar echogram; the colourbar shows the logarithm of the structure 280 

parameter CT

2
   (arbitrary units). b Detailed view of the echogram for the same day (2030–2045 LST). c 281 
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Vertical profiles of the parameter CT

2
   in arbitrary units (2030–2045 LST), d temperature, e wind speed, f 282 

Richardson number, and g Brunt–Väisälä frequency measured on the tower on 27 August 2014, 1900–2100 283 

LST. Vertical profiles of h temperature, i wind speed, j Richardson number, and k Brunt–Väisälä frequency 284 

measured by a radiosonde on 27 August 2014, 1930 LST. The solid horizontal red lines in c–k indicate the 285 

average position of the top of the turbulent layer located at ≈ 50 m. The thick solid horizontal black line in h 286 

indicates the position of the top of the temperature inversion layer located at ≈ 500 m. The red vertical line 287 

in Fig. 4e shows RiB = 0.25. The green vertical line in f shows the bulk Richardson number RiB calculated 288 

between z1= 3 m and z2 = 41 m. The solid horizontal green line in i indicates the height of the wind-speed 289 

maximum at ≈ 230 m  290 

 291 

 292 

Note that the largest gradients of temperature and wind speed occur within the turbulent 293 

layer; above the turbulent layer, the gradients decrease. The maximum temperature is 294 

reached at ≈ 500 m, and the wind speed increases from 6 m s–1 at 3.5 m to 16 m s–1 at 295 

230 m. The sodar turbulence observations and temperature vertical profiles from tower and 296 

radiosonde measurements indicate a separate sub-layer within the entire SBL containing 297 

enhanced turbulence associated with a layer of temperature inversion. We focus on this 298 

atmospheric region, calling it a surface-based turbulent layer (hereafter, SBTL) to indicate 299 

a turbulent part of the SBL at the surface, which is a term first suggested in Seaman et al. 300 

(2002). Note, we use it only for stable stratification, and not for the convective boundary 301 

layer. The SBTL is clearly detected from sodar observations, and its top is easily 302 

determined due to the sharp cessation of thermal turbulence, where the value of 303 

CT
2
   decreases by one to two order of magnitudes over a few metres, as shown by Petenko 304 

et al. (2014). Due to a sharp decrease of CT
2
   values above the SBTL (Fig. 4c), the position 305 

of its upper boundary in sodar echograms is insensitive to the choice of colour scales. From 306 

the sodar records (Fig. 4a), it is possible to estimate the SBTL depth (HSBTL) visually as a 307 

height of the boundary of the coloured (or black) band in echograms. Moreover, other 308 

methods for determining the mixing height in the atmospheric boundary layer (ABL) from 309 

sodar CT
2
   (or, reflectivity) profiles (e.g. Beyrich 1997; Casasanta et al. 2014) also give 310 

unambiguous values of HSBTL. We believe that the depth of the SBTL, being determined 311 

directly experimentally, plays a key role in the parametrization of the SBL, as well as in 312 

the verification of modelling results.  313 
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Variations of depth HSBTL during the observational period are shown in Fig. 5 together 314 

with the temperature inversion height (HINV) and the height of the wind-speed maximum 315 

(HVmax) determined from radiosonde measurements. Usually, the height of the temperature 316 

inversion layer is defined as the position of the maximum value in the temperature profile. 317 

However, often in practice, as an estimate of the temperature inversion height, one takes a 318 

height where the temperature gradient passes a certain threshold, making the estimate of 319 

the inversion height HINV dependent on the criteria used. Shown in Fig. 5 are time variations 320 

of HINV values estimated from the temperature maximum and from the temperature-gradient 321 

threshold based on the value of the temperature gradient equal to 0.005 K m–1 as in Drue 322 

and Heinemann (2007). Large differences between the HINV and HSBTL values are evident, 323 

which is consistent with that reported previously (Garratt and Brost 1981; André and Mahrt 324 

1982; Drue and Heinemann 2007). While Drue and Heinemann (2007) determined the 325 

height of the turbulent SBL as a height of the maximum wind speed HVmax, in our 326 

measurements, the HSBTL values at Dome C are much less than the height of the wind-speed 327 

maximum. No correlation between either the depths HSBTL and HINV or the depths HSBTL and 328 

HVmax was found (not shown).  329 

 330 

 331 

Fig. 5 Time series of (i) 1-h-averaged depth HSBTL as estimated from sodar echograms (blue), and (ii) 332 

inversion heights HINV determined from the position of the temperature maximum (red) and from the height 333 

where the temperature gradient reaches the threshold equal to 0.005 K m
–1 (green), and the height of the low-334 

level wind-speed maximum HVmax (black) from 1 April to 30 September 2012  335 

 336 
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 337 

Fig. 6 Histograms of the depths a HSBTL (from sodar), b HINV and HVmax (from radiosonde), c and the ratio 338 

HSBTL  / HINV  (red – HINV  from the height of the temperature maximum, blue – HINV from the height where 339 

the temperature gradient is equal to 0.005 K m
–1) for April–September 2012  340 

 341 

The histogram of depths HSBTL shown in Fig. 6a indicates that values HSBTL > 20 m (< 342 

20 m) are observed for 45% (55%) of the total observational period, while values HSBTL 343 

< 5 m for 17% of the period. Particularly deep layers where HSBTL > 70 m are observed 5% 344 

of the time, and these are mainly associated with weather changes. Figure 6b shows the 345 

histogram of (i) the depth HINV estimated by the maximum temperature (red) and from the 346 

gradient equal to 0.005°C m–1 (blue), and (ii) the depth HVmax (black). The statistics of the 347 
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depth HSBTL, the values of HINV estimated with different criteria, and the depth HVmax are 348 

given in Table 1.  349 

 350 

 351 

Table 1. The depth of the SBTL, and the heights of the temperature inversion layer and 352 

wind-speed maximum averaged over the period April–September 2012.  353 

Depth (m) Mean (m)  Median (m)  
Standard  

deviation (m)  

Turbulence layer 23 16 20 

Inversion layer 

(Temperature maximum) 
380 367 140 

Inversion layer 

(Temperature 

gradient = 0.005 K m–1) 

244 235 88 

Height of the wind-speed 

maximum 
162 123 104 

 354 

The mean SBTL depth is 23 m, while the inversion-layer depth (the height of the 355 

temperature maximum) is 380 m. The wind-speed maximum occurs on average at a height 356 

of ≈ 160 m, which is considerably lower than the depth HINV. The probability distribution 357 

of the ratio HSBTL / HINV shown in Fig. 6c has a wide range of variability. In half of the cases, 358 

the SBTL occupies less than 5% of the inversion layer. Stable boundary layers less than a 359 

few tens of metres deep have been found during very stable conditions with weak wind 360 

speeds and classified as shallow layers (e.g. Smedman 1988; Mahrt and Vickers 2006; 361 

Grachev et al. 2013). The SBTL observed in our experiment may also generally be 362 

considered as shallow. 363 

Figure 7 shows the relationship between the depth HSBTL and different meteorological 364 

and turbulent parameters for the period April–September 2012. In Fig. 7a, HSBTL values are 365 

plotted versus temperature, with the colours of circles representing the wind speed. The 366 

smaller values of HSBTL < 10 m are observed mainly at temperatures < −60°C, when wind 367 

speeds are < 4 m s–1; layers deeper than 50 m, in practice, are not observed at temperatures 368 
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< −70°C. However, a clear correlation between the depth HSBTL and temperature is absent. 369 

Figure 7b shows the depth HSBTL versus the 3.6-m wind speed with colours representing 370 

the temperature, importantly illustrating that the value of HSBTL increases with the wind 371 

speed, which may be approximated by lines of different slopes intersecting at 3–4 m s–1. A 372 

similar feature was found by Vignon et al. (2017a) for the relationship between the friction 373 

velocity  𝑢∗ and the 10-m wind speed with the intersection point around 6 m s–1. In our 374 

case, when the 3-m wind speed > 4 m s–1, then usually the value of HSBTL > 20 m for a wide 375 

range of temperatures. The relationship between the depth HSBTL (in m) and wind speed V 376 

(in m s–1) can be roughly estimated as HSBTL ≈ 12V − 10 for V > 3 m s–1. 377 

The depth HSBTL versus the longwave downwards radiation and the difference between 378 

the longwave upwards and downwards radiation are plotted in Fig. 7c and d, respectively, 379 

with the colour scale representing the wind speed, illustrating no simple dependence 380 

between the depth HSBTL and radiation characteristics. From Fig. 7c, we conclude that the 381 

value of HSBTL does not depend on the downwards longwave radiation LW↓, but is 382 

influenced mainly by the wind speed. From Fig. 7d, it is seen that the lowest depths 383 

HSBTL < 20 m occur mainly for low wind speeds < 3 m s–1, with the difference LW↑ − LW↓ 384 

lying between 15 and 20 W m–2; values of HSBTL  > 20 m occur for the differences 385 

LW↑ − LW↓ > 25 W m–2 and wind speeds > 4 m s–1. 386 

 387 
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 388 

 389 

Fig. 7 The depth HSBTL versus a temperature at 1.4 m, b wind speed at 3.6 m, c longwave downwards 390 

radiation, d the difference between longwave upwards and downwards radiation from April–September 2012 391 

 392 

Figure 8a shows HSBTL values versus the difference dT between the temperature at 393 

level 2 of the tower (10 m) and the snow-surface temperature Ts, whose dependence can be 394 

roughly described by the power law 1 dTHSBTL
, with a fitted value of the exponent 395 

μ1 ≈ 1.6. Figure 8b shows the dependence of HSBTL values on the Brunt–Väisälä frequency 396 

N estimated from the temperature gradient between level 2 (10 m) and level 1 (3 m) of the 397 

tower, whose dependence is also described by the power law 2 NH SBTL
for μ2 ≈ 1.4.  398 

 399 
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 400 

 401 

Fig. 8 The depth HSBTL versus the a difference between the temperature at 10 m and the snow-surface 402 

temperature, b Brunt–Väisälä frequency calculated between 10 and 3 m, c Richardson number computed 403 

between 10 and 3 m, d Richardson number computed between 41 and 3 m, from April–September 2012. 404 

Black thick lines in a and b are fitted power-law curves with exponents of −1.6 and −1.4, respectively. Red 405 

vertical lines in c and d show RiB = 0.25  406 

 407 

As for the correlation between the depth HSBTL and the gradient-dependent parameters, 408 

examples of vertical profiles of RiB and N are shown in Fig. 4e and f, corresponding to the 409 

profiles of temperature and wind speed measured and averaged over 2 h between 1900 and 410 

2100 LST on 27 August 2012 (see Fig. 4c and d). The bulk Richardson number RiB within 411 

the SBTL estimated from temperature and wind-speed gradients on the 45-m tower shows 412 

values around and sometimes exceeding 0.25. The persistence of turbulence beyond the 413 

critical Richardson number is in agreement with earlier theoretical and experimental results 414 
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mentioned above. The relationship between HSBTL and RiB values is shown in Fig. 8c and d 415 

for two RiB values calculated with Eq. 3: (i) between the levels z1= 3 m and z2= 10 m (Fig. 416 

8c), and (ii) the levels z1= 3 m and z2= 41 m (Fig. 8d). It should be noted that the choice of 417 

heights to estimate RiB values to properly characterize the turbulence behaviour is not a 418 

simple task, because the Richardson number RiB is quite variable vertically within the 419 

SBTL. Therefore, we consider at least two values corresponding to the lowest and highest 420 

regions of available measurements. On average, the dependence of HSBTL values on the 421 

Richardson number RiB shows that a transition between very shallow and deeper SBTL 422 

regimes occurs when RiB values are in the range between 0.1 and 1, which separates 423 

turbulent and very-weak-turbulence conditions. A relatively deep SBTL of 10–20 m may 424 

even occur for values RiB  > 0.25. Figure 8c and d shows that there is some difference 425 

between the dependence of depth HSBTL on RiB values calculated for the different layers [z1, 426 

z2], which is an ambiguity needing to be taken into account when choosing a proper stability 427 

parameter based on the Richardson number RiB. 428 

 429 

3.2 Description of the Surface-based Turbulent Layer under Synoptically 430 

Undisturbed Conditions 431 

While visual inspection of sodar echograms plotted with a conventional scale of the time 432 

axis (a few hours on one plot) does not reveal clearly the presence of the internal structure 433 

of the SBTL (Figs. 4a, 9a and 11a), plotting the same data with an expanded time scale (for 434 

10–20 min) makes it possible to detect the detailed features of the turbulence structure, 435 

which can be either uniformly chaotic (as in Fig. 4b) or quite regular (Fig. 9b1 and b2). As 436 

these features often exhibit wavelike behaviour with oscillations of fine-scale turbulent 437 

layers (Fig. 9b1 and b2), the difference between different SBTL types consists not only in 438 

their depths and the averaged intensity of turbulence, but also in the pattern of the spatial 439 

and temporal structure. For classification purposes, data over periods not affected by strong 440 

weather changes were selected.  441 

Figure 4a shows an example of the relatively deep SBTL extending up to 40–60 m, and 442 

having a uniformly chaotic internal structure without any evident regularity (Fig. 4b). Wind 443 

speeds of 3–6 m s–1 characterize the meteorological conditions for this situation. Profiles 444 

of temperature and wind speed (Figs. 4d and e) show gradients of ≈ 0.05 K m–1 and 0.12 s–445 
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1, respectively, which are nearly constant throughout the entire SBTL. Although the value 446 

of RiB within the SBTL exceeds 0.25 at heights > 20 m, this does not impede the existence 447 

of enhanced thermal turbulence. The buoyancy period is ≈ 80 s, but no clear oscillations 448 

with this period are detected.  449 

Another kind of relatively deep SBTL (Fig. 9a) is characterized by the presence of 450 

wavelike structures propagating downwind and tilted in the direction of motion. A detailed 451 

wavy structure of turbulence appears in echograms as a braid (also called herringbone or 452 

S-like) waveform clearly visible in the detailed views in Fig. 9b1 and b2, illustrating 453 

individual braid-like, wavy fine-scale layers of vertical thickness 3–5 m. Such a wave 454 

pattern is often referred to as vorticity-generated waves, such as Kelvin–Helmholtz billows 455 

(Sun et al. 2015). Another term applied to this wavy pattern is “internal gravity–shear 456 

waves” (Ljuljukin et al. 2015) resulting from the shear instability under stable stratification 457 

conditions. Wave processes appear mainly as a periodical (8–15 min) passage of wave 458 

trains of 4–6 min duration, whose internal structure is evident in Fig. 9b1 and b2.  459 

Analysis of the meteorological conditions accompanying these events showed the usual 460 

presence of a temperature jump (10–15°C within a thin layer of ≈ 5 m) at heights of 20 to 461 

50 m (as in Fig. 9c), where fine-scale waves occur. The shape of the temperature profile 462 

with two inflexion points resembles the one considered earlier by Garratt and Brost (1981), 463 

and van Ulden and Holstag (1985). Vignon et al. (2017a) identified the shape of such 464 

temperature profiles as “convex–concave–convex”. Another necessary attribute of these 465 

events is the 3-m wind speed > 4 m s–1 with a wind shear of 0.15–0.2 s–1 within the SBTL.  466 

 467 

 468 
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 473 

Fig. 9 a Example of the long-lived SBTL with a wavy internal structure in the sodar echogram, and recorded 474 

on 25 August 2012, 1800–2000 LST. b1, b2 Detailed views of the echogram from 1810–1820 LST and 1930–475 

1940 LST showing the internal structure of the wave packets. The colorbars show the logarithm of the 476 

structure parameter CT

2
   (arbitrary units). Vertical profiles of c temperature, d wind speed, e Richardson 477 

number, and f buoyancy frequency averaged over 1900–2000 LST. Vertical profiles of g temperature, h wind 478 

speed measured by a radiosonde on 25 August 2014, 1930 LST. The red vertical line in e shows the 479 

Richardson number RiB = 0.25. The green vertical line in e shows the value of RiB calculated between z1 = 3 m 480 

and z2 = 41 m. The thick solid horizontal black line in g indicates the position of the top of the temperature 481 

inversion layer located at ≈ 530 m. The thick solid horizontal green line in h indicates the height of the wind-482 

speed maximum at ≈ 240 m. The horizontal red lines in c–h indicate the value of HSBTL 483 

 484 

 485 

Atmospheric waves are an important mechanism for the transport and redistribution of 486 

energy, momentum, and matter between the ABL and the free atmosphere, while affecting 487 
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many micro- and mesoscale processes, such as turbulence, diffusion, local flows, and 488 

temperature inversions. For a more accurate estimation of the frequency of the wavelike 489 

motions, a spectral analysis was performed, with the spectrum of variations of the structure 490 

parameter CT
2
   within the braid region shown in Fig. 10 as a function of both frequency and 491 

period. The spectral density was calculated separately for the low-frequency (long periods) 492 

and high-frequency (short periods) ranges. The spectral peaks for shorter periods (≈ 20 s) 493 

are attributed to the periods of waves shown in Fig. 9b1 and b2, which, in many cases, are 494 

rather close to the buoyancy period Tb at the layer where waves occur. For the profile in 495 

Fig. 9f, the period Tb ≈ 25 s occurs at a height of ≈ 30 m, as calculated from the frequency 496 

N. Unfortunately, layers containing waves are often located above 40 m, so it was not 497 

possible to accurately estimate the period Tb. The spectral peak at a long period (≈ 680 s) 498 

characterizes the average time interval between successive wave trains, which, for the 499 

entire observational period, ranged between 500 and 900 s. 500 

 501 

 502 

Fig. 10 Low-frequency (a) and high-frequency (b) parts of the power spectra of the structure parameter 503 

CT

2
   within the braid regions from Fig. 8 observed on 25 August 2012 at 1800–2000 LST 504 

 505 

While we are aware that single-point measurements are limited in determining the spatial 506 

scales of wavelike motions, a rough estimate can be made using Taylor’s frozen-turbulence 507 

hypothesis, whose applicability for Kelvin–Helmholtz billow-like waves was discussed by 508 

Petenko et al. (2016) based on the results reported by Gossard et al. (1970) and Eymard 509 

and Weill (1979). For Kelvin–Helmholtz billows (also named as gravity–shear waves), 510 
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their propagation phase velocity is close to the wind speed and direction. The value of the 511 

wavelength λ is estimated as λ = Vl T, where Vl is the wind speed within the wave layer, 512 

and T is the period of waves. This is a tentative step to obtaining information on the spatial 513 

characteristics of the wavy pattern. For the observed cases, the values of λ within wave 514 

trains are estimated to be 100–200 m, with the horizontal dimension of wavy regions 515 

estimated as 2000–3000 m, which is close to the distance separating wave trains (regions 516 

without wave activity). As this simple approach provides only a rough estimate, a 517 

comprehensive investigation of this phenomenon requires further experiments with 518 

multipoint measurements and an advanced theoretical consideration. 519 

Weak turbulence was often observed for depths HSBTL < 15 m (Fig. 11a), which are very 520 

shallow layers occurring ≈ 50 % of the time. The meteorological conditions leading to 521 

reduced turbulence are characterized by low wind speeds < 3 m s–1 and temperatures 522 

< −70°C. Temperature profiles show very strong gradients near the surface, with a 523 

difference sometimes exceeding 20°C in the first 20 m, and a shape resembling an 524 

“exponential” profile (see, e.g., van Ulden and Holstag 1985; Vignon et al. 2017a). The 525 

wind speed increases from 0–3 m s–1 at 3 m, reaching local maxima of 3–5 m s–1 at 20–526 

100 m.  527 

 528 



26 

 

 529 

 530 

 531 

Fig. 11 Example of the very shallow layer HSBTL < 5 m observed on 31 August 2012; the colorbar shows the 532 

logarithm of the structure parameter CT

2
   (arbitrary units). Vertical profiles of b temperature, c wind speed, d 533 

Richardson number, and e Brunt–Väisälä frequency measured on 31 August 2012, 1900–2100 LST. The 534 

solid horizontal red lines in b–e indicate the position of the top of the turbulent layer located at 5 m. The thick 535 

solid horizontal black line in f indicates the position of the top of the temperature inversion layer located at 536 

≈ 420 m. The thick solid horizontal green line in g indicates the height of the wind-speed maximum at ≈ 90 m 537 
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Elevated turbulent layers at heights > 15 m were occasionally (≈ 8%) observed above 539 

the very shallow SBTL (Fig. 12), including both sporadic and long-term, non-regular, as 540 

well as wavelike, elevated turbulent layers. 541 

 542 

 543 

Fig. 12 Example of the very shallow SBTL accompanied with an elevated turbulent layer observed on 28 544 

May 2012; the colorbar shows the logarithm of the structure parameter CT

2
   (arbitrary units)  545 

 546 

 547 

Table 2. Meteorological parameters for different SBTL types, 548 

Type V at 3.6 m 

(m s–1) 

T at 1.4 m 

(°C) 

T1.4m− Ts 

(°C) 

Temperature 

profile shape 

Occurrence 

% 

Very shallow 

HSBTL  < 15 m 

0–4 −80 to −60 3–10 exponential 50 

Shallow, uniform 

HSBTL  ≈ 15–70 m  

1–6 −70 to −50 3–7 Convex–

concave–

convex 

23 

Shallow, wavy 

HSBTL  ≈ 20–70 m 

4–8 −70 to −50 2–7 Convex–

concave–

convex  

21 

 549 

Based on the above description of the observed properties of the SBTL, we suggest an 550 

approximate categorization of SBTL types, taking into account both the depth and internal 551 

structure, and considering periods without any significant weather changes. Roughly, we 552 
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distinguish situations with reduced and enhanced turbulence, resulting in the following 553 

types: 554 

1) very shallow layer of depth < 15 m (Fig. 11a) sometimes accompanied with thin elevated 555 

sub-layers at 20–50 m (Fig. 12); 556 

2) shallow of depth 15–70 m with uniformly chaotic internal structure (Fig. 4);  557 

3) shallow of depth 20–70 m with wavy internal structure (Fig. 9).  558 

While we define three principal types, this number represents a very subjective 559 

oversimplification. These types occur at certain values and gradients of V and T, but the 560 

ranges of V and T for different types are not well distinguished, and intersect at the rough 561 

limits for each type given in Table 2. Multiple values of temperature gradients for a given 562 

value of V under different turbulent regimes were observed by Vignon et al. (2017a), who 563 

suggested that the SBL may evolve like a two-regime dynamical system, with a critical 564 

transition, and associated with hysteresis. Histograms in Fig. 13 provide additional 565 

information about the probability distribution of the wind speed and the temperature 566 

gradient near the surface for each SBTL type. The very shallow SBTL is observed under 567 

the lowest wind speeds < 4 m s–1, showing very weak turbulence activity. The deeper SBTL 568 

of depth > 15 m and a uniform structure is observed under the wider range of wind 569 

speeds 2–7 m s–1, while the SBTL with waves mainly occurs for the higher wind speeds 4–570 

8 m s−1. The highest temperature differences favour the existence of the very shallow 571 

SBTL, with the second and third types appearing for the same near-surface temperature 572 

gradients. However, an important difference between the uniform and the wavy SBTL is 573 

the shape of temperature profiles: within wavy layers, profiles of the pronounced “convex–574 

concave–convex” shape are observed showing the maximum gradient of 0.1–0.2 K m–1 in 575 

the upper part of the layer. 576 

 577 
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 578 

Fig. 13 Histograms of a wind speed at 3.6 m, and b temperature difference (between 1.4 m and the snow 579 

surface) for different SBTL types  580 

 581 

To emphasize the importance of the shape of temperature profiles in characterizing 582 

the different types, Fig. 14 shows “spaghetti” profiles of the difference between the 583 

temperatures at heights z (seven levels from the automatic weather station and the tower) 584 

and the snow-surface temperature, which are plotted versus height normalized by the depth 585 

HSBTL. Separate plots are shown for all three types, and profiles are shown separately for 586 

the two wind-speed ranges: 1) V < 2 m s–1 (red lines) and V > 2 m s–1 (green lines) for type 587 

1; 2) V < 4 m s–1 (red lines) and V > 4 m s–1 (green lines) for types 2 and 3, respectively.  588 

Temperature profiles observed for type 1 have a clear exponential shape (Fig. 14a), 589 

reflecting the logarithmic dependence on height    SBTLSBTL HzHzT /ln/  . The 590 

uniform (type 2) and the wavy (type 3) types do not differ essentially in the shape of their 591 

temperature profiles; profiles of a pronounced “convex–concave–convex” shape with two 592 

inflexion points are observed showing the maximum gradient of 0.2–2 K m–1 (0.2–1 K m–593 

1 for type 2 and 1–2 K m–1 for type 3) in the upper part of the SBTL. The main difference 594 

is the higher temperature gradients around the second inflexion point when waves occur. 595 

Average gradients for normalized profiles from Fig. 14b and c are ≈ 14 K for type 2 and 596 

≈ 32 K for type 3. Changes in the curvature of temperature profiles at Dome C were 597 

observed earlier by Genthon et al. (2013) and Vignon et al. (2017a), with the latter 598 

attributing these changes to the different SBL regimes.  599 
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Fig. 14 “Spaghetti” plots of temperature profiles for different SBTL types. a Very shallow with depths 600 

HSBTL < 15 m; b shallow, uniform with depths HSBTL ≈ 15–70 m; c shallow, wavy with depths HSBTL ≈ 20–601 

70 m. The red and green lines denote wind speeds V < 4 m s–1 and V > 4 m s–1, respectively. The thick solid 602 

black lines show median profiles; the thick dashed blue lines show mean profiles  603 

 604 

 605 
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3.3 Examples of Episodic Wavelike Mesoscale Phenomena under Synoptic Changes  606 

The above-mentioned classification is only valid for steady fair-weather conditions. Here, 607 

we will discuss periods of significant weather changes caused by the passage of fronts, 608 

when the structure of the ABL shows various spatial and temporal patterns. During 609 

synoptic changes accompanied with variations in wind speed and direction, temperature, 610 

pressure, as well as the appearance of cloudiness, various sub-mesoscale phenomena were 611 

observed: 1) solitary waves (single or grouped in 2–5 waves) of duration ≈ 5 min and height 612 

≈ 100 m, 2) steady, sporadic or wavy elevated layers at heights of > 50 m. Examples of 613 

these events are shown in Figs. 15 and 16. 614 

 615 

 616 

Fig. 15 Passage of a solitary wave packet on 22 July 2012. a Sodar echogram showing the wavelike structure; 617 

the colorbar shows the logarithm of the structure parameter CT

2
   (arbitrary units). Time variations of b 1.4-m 618 

temperature and c 3.6-m wind speed and direction recorded by the automatic weather station 619 
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 620 

Figure 15 shows the passage of a packet of solitary waves, indicating periods between 621 

solitons varying from 8 to 11 min, and the total number of propagating solitons of six. This 622 

event was accompanied with an increase in temperature of ≈ 2°C and oscillations in wind 623 

direction and speed. A case study of turbulence generated by a solitary wave is given by 624 

Sun et al. (2004). A similar pattern, but in oceanic waves, was observed by Alpers et al. 625 

(2008) in the Mediterranean Sea north of the Strait of Messina.  626 

Figure 16 shows the passage of a packet of internal buoyancy waves during a cold-front 627 

passage accompanied by the reduction in temperature by 2°C h–1, a step change in wind 628 

speed from 2 m s–1 to 4 m s–1, and wind veering from 45° to 165°. This phenomenon is 629 

characterized by the presence of two wavy turbulent layers: 1) the surface-based layer with 630 

an oscillating upper boundary of 5–10 m, and 2) the wavy turbulent layer of variable 631 

magnitude, whose crest-to-crest amplitude varies from 60 to 140 m, with the upper 632 

boundary changing from 80 to 170 m; the period of oscillations is ≈ 3 min, and the 633 

corresponding angular frequency is 0.035 rad s–1; both layers oscillated in phase. 634 

 635 
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 636 

Fig. 16 Propagation of a packet of internal buoyancy waves during a cold-front passage on 25 August 2012. 637 

a Sodar echogram showing the ABL structure; the colorbar shows the logarithm of the structure parameter 638 

CT

2
   (arbitrary units). Time variations of b temperature at 1.4 m and c wind speed and direction at 3.6 m 639 

recorded by the automatic weather station 640 

 641 

 642 

4 Summary 643 

Our data provide information on the features of turbulence in the ABL on the high Antarctic 644 

plateau (Dome C) in very strong static stability at extremely low temperatures in winter, 645 

making them useful for the verification of numerical models aiming to resolve such 646 

turbulence. Significant thermal turbulence often occurs and extends up to several tens of 647 

metres in spite of (i) the large static stability due to strong temperature inversions extending 648 

up to 100–600 m, with a total inversion strength reaching 20–40°C at very low 649 
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temperatures, (ii) the absence of orographic features, and (iii) the absence of the diurnal 650 

cycle of solar heating. The advanced high-resolution sodar has made possible the 651 

visualization of the fine-scale structure of the SBTL in hitherto unavailable detail, 652 

including direct experimental determination of the SBTL depth at Dome C during the 653 

whole winter for the first time. Specific features of the spatial and temporal behaviour of 654 

thermal turbulence were determined and analyzed, with such turbulence found to be quite 655 

vivid and lively, showing different and changeable intermittent patterns in the SBTL. The 656 

spatial and temporal distribution of turbulence in winter is more complicated, and exhibits 657 

a larger variety of forms than in the summer.  658 

It is necessary to clearly distinguish between the whole SBL and the surface-based 659 

turbulent layer, which, consistent with previous results, can differ in depth. In our 660 

measurements at Dome C, the significant and persistent depths HINV >> HSBTL (more than 661 

one order of magnitude) were observed for the first time. The SBTL varies between a few 662 

to several tens of metres with an average depth of ≈ 23 m, and occupies only the lowest 3–663 

15% of the temperature inversion layer of average height ≈ 380 m. Also, it was revealed 664 

that the magnitude of HSBTL at Dome C is markedly less than the height of the wind-speed 665 

maximum HVmax. 666 

That the SBTL depth increases with the wind speed is perhaps the key factor 667 

influencing the intensity and structure of turbulence in the lowermost polar atmosphere. 668 

For the wind speed at 3 m, V > 3 m s–1, and the relationship between the parameters HSBTL 669 

and V can be roughly estimated as HSBTL ≈ 12V − 10. Another parameter that seems to 670 

influence the magnitude of HSBTL is the temperature gradient near the surface. The 671 

dependence of the SBTL depth on the frequency N calculated between 10 and 3 m is well 672 

described by a power law with an exponent of about −1.4. No simple relationship between 673 

the depth HSBTL and either the air-temperature or radiation characteristics is observed.  674 

As for the relationship between the parameters HSBTL and RiB, it is difficult to determine 675 

any fixed RiB value separating conditions for turbulent and very-weak-turbulence regimes. 676 

In the Richardson number range 0.2 < RiB < 1, the depths 5 < HSBTL < 60 m can occur, and 677 

the transition range depends on how the Richardson number RiB is determined. The 678 

“convex–concave–convex” shape of temperature profiles with inflexion points varying 679 

with depth HSBTL makes it difficult to unambiguously define the representative value of RiB.  680 
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Visual inspection of more than 2500 h of sodar records helped classify the SBTL for 681 

synoptically undisturbed conditions into several types, since it should be characterized not 682 

only by its depth and intensity, but also by its internal structure. We observe three different 683 

SBTL types in the periods without considerable weather changes, but emphasize this is a 684 

very subjective oversimplification based on typical vertical profiles of temperature, wind 685 

speed, Richardson number and Brunt–Väisälä frequency: 686 

1) very shallow depth HSBTL < 15 m without any visible regularity of the internal 687 

structure (sometimes with sporadic elevated bursts and sublayers); 688 

2) shallow depth HSBTL = 15–70 m with a uniform internal structure without any visible 689 

regularity;  690 

3) shallow depth HSBTL = 20–70 m with a wavy internal structure showing the braid-691 

like fine-scale structures lasting several hours. The characteristic temporal and spatial 692 

scales of waves were estimated.  693 

For type 1, temperature profiles show a logarithmic dependence on height having a 694 

clear convex exponential shape. Both the uniform and the wavy types 2 and 3, which do 695 

not differ essentially in their shapes of temperature profiles, have ‘convex–concave–696 

convex’ profiles with two inflexion points, and maximum gradients in the upper part of the 697 

layer. Moreover, in regions with enhanced turbulence, the Richardson number varies 698 

considerably around, and sometimes markedly exceeding, a value of 0.25, in agreement 699 

with the theoretical predictions and observations of others. In comparison with the two-700 

regime classification proposed in recent studies, our grouping of the SBTL into three types 701 

assumes additionally that, in reality, for a regime of continuous turbulence (or, in other 702 

terms, weakly stable one), there are two different SBTL types according to whether the 703 

internal structure of turbulence is modulated by wave motions or not. 704 

Additionally, during weather changes, other clearly organized sub-mesoscale events 705 

were observed: (i) solitary waves (single or grouped in 2–5 solitons) with duration of ≈ 5–706 

10 min each, and height of ≈ 50–100 m, and (ii) internal buoyancy waves with variable 707 

amplitudes of 50–150 m and periods of 3–4 min.  708 

The use of the high-resolution sodar enables clear visualization of the most striking 709 

features in the SBTL, indicating the frequent presence (> 20 %) of wavelike phenomena of 710 

periods from a few tens of seconds to several minutes, which are of particular interest for 711 
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the more realistic representation of the SBL. A variety of wavy structures with periods of 712 

oscillations from 20 s to a few minutes are often evident in the sodar records, with the 713 

vertical amplitude of the oscillations varying from a few metres to a few of tens of metres. 714 

Waves were observed under stationary weather conditions, but especially during synoptic 715 

perturbation episodes during the intrusion of coastal air masses. Therefore, the challenging 716 

problem in atmospheric physics concerning the vertical transfer from the near surface to 717 

the overlying atmosphere under very stable stratification is unlikely to be resolved without 718 

the consideration of wave processes. Often, regular and wavy fine-scale layers forming a 719 

braid pattern associated with internal gravity–shear waves at periods of 20–50 s are 720 

observed within periodical (of 8–15 min) wave trains of durations of 4–6 min and 721 

containing 10–20 wave crests. The periods of these fine-scale waves are close to the 722 

buoyancy periods Tb estimated from the temperature gradients in the layer where waves 723 

occur. Wavelengths within wave trains are estimated to be of magnitudes 100–200 m. The 724 

entire depth of the turbulent layer containing waves varies from 20 to 70 m. The appearance 725 

of these wave structures is accompanied by very sharp temperature changes (8–12°C 726 

through 7 m) at heights of 20–40 m, and wind speeds of 4–8 m s–1. Mechanisms of the 727 

generation of this kind of wave activity are of special interest.  728 

We provide an approximate overview of the features of the SBTL structure at the 729 

Antarctic plateau during the winter period, and believe a high-resolution sodar is an 730 

important auxiliary instrument in investigations of the SBL for the proper interpretation of 731 

accurate in situ measurements of both mean and turbulent atmospheric parameters. Results 732 

from 2012 argue for more comprehensive studies based on long-term sodar and micro-733 

meteorological observations carried out during 2012, 2014 and 2015, as well as for further 734 

experimental campaigns.  735 
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