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Abstract. Monitoring a wide range of atmospheric turbulence over the Antarctic continent is still tricky, while the
atmospheric Richardson number (Ri; a critical parameter determining the possibility of turbulence could be triggered) is
easier to obtain. The Antarctic atmospheric Ri, calculated using the temperature and wind speed, was investigated using the
daily results from the radiosoundings and forecasts of the Antarctic Mesoscale Prediction System (AMPS). Radiosoundings
for a year at three sites (McMurdo, South Pole, and Dome C) were used to quantify the reliability of the AMPS forecasts.

The AMPS-forecasted 1/Ri (inverse of the Richardson number) can identify the main characteristics of atmospheric
turbulence over the Antarctic continent in terms of space and time. The correlation coefficients (ny ) of 1/Ri at McMurdo,

South Pole, and Dome C are 0.71, 0.66, and 0.68, respectively, where the performance gains during the warm seasons. In
addition, a model to improve AMPS-forecasted 1/Ri has been presented. The monthly median at the three sites and the
seasonal median throughout the two vertical cross-sections for the AMPS forecasts are presented. One can observe that the
probability of triggering turbulence is primarily concentrated near the ground. In addition, strong wind shears near
escarpment regions have been found in the range of 0-5 km above the ground, thus causing atmospheric instability (or a
thick boundary layer). In addition, turbulent atmospheres are likely to be triggered over the ocean, moving toward the

Antarctic Plateau and becoming stable. Finally, the 1/Ri at the planetary boundary layer height ( PBLH ), 1/Ri has

PBLH >
been provided as a reference standard for judging atmospheric stability. The median value of 1/Ri,,,, from the combined
data of two vertical cross-sections was 0.55, which was used to calculate PBLH and agree well with the AMPS forecasts (

R,>0.72).
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1 Introduction

The Richardson number ( Ri) is a valuable parameter for atmospheric stability monitoring; it combines both thermodynamic

and dynamic profiles (Obukhov, 1971; Chan, 2008), which provides us with valuable insights into turbulent heat fluxes

(Town and Walden, 2009) and the probability that optical turbulence (Yang et al., 2021b) can be triggered in Antarctica.

However, measurements of atmospheric properties in Antarctica are sparse compared to those in the mid-latitudes and
tropics. Atmospheric models have been developed to overcome this limitation (ECMWF by Geissler and Masciadri, 2006;

Meso-NH by Lascaux et al., 2009; Polar WRF by Bromwich et al., 2013; MAR by Gallée et al., 2015), allowing researchers

to investigate atmospheric variability beyond observational coverage, even for forecasting atmospheric properties in the
future.

The Antarctic Mesoscale Prediction System (AMPS; https://www2.mmm.ucar.edu/rt/amps/) runs a real-time atmospheric
model and provides numerical forecasts of Antarctica. The atmospheric model employed for AMPS is a Polar version of the

Weather Research and Forecasting (Polar WRF) model (Powers et al., 2003). Polar WRF has been modified for use in polar

regions, for example, improving the representation of heat transfer through snow and ice (Hines and Bromwich, 2008; Hines

et al., 2015). The Polar WRF model was developed and maintained by the Polar Meteorology Group of the Byrd Polar and

Climate Research Center (http://polarmet.osu.edu/PWREF/). The simulated Ri by Polar WRF seems to be reasonable in

Antarctica when compared to an atmosphere-turbulence parameter (e.g., astronomical seeing by Yang et al., 2021b). In

addition, various verification studies of the AMPS have been conducted (Seefeldt et al., 2011; Vazquez B and Grejner-

Brzezinska, 2012; Wille et al., 2016; Listowski and Lachlan-Cope, 2017). However, previous verification studies have

concentrated on and around the Ross Ice Shelf (or just a part of Antarctica), which needs to be extended.

And so far, monitoring a wide range of atmospheric turbulence over the Antarctic continent is still tremendous difficult at
present, while the atmospheric Richardson number (Ri; a critical parameter judging the possibility of the turbulence could
be triggered) is easier to obtain, as it can be calculated by the routine meteorological parameters (temperature and wind
speed). However, a precise evaluation of atmospheric models to forecast atmospheric Ri in Antarctica is sketchy.
Nevertheless, the analyses from the European Centre for Medium-Range Weather Forecasts (ECMWF) have been used to

calculate atmospheric 1/Ri (the inverse of the Richardson number) by Geissler and Masciadri (2006) and Hagelin et al.

(2008). However, their researches have some specific shortages (or problems that need further study): (1) A direct
comparison of 1/Ri between the model estimations and measurements has not been conducted. (2) Evaluations of forecast
ability have not been done yet, while the forecast function is of great significance for practical application. (3) Variability of
Ri at high horizontal spatial resolution has not been given, as previous studies focus on atmospheric profiles at separate
sites. (4) A reasonable reference standard for judging the atmospheric stability by the model estimations was not given. To

fill these gaps, the scientific goals of this paper are thus as follows.
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1. To carry out a detailed comparison of the temperature and wind speed (on which 1/Ri depends) in the atmospheric

column, this study extends the evaluations performed by (Hagelin et al., 2008) above two sites to three sites (McMurdo,

South Pole, and Dome C) over the Antarctic continent for a year. The three sites are considered representative, as the coast
(McMurdo), flank (South Pole), and summit (Dome C) of the Antarctic continent will be compared using radiosoundings
and AMPS forecasts.

2. Using the AMPS-forecasted meteorological parameters, we obtain the AMPS-forecasted 1/ Ri. The measured 1/Ri will
also be calculated using the radiosounding-measured meteorological parameters. Then, a direct comparison between
measurements and forecasts can be achieved, allowing us to evaluate the ability of the AMPS to forecast atmospheric

stability or instability. In addition, we investigate how to correct the AMPS-forecasted 1/Ri and obtain a result closer to the

measurements.

3. We also extended the analysis of 1/ Ri done by (Hagelin et al., 2008) for three sites to two vertical cross-sections at a

high horizontal resolution. Finally, regions and periods that are favourable for triggering atmospheric turbulence (or
instability) can be identified. Thus, this study provides a better perspective on atmospheric dynamics in Antarctica.

4. To demonstrate the practicality of the AMPS-forecasted Ri and provide more information about the atmospheric
properties over the Antarctic continent, the planetary boundary layer (PBL) height, PBLFr , forecasted by the AMPS, is

used to compare with the AMPS-forecasted 1/Ri. PBLH can be estimated where 1/Ri decreases to a critical value (e.g.

Pietroni et al., 2011), denoted by 1/Ri Then, 1/Ri,,,,, (i.c. 1/Ri at the PBL height) was obtained as a reference

PBLH *

standard for judging whether the atmosphere was stable (1/Ri <1/Ri,,,,, ) or unstable (1/Ri>1/Ri,,,,, ) when using AMPS-
forecasted 1/Ri .

In Sect. 2, we present the experimental data and atmospheric model used in this study, with an explanation of their main
characteristics. In Sect. 3, the Richardson number is introduced. In Sect. 4, we compare AMPS forecasts to radiosoundings

and analyse the atmospheric properties in Antarctica. Sect. 5 discusses the relationship between the 1/Ri distribution and

typical atmospheric features in Antarctica. Sect. 6 summarises the main aspects of this study.

2 Data and model
2.1 Radiosoundings

Daily radiosounding measurements at McMurdo (MM) and South Pole (SP) are available at the Antarctic Meteorological

Research Center (AMRC; ftp://amrc.ssec.wisc.edu/pub). For Dome C (DC), one can access the measurements at the

Antarctic Meteo-Climatological Observatory (http:/www.climantartide.it). The altitudes of the three sites are 9 m (MM),
2839 m (SP), and 3239 m (DC), where the altitudes correspond to the height of the radiosoundings at the time of launch.

Their locations are shown in Fig. 1. The radiosounding-measured meteorological parameters include pressure, temperature,

3
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wind speed, and wind direction. This study used one year of data (from March 2021 to February 2022). The radiosonde
instrumentation used during this measurement period was the Vaisala RS41  (Technical data:

https://www.vaisala.com/en/products/weather-environmental-sensors/upper-air-radiosondes-rs41). =~ The accuracy and

uncertainty of the radiosounding measurements are listed in Table 1. The balloon scans the atmosphere between the ground
and an altitude of 10-25 km (low in winter and high in summer); the vertical resolution is approximately 5 m, depending on

the ascent speed.

Table 1. Main technical specifications of the radiosonde instrumentation.
Measuring element System resolution System uncertainty Data resolution®
Temperature 0.01 °C 0.15°C (> 100 hPa) 0.1°C
0.30 °C (<100 hPa)
Pressure 0.01 hPa 0.5 hPa (> 100 hPa) 0.1 hPa
0.3 hPa (3-100 hPa)
Wind speed 0.1 m/s 0.15 m/s 0.1 m/s (McMurdo)

0.1 kts (South Pole)
0.1 m/s (Dome C)

Wind Direction 0.1 deg 2 deg 0.1 deg (McMurdo)
1 deg (South Pole)
1 deg (Dome C)

2 Resolution in the files that are available for download from the Web.

2.2 AMPS

The AMPS can forecast meteorological parameters in four-dimensional space-time in Antarctica, which can be used for
comparison with the measurements of radiosoundings. The AMPS grid system consisted of a series of nested domains with
60 vertical levels. This study used grid 2 fields (d02; 8 km horizontal resolution) that covered the Antarctic continent (similar

to Hines et al., 2019), as shown by the white square in Fig. 1. However, the contributions from the nested grid with higher

horizontal resolution (d03: 2.67 km; d05: 0.89 km; d06: 2.67 km) are not entirely lost, as the AMPS used a two-way nested
run and the nest (e.g. d03) feeds its calculation back to the coarser domain (e.g. d02). The original WRF output files for each
grid were saved in a rolling archive (one can find how to access the original WRF output files of AMPS for each grid at
https://www2.mmm.ucar.edu/rt/amps/information/amps_esg_data_info.html). This study used the AMPS outputs (in original
WREF format) for forecast hours 12-21 at three h intervals from the daily AMPS forecasts that began at 12:00 UTC. Thus, our
AMPS fields had a spin-up time of 12 h (similar to Hines and Bromwich, 2008; Hines et al., 2019). Finally, the AMPS

forecasts for the same period (from March 2021 to February 2022), as the used radiosounding measurements, were

downloaded for analysis.
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Figure 1. The five two-way interactive horizontal grids (d01, d02, d03, d05, and d06; information online at https://www2.

mmm.ucar.edu/rt/amps/information/configuration/maps_2017101012/maps.html) used in the AMPS configuration. The
locations of McMurdo (78°S, 167°E), South Pole (90°S, ...°E), Dome C (75°S, 123°E), and Dome A (80°S, 78°E) are

shown by the cross, circle, triangle, and star, respectively.

3 Theory of Richardson number

The stability of the atmosphere can be estimated using the Richardson number ( Ri ) (Obukhov, 1971; Chan, 2008):

Ri_&_ 00/ 0
0 [ou/oz] +[ov/ez]"

0.286

where g is the gravitational acceleration (9.8 m s?2), =T [1000/ P] is the potential temperature (K), 7 and P is the

temperature (K) and pressure (hPa) of air, respectively. » and v are the east-west and north-south components of the wind
(ms?).
The production of atmospheric turbulence (or unstable atmosphere) was shown to be tightly correlated with the Ri. It can,

therefore, be an essential indicator of the turbulence characteristics in the atmosphere (Ma et al., 2020; Han et al., 2021;

Yang et al., 2021b). Atmospheric conditions are favourable for the occurrence of turbulence when Ri is less than a critical

5
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value ( Ri_ ; critical Richardson number). Ri_ is typically chosen as 0.25; however, a larger Ri_. should be used in a large-

scale model (e.g., 0.5 was employed by Troen and Mahrt, 1986).

In this study, the inverse of the Richardson number ( 1/ Ri) was used to provide better evidence of atmospheric stability, as

in Geissler and Masciadri (2006) and Hagelin et al. (2008). The larger the 1/Ri, the higher the probability of triggering

turbulence in the atmosphere.

4 Results
4.1 Temperature and wind speed

The AMPS forecasts are compared to radiosoundings from MM, SP, and DC to investigate the reliability of the AMPS
forecasts over the Antarctic continent. The AMPS forecasts and radiosoundings used for this comparison were obtained from
March 2021 to February 2022. To offer a more convincing result, data corresponding to the altitude at which radiosoundings
reached less than five times a month were discarded. In addition, the extracted AMPS forecasts used for comparison were
from the nearest grid to the three sites, and the time difference between AMPS forecasts and radiosoundings larger than 1.5
hours was also not used for comparison. Moreover, both AMPS forecasts and radiosoundings were linearly interpolated to
the same height series (average annual altitude of the AMPS vertical grid, because the altitude of the AMPS grid may vary
during the simulation as the AMPS wuses the hybrid vertical coordinate, information online at
https://www2.mmm.ucar.edu/wrf/users/docs/user _guide v4/WRFUsersGuide.pdf) for each site.

The monthly medians of the temperature differences (Fig. 2) and wind speed (Fig. 3) between the AMPS forecasts and
radiosoundings are presented. The panels in the same row of Figs. 2 and 3 correspond to the same season; the first row: Aut.
(Autumn: March, April, and May), second row: Win. (Winter: June, July, and August), third row: Spr. (Spring: September,
October, and November), fourth row: Sum. (Summer: December, January, and February). The missing value of the median
difference in the upper part of the atmosphere indicates that the radiosoundings do not reach as high an AGL (Above Ground
Level) in winter as they do in summer, probably because the elastic material of the balloons is more fragile in cold seasons

and easier to explode (Hagelin et al., 2008). The lack of measurements may also be attributable to some large values of the

median difference in the top layer of the profile shown in Figs. 2 and 3.
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Figure 2. The monthly median for temperature forecasted by the AMPS (solid lines) and temperature difference calculated

150 by the AMPS forecasts minus the radiosoundings measurements, i.e. AT=T,,.. —T,,. (filled areas).
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Figure 3. As in Fig 2, but for wind speed V (= Nu® +v* ),and AV=V,, .. —

V,
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Fig. 2 shows that the forecasted temperature profiles of SP and DC in the first 5 km are similar, 15-20 K colder than the
MM. The median difference in the temperature is of the order of 1 K in the high part of the atmosphere (see filled areas in
Fig. 2). However, in proximity to the ground, the median difference becomes more significant, especially for winter (similar

to Bromwich et al., 2013), at more than 4 K near the ground at SP.

Fig. 3 shows that the forecasted wind speed profiles of MM and DC above 10 km are stronger during spring, indicating the

occurrence of the Antarctic polar vortex (Boville et al., 1988). However, the change in wind speed above SP is not that

obvious, because the Antarctic vortex is roughly pole-centred (Karpetchko et al., 2005). From the filled areas in Fig. 3, the

AMPS forecasts appear consistent with the measurements, as the median difference in wind speed is generally ~1 m s and
has barely exceeded 2 m s, whether the wind is strong or weak. In addition, slightly smaller median differences were
displayed around 10 km AGL (e.g. September and December, shown in Fig. 3), and the forecasted wind speed also became
slightly smaller at that height.

In summary, the AMPS almost well forecasted the temperature and wind speed. Nevertheless, it should be noted that both
the measurement accuracy and position of radiosoundings may be affected by their flight, and the difference may be smaller

when compared with a fixed measuring instrument, such as the Automatic Weather Station (Hagelin et al., 2008). In other

words, the functional performance of the AMPS may be better than the results shown in Figs. 2 and 3.

4.2 Richardson number
4.2.1 Monthly statistical analysis

To evaluate the performance of the AMPS in forecasting atmospheric stability or instability over the Antarctic continent, the

1/Ri forecasted by AMPS and measured by radiosoundings will be provided. The calculated value of 1/ Ri depends on the

vertical resolution of meteorological parameters (Troen and Mahrt, 1986; Holtslag et al., 1990). Thus, the meteorological

parameters from the AMPS forecasts and radiosoundings were interpolated into the same height series (as mentioned in Sect.

4.1) to calculate 1/Ri.
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Figure 4. The monthly median for 1/Ri forecasted by the AMPS (solid lines) and measured by radiosoundings (dashed

lines).
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The NCL (NCAR Command Language) can compute Ri from the original WRF outputs, using an NCL function called

“rigrad_bruntv_atm”  (http://www.ncl.ucar.edu/Document/Functions/Contributed/rigrad_bruntv_atm.shtml). The NCL-

computed Ri (not shown) agrees very well with the results obtained using interpolation (i.e. interpolating the hybrid vertical
coordinate to the same height series for each site).

The monthly median profiles of 1/Ri from the AMPS and radiosoundings are shown in Fig. 4. However, the median
differences are not similar to those of the previous temperature and wind speed. This is because, the value of 1/Ri can
oscillate massively in the atmosphere, and precise quantification seems less plausible. Nevertheless, the AMPS-forecasted
Ri can identify that the atmosphere above MM tends to be more unstable (or turbulent, 1/Ri is large) than SP and DC, per
the measurements from radiosoundings. In addition, in the vertical height direction, AMPS forecasts can roughly capture the
height that can easily trigger turbulence. On the one hand, one can observe that 1/Ri from AMPS forecasts and

radiosoundings both show large values very close to the ground at Dome C and the South Pole, which is per the fact that

strong atmospheric turbulence is concentrated within the surface layer (Marks et al., 1999; Aristidi et al., 2005; Agabi et al.

2006). A very calm atmosphere (1/Ri is small) at high altitudes was also indicated by Travouillon et al. (2003), Trinquet et

al. (2008) and Vernin et al. (2009). On the other hand, in a more detailed comparison, for example, in March 2021, both

forecasts and measurements show that 1/ Ri profiles are inclined to the y-axis at ~10 km AGL, and in December 2021, the
AMPS forecasts are able to capture a small bump of 1/Ri that occurred at around 7 km AGL.
Some researchers are afraid to conduct quantitative analysis for the model-estimated 1/Ri as it always varies dramatically

(Hagelin et al., 2008). Nevertheless, quantitative analysis has been tried in this study since that can give a precise evaluation

of the forecast ability of AMPS. Then, the correlation coefficient (ny ), mean bias ( Bias ; AMPS-radiosoundings), and root

mean square error ( RMSE) are calculated. Here, the time difference between AMPS forecasts and radiosoundings, with
lesser than 1.5 hours, is used. This is the same as the meteorological parameters mentioned in Sect. 4.1. Besides, all profile
data meeting the time constraints are also limited to a value range of (0, 1), which is the same as the x-axis in Fig. 4. Finally,

the monthly values of the three statistical operators are obtained, as shown in Fig. 5. However, we want to emphasise that

one should focus on the value of R,

, that reflects the tendency, instead of Bias and RMSE, as precise quantification

remains in doubt (Hagelin et al., 2008). The mean values of the combined 12 monthly ny

in Fig. 5a for MM, SP, and DC,

are 0.71, 0.66, and 0.68, respectively. This suggests that the AMPS-forecasted 1/Ri can identify the main characteristics of

atmospheric turbulence over the Antarctic continent in terms of space and time. In terms of time, one can observe larger ny

during warm seasons (e.g. Autumn from March 2021 to May 2021 and summer from December 2021 to February 2022). In
sum, the AMPS seems to perform better when more measurements can be obtained. As we know, more field experiments

could be conducted at the coast (MM) in the space dimension (one can reach the coast easier than the internal Antarctic
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Plateau) and during warm seasons (e.g., summer) in the time dimension (the cold is much harder to endure in winter than it

is in summer).
Fig. 5b shows that 1/Ri is underestimated every season, and the mean values of the 12 monthly Bias for MM, SP, and

DC are -0.097, -0.031, and -0.071, respectively. This may be because the model results were generally smoother than the

measurements. The atmosphere is favourable for the occurrence of turbulence (1/Ri is large) under rapidly changing

meteorological parameters. Fig. 5S¢ shows that RMSE at MM is the largest, which may be due to the relatively unstable
atmosphere above it and 1/Ri could fluctuate massively.
(a) 1/Ri: R
-MM -SP -DC

Mar/2021 Apr/2021 May/2021 Jun/2021 Jul/2021 Aug/2021 Sep/2021 Oct/2021 Nov/2021 Decf2021 Jan/2022 Feb/2022

02 (b) 1/Ri: Bias (AMPS-Mea.)
- [ [

[
Elvv [Tsp EEDC

Bias

| | | | | | | |
Mar/2021 Apr/2021 May/2021 Jun/2021 Jul/2021 Aug/2021 Sep/2021 Oct/2021 Nov/2021 Dec/2021 Jan/2022 Feb/2022

{c) 1/Ri: RMSE
I [
vy [sp_ EEDC

Mar/2021 Apri2021 May/2021 Jun/2021 Juli2021 Aug/2021 Sep/2021 Oct/2021 Nov/2021 Dec/2021 Jan/2022 Feb/2022
Time (MMM/YYYY)

Figure 5. The monthly 1/Ri statistics for three sites.

4.2.2 Vertical distribution
To further investigate the difference between the radiosounding and model results, the vertical distributions of the whole-
year log,, (1/Ri) at the three sites are shown in Fig. 6. The reason for using log,, (1/Ri) (not 1/Ri, as presented in Sect.

4.2.1) is that we find that the distribution will be more linear at the same height. Fig. 6a shows that the data points are
distributed mainly over the diagonal line between the measurements and the forecasts, this suggests the AMPS can make a

better forecast log,, (1/Ri) at McMurdo than at the South Pole (Fig. 6b) and Dome C (Fig. 6c¢).

12
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Figure 6. the vertical distributions of whole-year log,, (1/Ri) from the AMPS and the measurements at McMurdo (a), the

South Pole (b), and Dome C (c). The coloured grid lines represent the fitted planes using the presented data points.

We assume that the difference between the measurements and model results was correlated with height (or AGL, here

230 indicated by H ), and a simple model to improve the AMPS-forecasted 1/Ri by considering H (km) is given by the

following linear equation:
108, (1/ Riyppanies ) = G, + C, -10g, (1 Rips )+ Cs - H . )
The three undetermined coefficients (Cl, C,, and C3) can be determined using a linear fitting by the measurements,

1/Ri,,, (ie. 1/Ri will be replaced with 1/Ri,,  for fitting).

ImpAMPS Mea.

235
Table 2. The fitted model for improving the AMPS-forecasted 1/Ri .

Site Model: 1og,q (1/ Riyppuaips ) = Gy +Cs 108, (1 Rigyps )+ Cs - H R, R,
(Before)* (After)®
McMurdo log,, (I/RihnpAMPS) =0.1222+0.4826-log,, (1/ Ri,yps ) —0.0660- H 0.7215 0.7691
South Pole 108, (1 Riypyps ) = —0.4414 +0.3827 -log, (1/ Riyps ) —0.0387- H 0.6009 0.6391
Dome C 108, (1 Riypysps ) = —0.3596+0.3977 -log,, (1/ Rips ) —0.0457- H 0.4730 0.5235

2 Correlation coefficient between log,, (1/ Ri,, ea') and log,, (l/ Ri AMPS) (i.e. before using the fitted model).

b Correlation coefficient between log,, (I/RiMea. ) and log,, (I/Ri]mpAMPS) (i.e. after using the fitted model).
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Table 2 lists the fitted model and its corresponding improvements. The correlation coefficient at all three sites increased

after using the fitted model, which means that the fitted model can be used to modify the AMPS forecasts (1/Ri,,) and

obtain an improved result (1/Ri ). Through analysis of the fitted model, one can see the undetermined coefficient C 5

ImpAMPS

is less than 1, we find this is due to the AMPS underestimated log,, (1/Ri) when log,, (1/Ri) <0; the undetermined

coefficient C3 is negative, indicating the negative regulating action for 1/Ri ,,,,s With increasing height.

4.2.3 Vertical cross-section

The results are given in Sect. 4.2.1 that shows the AMPS can forecast the main tendency of 1/Ri. The analysis of 1/Ri was

done through interpolation of the AMPS grid 2 field with two vertical cross-sections, which provides us with a broader
perspective on the probability of turbulence triggered in four-dimensional space-time. One vertical cross-section is
interpolated through two specified points (the South Pole and Dome C), and another is through Dome A and McMurdo (Fig.
7). The corresponding AMPS forecasts are shown in Fig. 8 and 9, respectively.

(b)
120°E

120°E

105°E 105°E

90°E 90°E
75°E 75°E
60°E 60°E
45°E  30°E 15°E 0° 15°W 30°W  45°W 45°E  30°E 15°E 0° 15°W 30°W  45°W
Height (m): IEEERRECTCTTTCTTCTTTTTTTTTTTEEE S Height (m): ISR LTI e
500 1000 1500 2000 2500 3000 3500 4000 500 1000 1500 2000 2500 3000 3500 4000

Figure 7. Two lines (red) are used to create vertical cross-sections. (a) a line through Dome C and the South Pole, (b) a line

through Dome A and McMurdo. The colour scale indicates the terrain height (m).
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Figure 8. Median vertical cross-section of temperature, wind speed, and 1/Ri along the red line through the South Pole and

Dome C (shown in Fig. 7a). The height (km) on the y-axis represents the elevation above sea level. The seasonal median for
autumn: March 2021 to May 2021 (a), winter: June 2021 to August 2021 (b), spring: September 2021 to November 2021 (c),
260 and summer: December 2021 to February 2022 (d) are given. The reference vector is 10 kts (~5.2 m s™) for the wind barb.

Winds are depicted as blowing from the direction the flags are facing (earth coordinates), e.g., the reference vector represents

wind blowing from the west.
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Figure 9. As in Fig. §, but for the vertical section along the red line through Dome A and McMurdo (shown in Fig. 7b).
265

Figs. 8 and 9 show the seasonal median of the AMPS forecasts. The temperature and wind speed were lower above the
Antarctic Plateau than over the ocean. In the polar winter, the temperature contours are dense near the ground above the

interior Plateau, representing a strong surface-layer temperature inversion (similar to Yagiie et al., 2001; Argentini et al.,
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2013; Hu et al., 2019). The surface-layer wind speeds increase from the summit to the escarpment region (the well-known

katabatic wind over the surface slope area in Antarctica) and then decrease toward the coast, which is consistent with

previous measurements (Ma et al., 2010; Rinke et al., 2012). The depths of large 1/ Ri near the ground are thinner near the

summits (e.g. Dome A and Dome C) of the Antarctic Plateau (similar to Swain and Gallée, 2006; Bonner et al., 2010;
Aristidi et al., 2015). Notably, a thick depth of large 1/Ri (which could be considered thick PBLH and will be discussed

later) occurred near the escarpment region from the side of the internal plateau, as clearly shown during winter (see the

enlarged drawings in Figs. 8 and 9). Owing to the forecast ability of AMPS in vertical space, one can see that this high

PBLH is caused by the wind shear, where the wind direction is southeast within the surface layer (one can see similar

results in the surface layer from Yang et al., 2021a) and changes to the northwest at ~ 5 km AGL.

In addition, one can see the temporal evolution of 1/Ri vertical cross-sections for a year from the video supplement

(vertical cross-section through the red line shown in Fig. 7a: https://doi.org/10.5446/57377; Fig. 7b:

https://doi.org/10.5446/57378). It shows that the atmosphere exhibited strong daily variability. Thus, forecasting 1/Ri is

necessary if one wishes to avoid a turbulent atmosphere in Antarctica, instead of counting only on the displayed statistical
results. Moreover, unstable atmospheres are likely to be triggered over the ocean, moving toward the Antarctic Plateau and
becoming stable. This was likely due to the obstruction of the high plateau, and the atmosphere above it behaved calmly.

4.2.4 Richardson number at the planetary boundary layer height

The Richardson number is used to determine the boundary layer height using a critical value (Troen and Mahrt, 1986;

Holtslag et al., 1990; Pietroni et al., 2011). The critical value (or the value of 1/Ri at the PBLH , 1/Ri,,, ) is worth

studying, which is a significant application for the Richardson number. In addition, previous studies have suggested that the

Richardson number depends on the vertical resolution of the model (Troen and Mahrt, 1986; Holtslag et al., 1990). It is

difficult to define what strong turbulence layer (or atmosphere instability) may appear, whenever a reference standard is not
given. 1/Ri,,, would thus be a helpful reference standard for judging whether an atmospheric layer is stable (1/Ri <
1/Ri,,, ) or unstable (1/Ri>1/Ri ).

The PBL scheme of the AMPS used the Mellor-Yamada-Janji¢ (MYJ; Janji¢, 1994) scheme, and the ability of the AMPS
to model the Antarctic PBL was examined by Wille et al. (2017). The MYJ scheme defines the PBLH where turbulent

kinetic energy decreases to a prescribed value of 0.1 m? s> (Xie et al., 2012), and the AMPS forecasts include the values of
PBLH . Figs. 10a (DC) and 11b (DA) show that the PBLH directly forecasted by the AMPS (red lines) was mostly less
than 100 m during the polar winter, which is consistent with the SODAR observations (DC: Petenko et al., 2014; DA:

Bonner et al., 2010); Fig. 10b also displays a result being in accordance with the SODAR observations at the SP, as PBLH
was shown to be within 100-300 m (Travouillon et al., 2003). Thus, the AMPS-forecasted PBLH is considered believable.

Figs. 10c and 11c show the median annual PBLH along the red lines in Figs. 7a and 7b, respectively. One can observe that
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the AMPS-forecasted PBLH is thin over the plateau, especially for the summits (e.g., Dome A and Dome C), which agrees
with previous studies (Swain and Gallée, 2006). While thick PBLH are shown near the escarpment region, as seen by the

dump in ~67°S (up) in Fig. 10c and ~68°S (down) in Fig. 11c. This corresponds to the thick depth of the large 1/Ri shown

in enlarged drawings (Figs. 8 and 9).
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Then, 1/Ri,,,, was computed using linear interpolation between the AMPS grid with height equals PBLH . The median

value of 1/Ri from the combined data of two vertical cross-sections was calculated as 0.55 to give only one typical value.

PBLH

However, some researchers have proposed 1/Ri,,,;, =4 ( Rip,,,=0.25 ) when radiosoundings with high vertical resolution are
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used (e.g. at Dome C; Pietroni et al., 2011). Here, the smaller critical value for the AMPS forecasts may be caused by the

coarse vertical grid resolution of the AMPS (as indicated by Troen and Mahrt, 1986) and its data smoothness (as mentioned

in Sect. 4.2.1; the AMPS forecasts show smaller 1/Ri than the radiosoundings that have already been interpolated to the

vertical resolution as the AMPS).
To test the credibility of the critical value (i.e. 1/Ri,,,, =0.55), PBLH was also derived as the height where the AMPS-

forecasted 1/Ri decreases to 0.55 (blue lines in Figs. 10a-b and 11a-b). Even if larger critical values are used, no substantial
variations would occur in the estimate because of the large gradient of 1/Ri near the ground (Fig. 4), also mentioned in

Pietroni et al. (2011). In the internal Antarctic Plateau (DC, SP, and DA), the PBLH shows a slight change in magnitude

during the cold seasons (e.g. from March to October 2021). Such seasonal variation is not significant along the coast of
Antarctica (MM), which fluctuates every season. During the polar summer (e.g. January 2022) at all four sites, PBLH
estimated by 1/Ri,,,,, =0.55 and read directly from the AMPS forecasts fluctuate considerably. The R,, , Bias, and RMSE

of PBLH between the estimations using the critical value ( 1/Ri,,,,, =0.55) and AMPS forecasts, are depicted in the top left

of the plot. It appears that the values of ny (>0.72) are almost satisfactory, and we may conclude that 0.55 is a reliable
critical value for judging the behaviour of atmospheric turbulence. The atmosphere layer could be considered turbulent when
1/Ri >0.55 (this may only be valid for using the AMPS forecasts). Bias>9 indicates the results calculated by this critical

value overestimate the PBLH . And RMSE >67 suggests that one should be careful when estimating a precise value for

PBLH with this critical value (0.55).

5 Discussion

The above results of the 1/Ri distribution provided us with valuable insights into the atmospheric turbulence in the

Antarctic region. Here, we attempt to relate the features of atmospheric turbulence to some typical atmospheric conditions in
Antarctica: temperature inversion, katabatic winds, and polar vortices.

The strength of the near-ground temperature inversion increases from the coast to the interior of Antarctica, and its
strength weakens during summer (Fig. 2), such a phenomenon has also been observed in previous studies (Hudson and

Brandt, 2005; Ma et al., 2010). Combined with the analysis of Figs. 11 and 12, the general increase in temperature-inversion

strength was found to correspond to a less turbulent atmosphere with smaller 1/Ri (when the boundary layer is thinner),

owing to large stability suppressing turbulence.

As a result of typical katabatic winds (Rinke et al., 2012), the wind speeds increase from the interior plateau to the steep
slope (Figs. 8 and 9). Strong winds can lead to increased levels of mechanical turbulence, as one can see a thick depth of

large 1/ Ri layer at the escarpment region.
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A strong polar vortex means that zonal winds are strong, and atmospheric turbulence is more likely to be triggered. The

Antarctic polar vortex reaches its peak intensity in the winter-spring and weakens during summer (Zuev and Savelieva,

2019a). One can also see that the free atmosphere in Antarctica becomes relatively calm during summer, as shown by the

smaller 1/Ri in Figs. 8d and 9d. On the other hand, the strongest zonal winds exist over the ocean (see the wind speed

shown in Figs. 8 and 9, also in Zuev and Savelieva, 2019b), which suggests that the atmosphere above the ocean can be an

important source of turbulence (Figs. 8 and 9 show larger 1/Ri over the ocean).

6 Conclusion

We examined the ability of AMPS to forecast the inverse of the Richardson number (1/Ri ; the larger the 1/Ri, the higher

the probability of triggering turbulence in the atmosphere) in the Antarctic atmosphere. This includes quantifying the

accuracy of meteorological parameters (Temperature and wind speed, on which the 1/Ri depends), and comparing the 1/Ri
from the AMPS forecasts and radiosoundings. In addition, the analysis of atmospheric 1/Ri over the Antarctic continent and

the ocean surrounding it, was presented on an annual time scale. Further, the PBLH forecasted by the AMPS was employed

to understand how to evaluate atmospheric stability or instability using the value of 1/Ri .

From the analysis presented above, we deduce the following:

1. Comparisons of the AMPS forecasts with the radiosoundings from three representative sites (coast: McMurdo, flank:
the South Pole, summit: Dome C) show that the forecasts can accurately describe the atmospheric meteorological parameters
above the Antarctic continent in almost the whole range from the ground to 25 km AGL. The monthly median difference in
the air temperature is of the order of 1 K in a large part of the atmosphere, where the cold temperature bias occurs near the
ground during winter. As for the wind speed, the median difference was ~1 m s! and rarely exceeded 2 m s™'.

2. We proved that the AMPS forecasts can identify the characteristics of atmospheric turbulence over the Antarctic

continent in terms of space and time. The ny of 1/Ri at MM, SP, and DC are 0.71, 0.66, and 0.68, respectively, and larger

ny was obtained during warm seasons. Moreover, the value of 1/ Ri are all underestimated at these three sites. This may be

because the model results are generally smoother than the measurements. Furthermore, a model depending on height to
improve the AMPS-forecasted 1/Ri has been proposed.

3. The seasonal medians of the AMPS forecasts from two vertical cross-sections were presented, and the AMPS forecasts
were verified again. it can be observed that the AMPS can forecast the main atmospheric properties as expected: strong
temperature inversion near the ground, very calm atmosphere (1/Ri is small) at high altitudes, and a thin boundary layer
above the Antarctic Plateau, especially in the summit area. Moreover, we also obtained a new result, that strong wind shears
near the escarpment regions have occurred from the ground to ~5 km AGL, causing a thick turbulent atmosphere with large

values of 1/Ri (or thick boundary layer), which is more evident during the polar winter. In addition, according to the
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temporal evolution of 1/Ri vertical cross-sections for a year from the video supplement, we find that unstable atmospheres
are likely to be triggered over the ocean, move toward the Antarctic Plateau, and become stable.

4. The AMPS can forecast the boundary-layer height ( PBL#7 ). And the 1/Ri at the PBLF (1/Ri,,,, ) wWas calculated
in this study, which could be a helpful reference standard for judging whether the atmospheric layer is stable (1/Ri <

1/Ri,,, ) or unstable (1/Ri>1/Ri,,, ) when using AMPS-forecasted 1/Ri . The median value of 1/Ri from the

PBLH
combined data of two vertical cross-sections is 0.55, which has been used for estimating the PBLFA and agrees well with

the AMPS-forecasted PBLH (ny >0.72).

The overall results show that the AMPS can forecast the behaviour of 1/Ri and could be applied to practical operations

such as astronomy in Antarctica, which is interested in the impacts of atmospheric turbulence (Burton, 2010).

Data availability

The meteorological parameters measured by radiosoundings at McMurdo, South Pole that support the findings of this

study are available at the Antarctic Meteorological Research Center (ftp://amrc.ssec.wisc.edu/pub), while the meteorological

parameters at Dome C are available at the Antarctic Meteo-Climatological Observatory (http://www.climantartide.it). The
original WRF output files of AMPS used in this study can be found at https://www2.mmm.ucar.edu/rt/amps/information/

amps_esg_data info.html.

Video supplement

The video supplement related to the vertical cross-section through the South Pole and Dome C in this article is available
online at https://doi.org/10.5446/57377. Another vertical cross-section through Dome A and McMurdo is
https://doi.org/10.5446/57378.
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