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Abstract satellite observations show that there is a wintertime hotspot of gravity wave activity, located
mainly over the ocean, around 60°S in the stratosphere. However, the sources of the gravity waves making
up this hotspot are varied and complex and remain unclear. Here we use radiosonde observations from

11 Antarctic stations and selected small islands close to 60°S to examine the horizontal directional
pseudo-momentum flux and energy density distributions of upward propagating gravity waves in the lower
stratosphere. This paper shows, for the first time, that short vertical wavelength gravity waves in the
lower stratosphere clearly propagate meridionally toward 60°S during the winter months. This result
supports previous studies that show that this belt of gravity wave activity over the ocean is contributed to
by wave sources outside 60°S.

Plain Language Summary Atmospheric gravity waves are buoyancy waves, where the restoring
force is gravity, which can have horizontal wavelengths from a few tens to hundreds of kilometers. They
can be generated by a variety of sources including wind flow over mountains and storms. Over the Drake
Passage and out to the east around 60°S, a large hotspot of gravity waves has been observed in the wintertime
stratosphere using satellite observations. The sources for this gravity wave hotspot are unclear as it

mainly located over the open ocean. In this paper radiosonde observations are used to examine, for the first
time, the directional variation in short vertical wavelength gravity waves close to 60°S in the lower
stratosphere. It is found that during the winter months there is a meridional convergence of gravity waves
toward 60°S, implying that the gravity wave sources of the hotspot are in fact be outside this region.

1. Introduction

Atmospheric gravity waves are buoyancy waves where the restoring force is gravity and are ubiquitous
throughout the atmosphere. These waves can be generated by a range of sources including wind flow over
mountains (orographic waves), the Polar Vortex, storms, and geostrophic adjustment (Fritts &
Alexander, 2003). Gravity waves are one of the most important mechanisms of transporting energy and
momentum from the troposphere to the middle and upper atmosphere. The deposition of the gravity wave
energy and momentum into the mean flow can occur via a range of mechanisms, including wave breaking
and critical level filtering (Fritts et al., 2006; Hoffmann et al., 2013; Whiteway & Duck, 1996). This transfer of
energy and momentum means that gravity waves play a crucial role in driving global atmospheric circula-
tion (Allen & Vincent, 1995).

By comparison to the larger global-scale waves in the atmosphere (e.g., planetary waves and tides), gravity
waves are small in physical scale, with horizontal wavelengths ranging from tens to hundreds of kilometers
and vertical wavelengths 2 km to tens of kilometers. Because of this, in global circulation models gravity
waves are normally represented by parameterizations (Fritts & Alexander, 2003; Garcia et al., 2017;
Jackson et al., 2017), as they are too small to be resolved by the coarser grid sizes used in some global models.
However, it has been shown that these parametrizations underestimate gravity wave drag in the Antarctic
atmosphere (Garcia et al., 2017), which results in some models having stratospheric temperatures that are
too cold (the “cold pole” problem) and zonal wind speeds that are too strong in spring (Hendricks et al., 2014;
Hoffmann et al., 2016; McLandress et al., 2012) relative to the observed climatology. These parameteriza-
tions need to be improved. This can be done through observations which provide information on the sources
and variability of the gravity wave field.
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Satellite observations show that there is a band of high gravity wave activity around 60°S during the austral
winter months (M. J. Alexander, Eckermann, et al., 2009; P. Alexander et al., 2010; Hendricks et al., 2014;
Hindley et al., 2015, 2019; PDC, 2015). This band stretches from a region of intense gravity wave activity over
the Southern Andes and the Antarctic Peninsula and eastward over the Southern Ocean. These waves are
not well represented in global circulation model parameterizations which results in “missing” momentum
flux in the simulated system relative to that believed to be present in the true Earth system. The reason
for this discrepancy is due to the sources of the gravity waves in this region not being well determined.

The gravity waves generated over the Southern Ocean during the austral winter are thought to be due to a
combination of orographic sources (mountain ranges and isolated small islands) (M. J. Alexander &
Grimsdell, 2013; Hendricks et al., 2014; Hoffmann et al., 2016; Jackson et al., 2017; Moffat-Griffin et al., 2017)
and non-orographic sources such as frontal systems, jet instability, and deep convection (S. P. Alexander
et al., 2016; Wu & Eckermann, 2008). However, this alone does not account for all the expected missing
momentum (M. J. Alexander, Eckermann, et al., 2009; M. J. Alexander & Grimsdell, 2013; Hindley
et al., 2019; Hoffmann et al., 2016). There have also been studies on “non-local” sources that can contribute
to the momentum flux in this region, some studies showing that wave sources up to 10° away can contribute
(S. P. Alexander et al., 2016; Hindley et al., 2015; Jiang et al., 2014, 2019; Sato, 2010).

Significant work has been done in studying this problem using satellites (M. J. Alexander & Grimsdell, 2013;
S. P. Alexander, Klekociuk, & Tsuda, 2009; Hendricks et al., 2014; Hindley et al., 2015, 2019; Hoffmann
etal., 2016; Wright et al., 2016; Wu & Jiang, 2002); to date only limited work has been carried out using radio-
sonde data. Radiosondes and satellite data sets observe different parts of the gravity wave spectrum (due to
observational filtering, M. J. Alexander, 1998; Wright et al., 2016). Satellite observations, unlike radiosonde
observations, cannot see the short vertical and short horizontal wavelength gravity waves. That radiosondes
can access a part of the gravity wave spectrum inaccessible by satellites means that they can provide vital
new information about these waves and their propagation characteristics in the lower stratosphere.

Using radiosonde data from multiple sites across the Southern Ocean region, this paper will examine the
suggestion that many of the gravity waves seen close to 60°S propagate into this region. This is the first study
of the horizontal direction distribution of the total energy density and absolute momentum flux of gravity
waves in the lower stratosphere derived from radiosonde data taken close to 60°S.

2. Radiosonde Data

For this study high-resolution radiosonde data from 11 Antarctic/sub-Antarctic stations, with a range of data
availability, were used, of which 10 launch radiosondes year round and an additional one during the sum-
mertime only. The stations selected are close to 60°S, both to the North and the South of this latitude. The
selected stations are within 15° latitude of 60°S.

Table 1 lists the radiosonde data sets from Antarctic stations used in this paper. It includes station locations,
the radiosonde type, and the period of data coverage studied.

For all the data there are daily launches at 11 UT. Some stations (with the exception of Kerguelen Island,
Dumont D'Urville, and Princess Elisabeth station) provide additional regular launches at 23 UT or operated
intensive radiosonde campaigns with multiple launches per day, and these data were also included in the
analysis for this paper. The radiosondes are launched on weather balloons and rise rapidly through the
atmosphere gathering vertical profiles of altitude, temperature, wind speed, pressure, wind direction, and
humidity. The balloons typically burst in the lower stratosphere (~20-35 km depending on balloon type
and atmospheric conditions) at which point data collection stops. In this study the focus is on the lower stra-
tosphere, and radiosonde profiles that provide data in the altitude range 12-30 km are used. The high sam-
pling rate of the radiosonde data means that gravity waves with very short vertical wavelengths (9 km and
shorter) can be easily resolved. In comparison, satellites observations generally struggle to resolve this part
of the vertical wavelength spectrum (M. J. Alexander & Barnet, 2007). This means that the radiosonde mea-
surements provide a valuable data set of observations in a hard-to-observe part of the gravity wave spectrum.

Three different types of radiosondes were used across the stations with the most common being the Vaisala
model (Vaisala, 2013). The other two types used are the Graw DFM-09 (GRAW, 2020) and the Modem
M2K2-DC (MeteoModem, 2020). Each type of radiosonde is subject to known small temperature and
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Table 1
Station Number (for Figures), Latitude and Longitude of Each Radiosonde Launch Station, the Time Period Covered in
This Study, and the Type of Radiosonde Used at That Station

Number on Station Time period of radiosonde Type of radiosonde
Figures 1 and 2 (latitude, longitude) data used in this paper deployed
1 Rothera (67.6°S, 68.3°W) 2002-2015 Vaisala
Mount Pleasant Airport, 2000-2010 Vaisala
Falkland Islands (51.8°S, 58.5°W)
3 King Edward Point, South Georgia 2015 (January, June, and Vaisala
(54.3°S, 36.5°W) part of July only)
4 Halley (75.5°S, 26.5°W) 2002-2013 Vaisala
5 Princess Elisabeth station Summer only: 2014/2015, 2015/2016, = Graw DFM-09
(71.9°S, 23.3°E) 2017/2018, 2018/2019
6 Mawson (67.6°S, 62.9°E) 2000-2018 Vaisala
7 Kerguelen Island (49.2°S, 70.1°E) 2019 Modem M2K2-DC
8 Davis (68.6°S, 77.9°E) 2000-2018 Vaisala
9 Casey (66.3°S, 110.5°E) 2000-2018 Vaisala
10 Dumont D'Urville (66.7°S, 140°E) 2019 Modem M2K2-DC
11 Macquarie Island (54.5°S, 158.9°E) 2000-2018 Vaisala

humidity biases that may require a correction if the raw profiles are to be used (Ingleby, 2017). However, in
this study we use perturbations to the data rather than the absolute values of the temperatures; it is unlikely
that the results will be affected by these systematic errors; however, the data will still be subject to small
random errors.

Seven selected stations are located close to the Antarctic coastline and four are on small islands in the
Southern Ocean. It is expected that radiosondes launched from each station will measure a different combi-
nation of gravity wave sources due to their location. For example, the island stations are remote, tend to be
hilly/mountainous, and are subject to strong storms during the austral winter months; storms and wind flow
over hills/mountains can also generate gravity waves (M. J. Alexander & Grimsdell, 2013; Moffat-Griffin
et al., 2013). Conversely, Dumont D'Urville is located on Petrel Island and approximately 5 km from the
main ice sheet. It is subject to strong katabatic winds, which flow from the Antarctic interior, which can also
generate gravity waves (Vignon et al., 2020). It is also expected, from previous studies (Moffat-Griffin
etal., 2011, 2013), that those stations close to the Drake Passage will see greater levels of gravity wave activity
as this is where the main gravity wave “hotspot” is located. The aim of this paper is to determine if there is a
seasonal meridional bias in the horizontal direction of propagation of the gravity waves and thus the result-
ing energy and momentum flux that is transported in a given direction. Recent work from satellite observa-
tions (Hindley et al., 2015, 2019; Wright et al., 2017) has indicated that there is some meridional focusing of
gravity waves toward 60°S during the austral winter months higher up in the stratosphere. However, as satel-
lites can only observe part of the gravity wave spectrum, this study will utilize the radiosonde observations of
short vertical wavelength gravity waves to determine if this meridional propagation is also present.

3. Analysis Methodology
3.1. Wavelet Analysis

To extract information on gravity wave parameters (e.g., horizontal direction of propagation) from a radio-
sonde profile, a standard wavelet technique was applied to the data (Moffat-Griffin et al., 2011; Murphy
etal., 2014; Zink & Vincent, 2001). A third-order polynomial is fitted to the radiosonde profiles and subtracted
from the original profiles, resulting in a residual profile. These residual (perturbation) profiles are analyzed.

To identify individual gravity waves within these perturbation profiles, a technique is used that involves the
wavelet transform. This is a proven technique that has been used in many studies of gravity waves in radio-
sonde data (Moffat-Griffin et al., 2011; Murphy et al., 2014; Zink & Vincent, 2001). First, the application of a
Morlet wavelet transform is applied to the wind perturbation profiles. The wavelet coefficients of these pro-
files are then squared and added together to create a surface space in altitude and vertical wavenumber. In
this individual wave regions can be identified (Zink & Vincent, 2001). For each identified wave region, a
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reverse wavelet transform (Torrence & Compo, 1998) is then applied. This provides temperature and wind
speed perturbation profiles for each identified wave in the profile. These resulting individual wave profiles
are analyzed using the dispersion relation, hodograph analysis, and Stokes parameter analysis (Murphy
et al., 2014; Vincent et al., 1997; Wang & Geller, 2003). These analyses yield wave parameters, including
phase speed, frequency, horizontal and vertical wavelength, and horizontal and vertical direction of
propagation.

The analyses show (see Supporting Information Figure S1) that the gravity wave parameters observed exhi-
bit a similar distribution across all stations to those observed previously at Halley (Moffat-Griffin &
Colwell, 2017) and Davis (Murphy et al., 2014) using radiosondes. Horizontal wavelengths are in the range
0-800 km, vertical wavelengths 0.2-4 km, and intrinsic frequencies 1f-4f, where f'is the Coriolis frequency.

This study focuses only on the upward propagating gravity waves during the austral winter (June, July, and
August) and austral summer (December, January, and February).

3.2. Angular Distributions of Wave Energy and Momentum Flux

An angular distribution (also known as a horizontal direction distribution) of gravity wave energy was
described in Vincent et al. (1997) and used to examine the dominant direction that gravity wave energy
was directed in a given season. This paper will use this technique and focus on the angular distribution of
the total energy density (E7) and total pseudo-momentum flux (Fr) of the gravity waves identified at the dif-
ferent stations during austral winter and summer.

The total energy density of gravity waves can be calculated according to Equation 1 (Allen & Vincent, 1995).

l/— —\ 1g8=5
Er = 7(u 24y 2) - 1
T=5 + + IN? 1)
The two terms on the right-hand side of Equation 1 correspond to the kinetic and potential energy density,
respectively. The terms in Equation 1 are zonal wind perturbation (u"), meridional wind perturbation (v’),

normalized temperature perturbation (T'?), and the Brunt-Viisild frequency (N) profile. An overbar signifies
averaging over a specific height range. There is a contribution from vertical energy density (that is derived
from the vertical velocity, which cannot be directly measured by radiosondes), but this value is normally
small so can be neglected for this study (Vincent et al., 1997).

Momentum is transferred to the mean flow when gravity waves break and is an important part of driving
atmospheric circulation. Momentum flux is traditionally calculated using the vertical and horizontal
velocity perturbations. For radiosondes, which cannot directly measure vertical velocities, estimates of
the pseudo-momentum flux can be calculated using the gravity wave polarization relationships between
T', u’, and V' (Vincent et al., 1997). The zonal pseudo-momentum flux is calculated using Equation 2,
where T!o corresponds to the Hilbert transform of the normalized temperature perturbation and w is
the intrinsic frequency. For the meridional pseudo-momentum flux replace u’ with v" in Equation 2.

2
wg—=—(, f
Fu =uw =— ﬁ M/T+90 (1 - ?> (2)
f2
In Equation 2 the <1 - E) term is a weighting function that adjusts for the more effective transport of

momentum by higher-frequency waves (Gong & Geller, 2010).

The total pseudo-momentum flux is given by Equation 3:

Fr =/F2+F: (3)

Once the gravity wave parameters of horizontal direction of propagation, total energy, and momentum flux
have been determined for each wave, the angular distributions can be calculated. The horizontal direction of
propagation for the gravity waves over each season is binned into 30° angular segments, and the angular dis-
tribution of gravity wave energy is calculated using Equation 4, where i refers to the ith bin/segment, E; is the
gravity wave energy total in that bin, and Er is the total gravity wave energy over the time frame for all bins.
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Figure 1. This figure shows the angular distribution of total gravity wave energy density during (a) austral summer (December, January, and February) and (b)
austral winter (June, July, and August) for 11 stations (10 during the austral winter). The dashed line indicates 60°S. The scale histogram indicates that the
maximum value is 0.3 J kg_1 for all histograms. The numbers correspond to the station numbers in Table 1.

For the angular distribution of the absolute pseudo-momentum flux, we use the same method; see
Equation 5, where F is the pseudo-momentum flux.

_2E

D, = ET] 4
_2E

@; —F—T’ 5

4. Results and Discussion

The angular distributions of gravity wave energy density and total pseudo-momentum flux have been calcu-
lated for the austral winter and austral summer periods. Figure 1 shows the energy density angular distribu-
tion for (a) December, January, and February (austral summer) and (b) June, July, and August (austral
winter). Figure 2 is the same but for the pseudo-momentum flux angular distributions. The data are dis-
played as an angular histogram and are centered over their respective stations location.

During the austral summer the angular distribution of the gravity wave energy density and
pseudo-momentum flux measurements over the mainland Antarctic stations (Stations 4-9) are aligned
along the eastward and westward axis, with slightly higher value energy density and pseudo-momentum
flux heading westward. Dumont D'Urville (Station 10) is the exception to this where a westward and a
south-eastward split in the angular distribution is observed. The gravity wave energy density and
pseudo-momentum flux measurements over Kerguelen Island (7) and Macquarie Island (12) are similar to
those of the mainland stations but with a stronger westward distribution. In the Drake Passage region, the
distributions over South Georgia (3) and Rothera (1) stations exhibit strong south-westward and
north-westward directions, respectively. The gravity wave energy densities and pseudo-momentum fluxes
over both sites are thus directed toward latitudes near 60°S; this is consistent with previous studies
(Moffat-Griffin et al., 2011, 2017). The Falkland Islands (3) angular distributions show a westward direction-
ality too, but not as strongly as the two other data sets in the Drake Passage region. The mainland Antarctic
data tend to show an angular distribution aligned along the eastward and westward axis, with slightly higher
value energy density and pseudo-momentum flux heading westward.
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Figure 2. This figure shows same as Figure 1 but for pseudo-momentum flux for 11 stations (10 during the austral winter). The dashed line indicates 60°S.
The scale histogram indicates that the maximum value is 0.25 mPa for all histograms.

The range of angular distributions seen during the summer months is likely to be influenced by critical level
filtering. In the summer months there are no strong eastward winds, as the Polar Vortex is not present, only
weaker eastward winds with a wind reversal occurring typically in the lower stratosphere. These results
cover an altitude range of 12 to 30 km which include the wind reversal region.

During the austral winter a clear change in the dominant direction, and magnitudes, of the angular distribu-
tions for gravity wave energy density and pseudo-momentum flux is observed. The island stations of
Macquarie (11), Kerguelen (7), South Georgia (3), and the Falklands (2) show a clear strong westward to
south-westward dominant direction with the maximum values for energy density and pseudo-momentum
flux being seen from both the Falkland Islands and South Georgia. The mainland stations (4-10) all show
an angular distribution with a clear northwestward to west-northwestward dominance. The Rothera angular
distributions show that the north-westward bin dominates. The Drake Passage stations (1-3) show the high-
est magnitude bins across all the angular distributions.

Those stations South of 60°S tend to show a northwestward-west-northwestward dominance in their distri-
butions, with the stations closer to 60°S showing the largest magnitudes. Those stations to the North of 60°S
show a very strong southwestward-west-southwestward directionality in both energy density and
pseudo-momentum flux. Even though the directional distributions for both Rothera and South Georgia
are similar in both seasons, there will be a greater impact during the austral winter when favorable strato-
spheric conditions (Moffat-Griffin et al., 2017) mean that these waves are likely to propagate to a higher alti-
tude before they break, thus having a greater impact on stratospheric dynamics during this season.

During the austral winter months, it is expected that there will be a higher level of gravity wave activity as
the strong circumpolar eastward jet is present and storms are more frequent and stronger than those dur-
ing the summer months. Previous studies have also shown that, due to critical level filtering of the gravity
waves by the strong eastward winds, it is expected to see more westward propagating waves in the austral
winter. What was not fully expected though was the meridional bias seen in the data that means these
waves are frequently heading toward 60°S during the winter.

It is expected that these waves will contribute to the hotspot of gravity wave activity around 60°S as these
waves tend to have much higher horizontal group velocities compared to their vertical group velocities
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(see Supporting Information Figures S1c-S1f). This means they have shallow angles of propagation (Fritts &
Alexander, 2003; Murphy et al., 2014) and can travel large horizontal distances before they dissipate.

5. Conclusions

This study examined the horizontal directional distributions of gravity wave energy density and
pseudo-momentum flux from 11 Antarctic and sub-Antarctic stations during the austral summer and win-
ter. It is has shown that during the austral winter months there is a greater likelihood of waves propagating
toward 60°S and transporting larger pseudo-momentum fluxes and energy densities than during the austral
summer months.

This wintertime convergence of gravity waves observed in the lower stratosphere provides strong support for
the satellite observations higher up in the stratosphere (S. P. Alexander et al., 2016; Ehard et al., 2017;
Hindley et al., 2015). This meridional movement of gravity waves needs to be taken into consideration in
future gravity wave parameterization development. Currently, gravity wave parameterizations do not allow
for horizontal gravity wave propagation from a source region.

The results in this paper also show, for the first time, that short vertical wavelength gravity waves in the
lower stratosphere are propagating meridionally toward 60°S during the austral winter. Incorporating mer-
idional transport into gravity wave parameterizations will help to resolve the hotspot of gravity wave activity
in global circulation models and the missing momentum flux in this 60°S region.

Data Availability Statement

Data for the Météo-France stations can be found online (at https://donneespubliques.meteofrance.fr/?fond=
produit&id_produit=97&id_rubrique=33). Data from the British Antarctic Survey stations can be found
online (at http://catalogue.ceda.ac.uk/uuid/37f2bef57e28bcd780a5cbfe077f4bf8). Data from the Met Office
high-resolution radiosonde data from the Falkland Islands can be found online (at http://catalogue.ceda.
ac.uk/uuid/c1e2240c353f8edeb98087e¢90e6d832¢). Australian Antarctic Division station data are available
on request from the archives held by the Australian Bureau of Meteorology (www.bom.gov.au).
Radiosonde data for Princess Elisabeth Antarctica station are available on request via the Royal
Meteorological Institute of Belgium (https://www.meteo.be) on the site (http://ozone.meteo.be/meteo/
view/en/10666322-Instruments+Antarctica.html).
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