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Abstract. The Southern Ocean near the East Antarctic coast is a dynamic source of gravity waves, yet long-lived high-
frequency gravity waves (HFGWSs) remain poorly documented. Using four months of ship-based remote sensing and in-situ
observations, this study analyses the characteristics of HFGWs and their influence on cloud properties near three Antarctic
coastal stations (Davis, Casey, and Mawson) through statistical analyses and detailed case studies. Doppler vertical velocity
oscillations are observed in clouds with tops around 8 km, with amplitudes mainly near 0.02 m s 1. These clouds are primarily
ice. Based on radiosonde ascent rates and Richardson number analysis, the oscillations are identified as gravity waves. The
observed gravity waves typically exhibit periods close to the buoyancy period (about 10 minutes) and horizontal wavelengths
of 3 km, and can be tracked for up to 48 hours (approximately 220-320 wave cycles). Approximately 46% of valid Doppler
velocity data within clouds exhibited high-frequency oscillations associated with HFGWs. These occurrences covered 91%
of cloudy days, indicating that such waves are ubiquitous. Periodic variations in reflectivity further suggest that these waves
modulate cloud properties. Potential sources of the HFGWs are investigated using air-mass trajectories, ERAS reanalysis, and
MODIS observations. The waves are most likely generated by multiple sources including cyclonic activity, katabatic winds, and
jet-related synoptic forcing. In some cases a thermal duct, together with a concurrent low-frequency gravity wave background,

provides a multiscale environment that likely supports the HFGWs long-lived nature.

1 Introduction

Atmospheric gravity waves (GWs) are ubiquitous in the atmosphere and influence the dynamics of all atmospheric layers.
By propagating upward from lower-atmospheric sources, GWs transfer energy and momentum into the middle and upper at-
mosphere, thereby exerting a strong influence on the large-scale circulation (e.g., Alexander et al., 2016; Franco-Diaz et al.,

2024). Under certain conditions, gravity wave instabilities can generate turbulence, which may pose hazards to aviation safety
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and infrastructure (Hines, 1988). In addition, GWs can enhance convective activity and modulate tropopause height, thereby
promoting the transport of ozone with relatively low concentrations and potentially reducing ozone levels (Kidston et al., 2015;
Chang et al., 2024). Gravity waves are generated by a variety of sources, including orographic forcing, convection, frontal sys-
tems, jet streams, and regions of strong wind shear (Geldenhuys et al., 2021; Plougonven and Zhang, 2014; McDonald et al.,
2010). With abundant wave sources and favorable propagation conditions, the conditions over the Southern Ocean, particularly
in the vicinity of the Antarctic coastline, are considered one of the most active regions for GWs globally (Plougonven et al.,
2013; Baumgaertner and McDonald, 2007; McDonald, 2012; Murphy et al., 2014). Nevertheless, the sources and properties of
GWs over the Southern Ocean remain less well documented than those at mid- and low-latitudes. In East Antarctica, synoptic
winds or katabatic winds interacting with mountain terrain or coastal ice ridgelines can generate large scale orographic gravity
waves (Watanabe et al., 2006; Vignon et al., 2020), while non-orographic gravity waves are commonly associated with near-
shore cyclones and unbalanced flows related to jet-front adjustments (Alexander et al., 2017, 2016).

High-frequency gravity waves (HFGWs) have small spatial and temporal scales, with typical periods ranging from several
to tens of minutes and horizontal wavelengths of a few to several tens of kilometres (Alexander et al., 1995; Cao and Liu,
2022). Observational evidence of such waves has been reported using coherent Doppler lidar measurements, which revealed
HFGWs with periods of 10-30 minutes at around 2 km altitude within the atmospheric boundary layer (Jia et al., 2019). In
that study, persistent waves lasting for about 10 hours (exceeding 20 wave cycles) were detected, highlighting the potential
for HFGWs to maintain long lifetimes under favorable atmospheric conditions. Dynamically, HFGWs are characterized by
frequencies approaching the Brunt—Viisild frequency (buoyancy frequency) and a strong dependence on stable stratification.
When trapped within a waveguide, HFGWs can experience suppressed vertical propagation and predominantly transport en-
ergy horizontally, allowing them to persist over extended regions and interact efficiently with clouds (Jia et al., 2019). Previous
studies have demonstrated that such interactions can substantially influence cloud microphysical processes (Schoeberl et al.,
2016; Alexander et al., 2000); for instance, Jensen et al. (2016) showed that HFGW-induced rapid cooling can promote ho-
mogeneous ice nucleation in cold cirrus clouds, leading to enhanced ice crystal concentrations. Despite their importance, the
relatively coarse spatial and temporal resolution of most weather and climate models severely limit their ability to accurately
represent HFGWs. As a result, such waves are often unresolved and may be poorly parameterized, which can lead to biases in
simulated cloud structures. This highlights the need to improve our understanding of HFGWs, their sources, occurrence, and
influence on clouds.

Numerous techniques have been employed to study GWs over East Antarctica (Vignon et al., 2020; Alexander et al., 2017,
Watanabe et al., 2006; Alexander and Murphy, 2015; Plougonven et al., 2013). Among these, satellite products have been
particularly valuable for capturing the large-scale spatial distribution of atmospheric GWs. These observations have also been
useful in investigating their role in the formation and distribution of Antarctic polar stratospheric clouds (PSCs) (McDonald
et al., 2009; Wu and Jiang, 2002; Alexander et al., 2011). Despite their excellent spatial coverage, limitations in temporal and
vertical resolution reduce the ability of satellite products to resolve HFGWs. In contrast, the ground-based VHF wind profiler
radar at Syowa and Davis, Antarctica, provide high-temporal-resolution wind measurements and are well suited for quantify-

ing HFGW activity. These VHF radars retrieve zonal, meridional, and vertical velocity profiles from approximately 2 to 15
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km altitude at 8-minute temporal resolution (Alexander and Murphy, 2015; Tomikawa et al., 2015). However, as single-site
instruments, they offer only a localized perspective, which limits their representativeness and hampers large-scale statistical
analyses over East Antarctica. Recent ship-based observational campaigns focused on understanding the limitations in simu-
lating clouds over the Southern Ocean (Alexander et al., 2021), provide valuable data that may also help alleviate limitations in
HFGW observations. The Measurements of Aerosols, Radiation, and Clouds over the Southern Ocean (MARCUS) campaign
was conducted from October 2017 to March 2018, deploying state-of-the-art, continuous, high-temporal-resolution remote
sensing and in-situ instruments onboard the RSV Aurora Australis icebreaker (McFarquhar et al., 2021). By traversing between
Hobart, Australia, and the Australian East Antarctic stations, MARCUS sampled coastal, oceanic, and Antarctic marginal re-
gions, effectively bridging the observational gap between fixed ground stations and satellite measurements.

Many previous studies have shown that Doppler velocity observations from radars and lidars are effective in observing gravity-
wave signatures. For example, Lamer et al. (2021) employed a Ka-band scanning polarimetric radar and identified gravity wave
features with periods of 5—-6 minutes in Doppler velocity throughout the entire hydrometeor layer (0O—10 km). Gehring et al.
(2022) showed that orographic gravity waves induced strong alternating updrafts and downdrafts with a period of about 1 hour,
clearly evident in W-band Doppler cloud radar velocity measurements. Radenz et al. (2021) inferred gravity-wave influence on
cloud from lidar Doppler velocity time series using an autocorrelation-based approach, applying a threshold on the autocorre-
lation decay to distinguish coherent wave motions from turbulence. Kalesse and Kollias (2013) performed wavelet analysis on
10 second resolution time series of vertical air motion for 2 hour time windows and at each altitude to detect gravity waves.
These studies demonstrate that high temporal and vertical resolution Doppler velocity measurements, such as those from the
ship-based Marine W-band Cloud Radar (MWACR) during MARCUS, are well suited to detect high-frequency gravity waves
and analyze their spectral characteristics within cloud environments.

Cyclones have previously been identified as sources of HFGWs, for example Nolan and Zhang (2017) showed from satellite
imagery that tropical cyclones can efficiently generate short-wavelength HFGWs that radiate outward from the storm center,
with tightly wrapped spiral wavefronts shaped by strong shear-induced differential advection and radial wavelengths of ap-
proximately 2—10 km. Southern Ocean cyclones are common throughout the year (Hoskins and Hodges, 2005; McErlich et al.,
2023), with a maximum frequency in winter, and smaller-scale cyclones are common around the East Antarctic coast (Alexan-
der and Murphy, 2015; Simmonds et al., 2012; Alexander et al., 2017; Irving et al., 2010), suggesting that cyclone-related
forcing likely significantly contributes to HFGW activity in this region. However, this has not been systematically studied. In
addition to cyclones, a statistical study of Antarctic gravity waves based on radiosonde data by Yoshiki and Sato (2000) sug-
gested that some wave sources may reside in the stratosphere, with the polar night jet being a likely candidate. ERAS reanalysis
provides complete synoptic-scale wind fields (e.g., cyclones and jet streams), while MODIS satellite observations offer broad
spatial coverage that captures the spatial structure of larger scale wave signatures (Vignon et al., 2020; Giongo et al., 2020;
Gupta et al., 2021, 2024). Combining these datasets can help to track the large-scale background flow and identify potential
wave sources.

Previous studies have greatly improved our understanding of GW activity over East Antarctica. The interaction between syn-

optic winds and coastal topography creates orographic gravity waves, and the temperature fluctuations caused by these waves
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Voyage tracks of the Aurora Australis
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Figure 1. Voyage tracks of the Aurora Australis during the MARCUS field campaign, departing from Hobart, Australia, and proceeding to

the Antarctic stations Davis, Casey, and Mawson. The colour bar indicates the number of voyage days.

affect the presence of local clouds (Alexander et al., 2017). One case study showed that a katabatic jumps can also lead to
the trapping of gravity waves (Vignon et al., 2020). Cyclone-associated winds can also interact with coastal topography and
katabatic flows, creating favorable conditions for the generation of orographic gravity waves along the East Antarctic coast
(Orr et al., 2014). However, most existing studies have focused on individual case studies and on low-frequency gravity waves,
while research on HFGWs, particularly those persisting over extended periods, remains scarce in this region.

The objective of this study is to identify and characterize long-lived high-frequency gravity wave activity observed using ship-
based multi-platform observations over the Southern Ocean. We aim to distinguish HFGWs from other non-wave atmospheric
oscillation processes, quantify their key wave properties and occurrence frequency over a broad spatial domain, investigate
their possible sources and the background conditions that sustain multi-day wave activity. The potential influence of these
waves on cloud properties is also identified.

This paper is organized as follows. Section 2 introduces the instruments and datasets. Section 3 describes the methodology
for identifying HFGWs, as well as the ascent-rate analysis and FFT spectral techniques used to diagnose and characterize the
observed wave signals. Section 4 presents the results. Section 4.1 demonstrates that the oscillations observed by the MWACR
and radiosondes are gravity waves by ruling out alternative explanations, and quantifies their representative parameters and oc-
currence frequency. Section 4.2 investigates the possible sources of the observed HFGWs. Section 5 examines the background
conditions that sustain the multi-day HFGW activity, the modulation of clouds by HFGWs, and proposes future research

directions. Finally, Section 6 summarizes the main conclusions.

2 Instruments and datasets

During the MARCUS field campaign, a comprehensive suite of remote sensing and in-situ instruments from the U.S. De-
partment of Energy (DOE) Atmospheric Radiation Measurement (ARM) Mobile Facility 2 (AMF2) operated onboard the
Australian icebreaker RSV Aurora Australis (McFarquhar et al., 2021). These instruments provided observations of aerosols,

clouds, precipitation, and radiation across the entire latitudinal range of the Southern Ocean between 29 October 2017 and
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25 March 2018. Four voyages departed from Hobart (42.88°S, 147.32°E), Tasmania, including three to the Antarctic research
stations Davis (68.58°S, 77.97°E), Casey (66.28°S, 110.53°E), and Mawson (67.60°S, 62.87°E), and one to Macquarie Island
(54.50°S, 158.94°E), conducted in spring, summer, and autumn. Each round trip to Antarctica took 7-10 days, with stays at
the research stations lasting up to two weeks (Mace et al., 2021). This study is based on data collected during the first three
voyages (V1, V2, and V3) of the RSV Aurora Australis, with the corresponding ship tracks shown in Fig. 1. During V1, the
vessel travelled from Hobart to Davis Station and remained there from 14 to 20 November 2017. During V2, the vessel first
visited Casey Station, where it stayed from 21 December 2017 to 4 January 2018. It then undertook a second leg to Davis Sta-
tion, remaining from 27 to 29 January 2018, followed immediately by a transit to Mawson Station, where it stayed from 1 to 17
February 2018. The vessel subsequently revisited Davis Station on 20 February 2018 for one day before returning to Hobart.
The fourth voyage (V4) is not included in our analysis, as it was conducted along a different route toward Macquarie Island
rather than the Antarctic region, and therefore falls outside the primary focus of this study. The ship’s navigational location and
attitude were logged every minute.

The MWACR provides vertical profiles of radar reflectivity (dBZ) and Doppler vertical velocity (i.e., the sum of particle fall
speed and vertical air motion, m s~!), with measurements acquired every 5 s and a vertical resolution of 30 m. The MWACR
was mounted on a stabilized platform to maintain vertical pointing. Mace et al. (2021) compared subcloud liquid precipitation
radar reflectivity from a calibrated BASTA cloud radar during CAPRICORN-II with that from the MARCUS MWACR over
similar regions and during a common period, and found that applying a +4.5 dBZ offset to the MWACR reflectivity aligned the
reflectivity distributions of the two radars. Consistent calibration offsets between the MWACR and the CloudSat cloud radar
were also reported by Kollias et al. (2019), who showed that MWACR reflectivity was 4-8 dBZ lower. A uniform correction
of +4.5 dBZ was therefore applied to all MWACR reflectivity observations used in this study. During the standard operating
period along the east coast of Antarctica, the ship was located in calm nearshore waters where wave motion was strongly
suppressed by sea ice (Vignon et al., 2021; Alexander et al., 2021). Consequently, ship heave, pitch, and roll were minimal, and
the associated platform-motion-induced uncertainty in Doppler velocity was small and unlikely to affect the main conclusions
of this study.

During MARCUS, radiosondes were launched four times daily, providing upper-air observations of dry bulb temperature,
dew point temperature, and ascent rate up to approximately 25 km over the Southern Ocean and near the eastern Antarctic
coastline, with a 2 s sampling interval. GPS measurements from the radiosondes were used to identify altitude and horizontal
wind velocity components, namely the zonal (u) and meridional (v) winds, from which wind speed and direction were derived.
Radiosonde data are used to examine fluctuations in the observed profiles and to assess whether they may be influenced by
gravity waves or other processes, by calculating the Brunt—Viisili frequency and the gradient Richardson number. A Total Sky
Imager (TSI) also provides hemispheric images of cloud fields, which are used to identify wave-like cloud patterns potentially
related to gravity waves (Black, 1983; Ugolnikov, 2023). A 532 nm micropulse lidar (MPL) provides backscatter and depo-
larization ratio data (Alexander and Protat, 2018). The data streams from the MPL and MWACR are combined into a merged
lidar-radar cloud phase product, as described in Noh et al. (2019) and Alexander et al. (2021). Ice-phase clouds are identified

from MPL measurements using linear functions of calibrated backscatter and layer depolarization (Hu et al., 2009), which are
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integrated over the cloud to reduce inherent noise. Cloud temperatures below -40°C from ERA-Interim reanalysis were used
as an additional constraint (Alexander and Protat, 2018).

ERAS, the fifth-generation reanalysis produced by the European Centre for Medium-Range Weather Forecasts (ECMWF),
provides horizontal wind fields (u and v) at 700 and 250 hPa and vertical wind velocity at 800 hPa, representing near-surface
and mid-to-upper tropospheric flow, together with geopotential fields. The data have a horizontal resolution of 0.25° x 0.25°
and a temporal resolution of 1 hour (Hersbach et al., 2020) and numerous studies have shown their veracity in this region
McErlich et al. (2023). The Aqua and Terra satellites each overpass the high latitudes of the Southern Hemisphere once
during daylight, yielding cloud observations separated by approximately 4—6 hours. The Moderate Resolution Imaging Spec-
troradiometer (MODIS) instrument onboard the Aqua and Terra satellites provides corrected reflectance (MODO2HKM and
MYDO02HKM) at 500 m resolution for visualizing cloud fields and infrared brightness temperature (MODO021KM) at 1 km
resolution for examining cloud-top temperatures. The MODIS Corrected Reflectance algorithm, developed by NASA/GSFC,

removes major atmospheric effects (e.g., Rayleigh scattering) to produce true colour imagery (Gumley et al., 2003).

3 Methodology

Gravity wave events are primarily identified in this study using Doppler velocity measured by the ship-based MWACR. Doppler
velocity measurements from the MWACR are used to detect coherent, periodic motions characteristic of gravity waves within
clouds. TSI observations are used as a supplementary tool to provide independent visual confirmation of gravity-wave activity.
Vertical displacements associated with gravity waves modulate cloud water content, leading to alternating bands, streaks, or
periodic variations in cloud brightness that are directly observable in TSI images.

Perturbations in balloon ascent rates are used to characterize vertical motions during each sounding. The gradient Richardson
number (Ri), derived from radiosonde temperature, pressure, and horizontal wind profiles, is used to assess the potential for
turbulence. A small Richardson number (0 < Ri < 0.25) implies strong shear and active turbulence, whereas a large Richardson
number (Ri > 0.25) indicates a stable atmosphere that is more likely to support gravity waves rather than turbulence.

Fast Fourier Transform (FFT) spectral analysis, combined with initial high-pass filtering, is applied to MWACR Doppler ve-
locity data to identify oscillations related to gravity-wave frequencies. A high-pass filter is used to remove low-frequency
variability, including linear trends, in time series used by the FFT. The original irregularly sampled measurements are inter-
polated onto uniform 60-s intervals. A Hamming window is applied to reduce spectral leakage, and the resulting amplitude
attenuation is corrected using the coherent gain of the window. By padding the windowed time series with zeros to the nearest
power-of-two length, the frequency sampling can be refined, allowing for clearer identification of dominant spectral peaks
(Hocke and Wang, 2025). The resulting spectra are expressed in terms of calibrated Doppler vertical velocity amplitude, rep-
resenting the relative strength of oscillations at each frequency in the Doppler velocity time series. To systematically identify
gravity wave—induced oscillations, a sliding window analysis was applied using a temporal window of 2 hours and a verti-
cal range of 2 km, similar to the procedure used in Kalesse and Kollias (2013). Within each window, the FFT was applied

independently to the Doppler velocity time series at each height level within the 2-km layer. The resulting frequency spectra
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were then averaged across heights to obtain a spectrum for that layer. We note that height levels influenced by liquid rain were
excluded from the analysis. Oscillations were classified as gravity wave signals when the following criteria were satisfied: (1)
the presence of a distinct dominant spectral peak with a period between 8 and 15 minutes was detected, and (2) a sufficiently
pronounced peak amplitude, defined by a ratio of the main peak amplitude to secondary peaks greater than 1.3. The threshold
value of 1.3 was empirically determined from the statistical characteristics of the full dataset, where secondary spectral peaks
were consistently weaker than the dominant peak. This criterion ensures that only oscillations with a clearly defined domi-
nant frequency are identified. Using these conditions, gravity wave-related oscillations were detected and their frequency of
occurrence was subsequently estimated. For multi-layer clouds, cloud top and base heights were taken from the cloud layer
corresponding to the height range of each HFGW-detected sliding window.

To assess whether the observed oscillations are consistent with gravity wave theory, several gravity-wave-related parameters
are also examined. The frequency is estimated from FFT spectral analysis of the MWACR Doppler velocity time series and
compared with the Brunt—Viisild frequency N, derived from radiosonde potential temperature profiles when available. In ad-
dition, the vertical wavelength is estimated from the vertical phase gradient of the MWACR reflectivity. The probability density
distribution is estimated using kernel density estimation (KDE), which provides a smoothed representation of the underlying

data distribution.

4 Results
4.1 Evidence for High-Frequency Gravity Waves

Figure 2 shows examples of Doppler velocity and reflectivity measured by the MWACR near the Davis, Casey, and Mawson
stations in East Antarctica during three different periods during the MARCUS campaign. The Doppler velocity is always neg-
ative, indicating the downward motion of hydrometeors, but exhibits alternating red and blue bands in each case with clear
periodic variations linked to superimposed HFGWs. These oscillations exhibit strong vertical coherence, with minimal phase
variation over the observed height range, indicating vertical wavelengths of several kilometres or longer. Typical examples are
shown in Figs. 2(a) and (c), observed at Davis on 16—17 November 2017 and at Casey on 29-30 December 2017, respectively.
In both cases, the Doppler velocity displays numerous bands with a characteristic period of approximately 10 minutes, within a
cloud layer located between 4 and 8 km. Figure 3 shows that the cloud phase is predominantly ice in all three cases. At temper-
atures below —38 °C,the homogeneous freezing level, clouds are composed of ice. In Fig. 3 (a) and (b), sporadic occurrences
of mixed-phase and supercooled liquid cloud are observed. The corresponding reflectivity fields (Fig. 2(b)) exhibit downward
tilting reflectivity features, likely related to fall streaks. Figure 4 shows the cloud cover observed in a TSI image across the
entire sky when the ship was near Davis station on 03:18 UTC on 17 November 2017. Striped cloud structures are evident in
the TSI image, especially near the edge of the fisheye lens, and the clouds are relatively thin. ERAS indicates that the horizontal
wind is predominantly westerly and that wind shear is weak at the height of the cloud-layer in these cases. Figs. 2(e) and (f)
show a case observed at Mawson on 8 February 2018, which exhibits similar features to the above, highlighting the ubiquitous

nature of HFGWs. From 08:00 UT on 16 November to 08:00 UT on 18 November 2017, cloud conditions were favorable for
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Figure 2. Doppler velocity (positive upward) and reflectivity observed by 95 GHz MWACR at Davis, Casey, and Mawson stations in East
Antarctica. (a, b) Doppler velocity and reflectivity at Davis from 10:00 UTC on 16 November to 10:00 UTC on 17 November 2017. (c, d)
Same as (a, b) but for Casey from 10:00 UTC on 29 December to 10:00 UTC on 30 December 2017. (e, f) Same as above but for Mawson
from 05:00 UTC to 15:00 UTC on 8 February 2018.

FFT analysis, revealing a continuous 48-hour time interval for gravity wave monitoring (Figs. A1), representing an unusually
long-lived HFGW event. The following section provides a detailed analysis of this event to investigate the gravity wave source
and its characteristics. The range of radar reflectivity indicates that the size and concentration of cloud particles differ among
the three cases. The low reflectivity values (e.g., -30 to -15 dBZ) suggest that the clouds are likely composed of small parti-
cles with low concentrations. Under such conditions, particle fall velocities are relatively small, allowing the Doppler velocity
measured by the MWACR to more clearly represent vertical oscillations associated with atmospheric motions. Radiosonde
data are unavailable for the Davis case (16—17 November 2017), and the vertical wavelength cannot be clearly identified from

reflectivity in the Casey case (29-30 December 2017). Therefore, the analysis focuses on the Mawson case (8 February 2018).
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Figure 3. Cloud phase classification derived from MWACR and MPL at (a) Davis, (b) Casey, and (¢) Mawson stations in East Antarctica.

The time period corresponds to that shown in Fig. 2.

Figure 5 shows radiosonde profiles of dry-bulb temperature, potential temperature, dew point temperature, wind speed and
direction, and ascent rate from three launches on 8 February 2018. The radiosondes launched at 05:30 and 11:30 UTC passed
through or close to cloud layers, whereas the 17:30 UTC launch sampled cloud-free conditions after cloud dissipation at 15:00
UTC. Figs. 5(a) and (d) show weak, step-like temperature variations with amplitudes of approximately 0.3—0.7 °C within the
altitude range where the cloud layer is located. These intermittently distributed features correspond to statically stable layers

in the troposphere, as evidenced by the potential temperature profiles. Regions where the dew point temperature is close to
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Figure 4. Total Sky Image (TSI) captured on 17 November 2027 at 03:18 UTC.

the dry-bulb temperature are associated with regions close to saturation and are associated with the presence of ice clouds in
this case. For example, altitudes between 4 and 9 km in Figs. 5(a) and (d) show evidence of clouds. Figs. 5(b) shows that
at 05:30 UTC, strong winds reaching up to 50 m s~! are present at an altitude of around 9 km. At 11:30 and 17:30 UTC,
Figs. 5(e) and (h), the wind speeds weakened markedly. Concurrently, wave-like structures developed, with the largest wave
amplitude observed at 11:30 UTC in the ascent rate (see Figs. 5(f)). The wind direction shifts from east-southeasterly in the
lower troposphere to west-northwesterly in the middle and upper troposphere in Figs. 5(b) and (e). As shown in Figs. 5(c), (f),
and (i), the ascent rates of the three radiosondes launched at different times all exhibited significant fluctuations below 10 km
altitude, these being particularly large at 11:30 UTC.

Fluctuations in the radiosonde ascent rate can arise from several processes, including convective generating cells, turbulence,
and gravity waves. The formation of classical generating cells generally requires the presence of a liquid water layer, or at least
substantial amounts of liquid water near the cloud top, to enable ice formation through ice-nucleation processes (Alexander
et al., 2021). These conditions are unlikely in the ice clouds examined here, and the cloud-top cellular features observed after
12:00 UTC in Fig. 2(f) cannot be interpreted as generating cells. In addition, as shown in Fig. 6, the Richardson number is
predominantly greater than 0.25, with only marginally lower values at a few levels, indicating conditions that are generally
not favourable for the development of shear-induced turbulence. Overall, these results rule out convective generating cells and
turbulence as the primary drivers of the observed ascent-rate fluctuations, favouring gravity waves as a more plausible expla-
nation.

Figure 7 shows the Doppler velocity time series and the corresponding FFT spectra at 5.5 km altitude for 8 February 2018. The
analysis period spans from 10:00 to 13:00 UTC, during which the Doppler velocity oscillations are particularly prominent, and
whose midpoint (11:30 UTC) coincides with the radiosonde launch time. The FFT spectrum, shown in Fig. 7(b), exhibits a
well-defined peak, with a dominant period of 10.24 minutes. The corresponding frequency, denoted by w, is defined as w = 2%

where T is the wave period. In this case, w =~ 0.0102 rad s~!. This frequency is marginally smaller than the Brunt—Viisild

frequency N = 0.0144 rad s~!, which corresponds to a period of 7.28 minutes. NN is calculated from the radiosonde profile

10
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Figure 5. Dry bulb temperature, potential temperature, dew point temperature, wind speed, wind direction, and ascent rate profiles measured

by radiosondes at Mawson, launched at (a)-(c) 05:30 UTC, (d)—(f) 11:30 UTC, and (g)—(i) 17:30 UTC on 8 February 2018.
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Figure 7. (a) Doppler velocity at 5.5 km observed by the MWACR at Mawson from 10:00 to 13:00 UTC on 8 February 2018. (b) Fast Fourier

Transform (FFT) spectrum of the time series shown in (a).

at an altitude centred on 5.5 km. These values satisfy the theoretical conditions for HFGWs, where the wave frequency w lies
between the inertial frequency f and the Brunt—Viisild frequency N, and is close to N (f <w < N). The vertical spacing
between successive reflectivity maxima (or banded structures) observed in the MWACR data suggests a vertical wavelength A,
of approximately 3 km, which implies a horizontal wavelength of A, = A,/ f—f —1~2.97 km. The corresponding vertical
and horizontal wavenumbers are m = 2.09 x 1072 rad m~' and k = 2.12 x 103 rad m !, respectively. The horizontal phase

speed of this wave can be estimated to be 4.83 m s~ 1.

4.2 Potential Sources of the Observed Gravity Waves

The geographical settings differ among the three case studies considered (Fig. 2), yet all three locations exhibit HFGWs. At

Davis, strong orographic gravity waves are typically observed under intense north-easterly flow associated with passing cy-
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Figure 8. Back trajectory paths of the air mass that arrived at Mawson at 01:00 UTC on 8 February 2018. Trajectory calculations and
visualization are provided by the NOAA HYSPLIT model and its online plotting system.

clones (Gehring et al., 2022). At Casey, strong wind events frequently arise from the combined influence of intense katabatic
winds and enhanced synoptic-scale pressure-gradient forcing (Turner et al., 2001; Murphy and Simmonds, 1993). The wind
regime at Mawson is more complex, dominated by south-easterly katabatic winds, although the station also experiences syn-
optic north-easterly flows during blizzard conditions or snowfall (Orr et al., 2014).

Lagrangian back trajectory analysis can be used to assess the origin of the observed air mass and whether it comes from low,
middle or high latitudes where the amount of water vapor is different. Clouds can form locally, for example through the vertical
ascent of water-vapour-rich air, or be transported by large-scale advection. Indicating whether an air mass passes over terrain
or through a region of strong background flow helps to identify the potential source of gravity waves. Figure 8 shows back
trajectories from the NOAA HYSPLIT model at three altitude levels (4, 6, and 8 km). The end time is set to 01:00 UTC, corre-
sponding to the onset of cloud formation, and the star marks the location of Mawson. As shown in Fig. 8, the cloud-associated
air mass is entirely of oceanic origin. Cyclonic activity initially transports these air masses northward or north-eastward across
the open ocean, after which they are advected south-eastward by subsequent cyclonic activity and the prevailing large-scale
flow, eventually reaching the coastline near Mawson. In addition to modulating air mass transport, cyclones are also recognized
as an important source of HFGWs (e.g., Nolan and Zhang, 2017). Air parcels originating at lower levels experience long-range
transport before ascending to higher altitudes.

Figure 9 shows the ERAS horizontal wind field at 700 hPa superimposed over the topography, the vertical velocity at 800 hPa,
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and the horizontal wind fields at 250 hPa. The 700 and 800 hPa winds show the lower-tropospheric flow and are analysed to
assess whether topographic forcing could contribute to gravity-wave generation, while the 250 hPa winds represent the upper-
tropospheric circulation and are analysed to diagnose the likelihood of jet-related gravity-wave sources in this case, motivated
by the strong winds observed by the radiosonde at 05:30 UTC. Figure 9(a) shows that the low-level wind field is characterized
by both katabatic flow and a cyclone. The positive pressure vertical velocity near the Mawson site in Fig. 9(b) also indicates
large-scale subsidence. Such katabatic winds interacting with the steep coastal slopes of the Antarctic ice sheet can generate
orographic gravity waves (Grazioli et al., 2017; Watanabe et al., 2006). The spiralling cyclonic winds near Mawson Station
are predominantly east-southeasterly, consistent with the wind direction shown in Fig. 5(b), with wind speeds gradually in-
creasing toward the centre of the low pressure system. Figure 10 displays a MODIS/Aqua satellite image of the associated
clockwise-rotating cyclone, which extends over roughly 20° of longitude and represents a large-scale (synoptic) system with
embedded small-scale clouds in the region behind the cold front. Figure 9(c) illustrates the meandering trajectory of the polar

jet, with wind speeds in the jet core reaching up to 76 m s—!

, resulting in a west-northwest flow near Mawson. Overall, strong
and stable stratification, polar jet streams and coastal katabatic winds, together with frequent cyclone activity (Hoskins and
Hodges, 2005), create a favorable large-scale environment for the widespread occurrence of HFGWs near the East Antarctic
coastline.

These HFGWs are also observed at numerous locations over the Southern Ocean, far from the coast, during MARCUS (Fig. 1).
In these regions, topographic forcing cannot be the primary driver. Instead, the waves are probably generated by synoptic-scale

systems such as cyclones and fronts which are frequently observed in this region.

4.3 Statistical analysis of MARCUS HFGWs

The ship’s stabilized platform malfunctioned on 2 December 2017 and could no longer provide a stable mounting for the
MWACR. This reduced the quality of the Doppler velocity measurements and prevented the reliable identification of vertical
oscillations. Figure 11(a) and (d) illustrates time series of HFGW amplitude and period derived from FFT analysis. Shaded
areas in the figure indicate periods excluded due to missing or flagged data in the ARM repository. After removing these inter-
vals, a total of 57 days of valid observations remain. These include periods when the vessel was stationary near the coastline, as
well as the initial phase of stabilized platform operation. Figure 2 further demonstrates that MWACR measurements obtained
during these stationary coastal periods remain reliable. During these 57 days, clouds are observed for a total of 62,859 minutes,
among which 28,680 minutes exhibited periodic oscillations in the MWACR Doppler velocity, accounting for 46% of the time
that waves could have been observed. These oscillations occurred on 52 out of 57 days, accounting for 91% of all the days
where reliable data was available. These 52 days are mainly concentrated before 2 December 2017 and during periods when
the research vessel exhibited minimal horizontal movement near the three Antarctic research stations, as shown in Fig. 1.

As shown in Fig. 11(a), the detected vertical velocity amplitudes are mostly around 0.02 m s~!. The KDE-based density dis-
tribution in Fig. 11(b) suggests a slightly higher occurrence of oscillations at Davis. At Mawson, a pronounced enhancement

is evident during 1-6 February 2018 in Fig. 11(a). By comparison, Casey exhibits a lower occurrence frequency than the other
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Figure 9. (a) Horizontal wind field at 700 hPa and surface terrain from the ERAS reanalysis over Mawson at 05:30 UTC on 8 February 2018.
(b) Vertical velocity at 800 hPa. (¢) Horizontal wind field at 250 hPa. Arrows represent horizontal wind vectors, with direction indicating the

airflow and length proportional to wind speed. The red dot marks Mawson station. The white dashed contour indicates regions where wind

speeds exceed 50 m s~ L.

two sites. Figure 11(c) presents the temporal classification of cloud conditions, including cloud-free periods, clouds without
HFGWs, and clouds with HFGWs. Examination of Fig. 11(c) reinforces the ubiquitous nature of these waves and the frequent
occurrence of extended continuous periods of wave activity, greater than 2 hours and up to 48 hours, at all three sites. Highlight-
ing that these waves are very common when observations are available to identify them. Binning the detected HFGW periods
in Fig. 11(d) indicates that the majority of waves occur between 9-12 minutes, with a peak frequency in the 10-11 minute bin.
The corresponding angular frequencies w are approximately 0.009-0.012 rad s~!. These characteristics are consistent with
small-amplitude gravity waves. No significant variation in amplitude with period is observed. The amplitudes in the vertical
Doppler velocity remain concentrated around 0.02 m s~! across all periods, which is consistent with the high-density regions
in the KDE plot in Fig. 11 (a). Figure 11 (e) displays the latitude of the vessel as a function of time. Comparison of the HFGW

amplitudes with the latitude of the vessel shows little sign of a latitudinal variation. This implies that the different sources
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Figure 10. Corrected reflectance from MODIS/Aqua over Mawson on 8 February 2018. The yellow line indicates the coastline, and the red

dot marks the Mawson station.

detailed in Section 4.2 produce gravity waves of comparable magnitudes since the katabatic forcing would only be observed
near the East Antarctic coastline. Potentially highlighting that frontal and jet sources dominate.

Figure 12 presents the cloud base, cloud top, and cloud thickness for all clouds sampled by the MWACR and for clouds in-
fluenced by HFGWs. The comparison highlights the effect of HFGWs relative to the overall cloud population. For all clouds,
the cloud base peaks near the lowest observable altitude of the MWACR (approximately 230 m above sea level), reflecting the
dominance of shallow boundary-layer clouds over the Southern Ocean (Tansey et al., 2023). In contrast, clouds with HFGWs
exhibit an additional peak in cloud base height at around 4 km. Cloud tops for all clouds are mostly around 2 km, whereas
clouds with HFGW peak at 8 km. Similarly, cloud thickness is 1 km for all clouds and 2.5 km for clouds where HFGW were
observed. These clouds are typically distributed between the O °C isotherm and the homogeneous freezing threshold, suggest-
ing the presence of mixed-phase and supercooled liquid water. The elevated cloud tops ( 8 km) of clouds where HFGW were
present possibly suggests a possible connection to polar jet stream dynamics. Effectively an enhanced occurrence of HFGW

presence for clouds with higher cloud tops may signal a jet related source is important.

5 Discussion

The three events share several common features beyond the periodic Doppler velocity oscillations. First, the clouds in all three
cases are mainly ice or mixed phase, with cloud tops peaking near 8 km altitude. Second, during these events, the dominant os-
cillation periods are consistently within the range of 10—15 minutes. For Davis and Casey, FFT spectral analysis of the Doppler
velocity during periods of pronounced oscillations yields dominant periods of 13.3 minutes and 11.6 minutes, respectively.
Third, the air masses associated with these three events all originated from the north-west and were transported over long dis-
tances toward the East Antarctic coast. Fourth, large-scale cyclones were present in the vicinity of the observation sites during

all three events (Figs. B1 and B2).
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Figure 11. (a) Scatter plot of detected gravity wave amplitudes over time. Each point shows the dominant spectral peak within a 2-hour
x 2-km sliding window, with color indicating local point density estimated via kernel density estimation (KDE). (b) KDE of gravity wave
amplitudes for the three selected periods corresponding to Davis, Casey, and Mawson stations. (¢) Temporal distribution of cloud-free
conditions, clouds without HFGWs, and clouds with HFGWs. (d) Scatter plot of detected gravity wave periods over time, with points
corresponding to the same sliding windows as in (a). (e) Latitude of the ship track at the times of detected high-frequency gravity wave

signals. Each point highlighting the time of the detected peaks along the ship track.

In addition to HFGWs, cloud observations from MWACR and MPL exhibit pronounced low-frequency variability occasionally.
As shown in Fig. 13, the MWACR cloud mask (Fig. 13(a)) and MPL backscatter (Fig. 13(b)) from 16:00 to 00:00 UTC display
a wave-like variation in cloud-base height, likely associated with periodic lifting and lowering of the cloud layer induced by
vertical displacements related to gravity waves. The characteristic period of this variability is approximately 2 hours and is
likely associated with lower-frequency gravity waves superimposed on a slowly varying background, producing quasi-periodic
oscillations on multi-hour timescales. The coexistence of low-frequency vertical velocity variability and HFGWs indicates a
multiscale dynamical environment, where the low-frequency background might maintain stable stratification and quasi-steady
conditions, favoring repeated excitation of HFGWs and their persistence over tens of hours.

To assess whether the observed HFGWs in this case are supported by ducting conditions, the vertical structure of temperature
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Figure 12. Probability density functions (PDFs) derived from normalized histograms. (a) Cloud base height and (b) cloud top height for all
clouds in the sample and for clouds with HFGWs, identified based on periodic oscillations in MWACR Doppler velocity. (¢) Cloud thickness,

defined as the difference between cloud top and base heights.
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Figure 13. (a) Cloud mask observed by MWACR at Casey from 16:00 to 00:00 UTC on 29 December 2017. The red solid line represents
smoothed sinusoidal curve of cloud base height. (b) Backscatter observed by MPL.

and static stability is analysed using radiosonde observations. The step-like radiosonde temperature structure in Figs. 5(a), (d),

— 900
00z

is shown in Fig. 14, where g is the gravitational acceleration,  is the potential temperature, and z is altitude. Within the 05:30

and (g) indicates inversions in the troposphere. The corresponding squared Brunt—Viisili (buoyancy) frequency, N2

UTC inversion layer (Fig. 14 (a)), radiosonde data at 1.5 km indicates a maximum N 2 exceeding 12 x 104572, representing
a strongly stratified layer near the surface. Between approximately 8 km and 9 km, N2 approaches zero, indicating very weak
stratification, while above 9 km the value increases sharply. Such a vertical structure is conducive to the formation of thermal
ducts, which can trap gravity waves and suppress vertical energy propagation (Fritts and Alexander, 2003). The calculated
local buoyancy period is typically 5-10 minutes. Given the relatively weak background winds (mean speed < 10 m s~* below

8 km), Doppler shifting is likely negligible in this case. The strong near-surface inversion combined with weak stratification

18



360

365

https://doi.org/10.5194/egusphere-2026-2155
Preprint. Discussion started: 30 April 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

05:30 UTC 11:30 UTC 17:30 UTC
10 10 10
( (b) (
91 91 91
81 8 81
— 71 7 71
I £ £ 6
2 51 25 2 51
[ (o)) (o))
S 41 T 4 S 41
uy uy uy
31 3 31
21 2 21
14 14 14
0 ?\v ——— 0 vtv—v ——— Q+t—r———
02 4 6 81012 0 2 4 6 81012 02 46 81012
N2 (5—2) x1074 N2 (5—2) x1074 N2 (S—Z) x1074

Figure 14. Squared Brunt—Viisild (buoyancy) frequency profiles derived by radiosonde at Mawson on 8 February 2018 at (a) 05:30 UTC,
(b) 11:30 UTC, and (¢) 17:30 UTC.
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Figure 15. (a) Reflectivity at 5.5 km observed by MWACR at Mawson from 10:00 to 13:00 UTC on 8 February 2018. (b) Fast Fourier

Transform (FFT) spectrum of the time series shown in (a).

aloft effectively traps HFGWs. The persistence of the observed waves further suggests limited turbulent dissipation, allowing
HFGWs to remain confined below 8 km for more than 48 h.

In addition to the low frequency variability in cloud base, variations in other cloud properties are also observed. For exam-
ple, MWACR reflectivity is analysed to assess whether HFGWs influence cloud properties. HFGWs are not expected to occur
only under cloudy conditions; however, the presence of clouds provides scattering targets that allow the MWACR to detect
associated dynamical disturbances. As shown in Fig. 15, the MWACR reflectivity exhibits a clear periodic signal in the FFT
spectrum, with a dominant period of 10.67 minutes, which is close to the 10.24-minute period derived from Doppler velocity.
This suggests that HFGWs also modulate cloud properties such as particle concentration or growth processes within the cloud
layer.

Future research will focus on the role of HFGWs in modulating Antarctic cloud and precipitation properties. In tropical regions,
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HFGW-induced temperature perturbations have been shown to enhance ice nucleation by increasing cooling rates, thereby in-
creasing ice crystal concentrations in clouds (Jensen et al., 2016; Schoeberl et al., 2016). However, to our knowledge, no com-
parable studies have been conducted in Antarctica. Extending this analysis to East Antarctica would help determine whether
similar HFGW—cloud microphysical mechanisms operate under polar conditions and assess their impacts on cloud lifetime,
precipitation, and the surface energy balance. Such work will require multi-instrument observations, including measurements
of cloud condensation nuclei (CCN) and Ice Nucleating Particles (INP). Another promising direction is to investigate the im-
pact of HFGWs on virga. For example, we could use the Virga-sniffer tool detailed in Kalesse-Los et al. (2023) to check if virga
is observed more frequently during periods when HFGWs are present. Virga (snow and ice virga) is a common precipitation
feature in Antarctica, in which falling ice particles or snow sublimate in the lower atmosphere and can indirectly influence the
Antarctic ice mass balance (Grazioli et al., 2017). Building on our results, future studies could examine how HFGW-induced
vertical motion and turbulence modulate virga formation, sublimation rates, and precipitation efficiency, potentially linking

gravity wave activity to the broader Antarctic cloud—precipitation system.

6 Conclusions

Using 57 days of valid Doppler vertical velocity measurements from a ship-based cloud radar during the MARCUS campaign
(November 2017-February 2018), analysis indicates that HFGWs are detected approximately 46% of the time that cloud is
observed and on about 91% of cloudy days, with waves persisting continuously for up to 48 hour under favorable conditions.
These waves typically have amplitudes of around 0.02 m s~! and are often found in clouds with tops near 8 km.

Similar periodic Doppler velocity oscillations are observed at different times at three Antarctic coastal sites (Davis, Casey, and
Mawson), with the affected clouds predominantly consisting of ice or mixed-phase particles. A detailed case study at Mawson
on 8 February 2018 reveals weak step-like temperature structures indicative of stable layers, accompanied by pronounced
fluctuations in radiosonde ascent rates. Ice clouds likely exclude the formation of convective generating cells, and gradient
Richardson numbers rarely fell below 0.25 in this case, suggesting that turbulence is unlikely. FFT spectral analysis and
parameter estimation further confirm that the observed oscillations satisfy the theoretical criteria for HFGWs, exhibiting periods
of about 10 minutes and horizontal wavelengths of approximately 3 km. Observed reflectivity variations at Mawson further
indicate that HFGWs can modulate cloud properties.

Air-mass trajectories indicate that for the MAwson case study the flow originated from the northwest and underwent long-range
transport. Combined analysis of ERAS reanalysis and MODIS satellite observations suggests that HFGWs over East Antarctica
in this case are likely generated by the combined effects of the polar jet stream, coastal katabatic winds, and frequent cyclonic
activity. Furthermore, MWACR and MPL measurements indicate the presence of low-frequency gravity wave activity and
thermal ducts, which can sustain HFGWs for tens of hours. This study provides observational evidence that HFGWs are a
common and persistent component of Antarctic atmospheric dynamics, highlighting their potential influence on clouds and

local-scale processes, which could inform improvements in atmospheric modeling.
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400 Appendix A: 48-hour continuous gravity wave

Figs. Al show the MWACR Doppler velocity at Davis from 08:00 UTC on 16 November to 08:00 UTC on 18 November 2017.
During this 48-hour period, FFT analysis failed to detect oscillations in Doppler velocity only between 10:00 and 12:00 UTC

on 17 November, due to the absence of clouds.
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Figure A1. Doppler velocity at Davis from 08:00 UTC on 16 November to 08:00 UTC on 18 November 2017.

Appendix B: MODIS observations of cloud conditions over Davis and Casey

405 Figs. B1 and B2 show MODIS corrected reflectance over Davis on 17 November 2017 and over Casey on 29 December 2017,
respectively. The infrared brightness temperature in Fig. B1(b) reveals distinct striped cloud bands near Davis and located

along the edge of a cyclone, indicating that these clouds were modulated by gravity waves.

21



https://doi.org/10.5194/egusphere-2026-2155
Preprint. Discussion started: 30 April 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

MODIS/Terra Corrected Reflectance 2017-11-17

0.7
55°S 0.6
60°S 0.5
0.4

65°S
0.3

70°S
1 0.2
75°S 0.1

60°E 70°E 80°E 90°E 100°E
elgIODIS/Terra Brightness Temperature Band31 2017-11-17
66 )

o

[

10 5

o o
67°S 15 8
£

20 2

68°S P
25 2

5

o -30 2
69°S &
353

g

70°S -40 €

73°E T74°E T75°E T76°E 77°E 78°E 79°E  80°E

Figure B1. (a) Corrected reflectance from MODIS/Terra over Davis on 17 November 2017. The yellow line indicates the coastline, and the

red dot marks the Davis station. (b) Zoomed-in view of the white box in (a) shown with infrared brightness temperature.
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Figure B2. Corrected reflectance from MODIS/Aqua over Casey on 29 December 2017. The yellow line indicates the coastline, and the red

dot marks the Casey station.

Data availability. MARCUS data were obtained from the Atmospheric Radiation Measurement (ARM) Program, sponsored by the U.S.
Department of Energy, Office of Science, Office of Biological and Environmental Research, and Climate and Environmental Sciences

410 Division. We thank the ARM technicians for collecting the data and maintaining the instruments onboard RSV Aurora Australis. ARM-
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MARCUS data used in this study are available from the ARM Data Center (https://adc.arm.gov/discovery/ ). ERAS data can be accessed
via the Copernicus Climate Data Store (https://cds.climate.copernicus.eu/ ). MODIS satellite imagery is available through NASA Worldview
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(https://data.aad.gov.au ). All datasets are freely available upon registration.
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