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Abstract The National Aeronautics and Space Administration (NASA) Atmospheric Waves Experiment
(AWE) instrument, launched in November 2023, provides direct observation of small-scale (30-300 km)
gravity waves (GWs) in the mesosphere on a global scale. This work examined changes in GW activity observed
by AWE during two major Sudden Stratospheric Warmings (SSWs) in the 2023 and 2024 winter season.
Northern Hemisphere (NH) midlatitude GW activity during these events shared similarities. Variations in
mesospheric GW activity showed an evident correlation with the magnitude of zonal wind in the upper
stratosphere. NH midlatitude GW activity at ~87 km was reduced following the onset of SSWs, likely caused by
wind filtering and wave saturation. The upward propagation of GWs was suppressed when the zonal wind
reversed from eastward to westward in the upper stratosphere. In regions where the zonal wind weakened but
remained eastward, the weakened GWs could be due to their refraction to shorter vertical wavelengths.

Plain Language Summary Atmospheric gravity waves (GWs) are buoyancy waves with horizontal
wavelengths ranging from tens to thousands of kilometers. The National Aeronautics and Space Administration
(NASA) Atmospheric Waves Experiment (AWE) mission was launched to the International Space Station (ISS)
in November 2023, providing global observations of small-scale (30-300 km) GWs at ~87 km. Two major
sudden stratospheric warmings (SSWs) occurred during the winter of 2023 and 2024 after the AWE instrument
was launched. SSWs are large-scale meteorological phenomenon in the stratosphere, characterized by rapid
increases in temperature over several days. In this study, we found that the changes in GW activity observed by
AWE during these two SSWs were similar. The reversal of zonal wind from eastward to westward in the upper
stratosphere during the SSWs suppressed the upward propagation of GWs. As a result, NH midlatitude GW
activity at ~87 km was reduced. In some regions where zonal wind remained weakly eastward, GWs were also
weakened due to their refraction to shorter vertical wavelengths. This is the first study to present temporal and
spatial GW variations observed by AWE during the major SSW events of 2024.

1. Introduction

Atmospheric gravity waves (GWSs) are generated by various tropospheric sources such as orography, jet stream,
and convection (Holton, 1983; Lindzen, 1981). GWs may also be excited by spontaneous adjustment of the strong
winter stratospheric jet polar vortex (Sato, 2000; Sato & Yoshiki, 2008). The amplitude of GWs grows expo-
nentially as they propagate to higher altitudes. In the mesosphere and lower thermosphere (MLT), at altitudes of
typically 50-130 km, a large fraction of upward-propagating GWSs reach a critical level where they break and/or
dissipate (Fritts & Alexander, 2003). The deposited momentum and energy drive the summer-to-winter, pole-to-
pole mean meridional circulation that gives rise to the thermal structure of the mesosphere (Andrews et al., 1987;
Fritts & Alexander, 2003; Kim et al., 2003). Therefore, GW's are recognized as one of the primary components of
atmospheric dynamics, particularly for the middle atmosphere.

GW variations have been studied through various observations and numerical simulations. Ground-based mea-
surements include airglow images (Cao & Liu, 2022; Hecht et al., 2023; Taylor et al., 2019), radars (Beldon &
Mitchell, 2009, 2010; Dowdy et al., 2007; Hibbins et al., 2007; Mitchell & Beldon, 2009; 1. S. Song et al., 2017; B.
G. Song et al., 2021; Vincent, 1994; Vincent & Fritts, 1987; Vincent & Reid, 1983), lidars (S. P. Alexander
et al., 2011; Beatty et al., 1992; Chanin & Hauchecorne, 1981; T. Li et al., 2010; Wilson et al., 1991; Yamashita
et al., 2009; Yuan et al., 2016), and radiosonde (Z. Li et al., 2009; Wang & Geller, 2003; Wang et al., 2005;
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Yoshiki & Sato, 2000). However, the ground-based observations provide only limited spatial coverage and for
most of them require clear air conditions, which makes it difficult to observe GWs from convective sources (Yue
et al., 2013). Spaceborne observations have helped construct global maps of GW activity, such as the Limb
Infrared Monitor of the Stratosphere (LIMS) (Fetzer & Gille, 1994), the Cryogenic Infrared Spectrometers and
Telescopes for the Atmosphere (CRISTA) (Ern, 2004; Preusse et al., 1999, 2000, 2002), the Microwave Limb
Sounder (MLS) on board the Upper Atmosphere Research Satellite (UARS) (McLandress et al., 2000; Wu &
Waters, 1996a, 1996b, 1997), Global Positioning System (GPS) radio occultations (De la Torre et al., 2004; Tsuda
et al., 2000), the High Resolution Dynamics Limb Sounder (HIRDLS) (M. J. Alexander et al., 2008), and the
Sounding of the Atmosphere using Broadband Emission Radiometry (SABER) on the Thermosphere, Ionosphere,
Mesosphere Energetics Dynamics (TIMED) satellite (Ern et al., 2011; Preusse et al., 2009; Zhang et al., 2012).
These instruments are sensitive to GWs with short vertical wavelengths, whereas their sensitivity to waves with
short horizontal wavelengths is limited due to the viewing geometry (Hozumi et al., 2024). In contrast, nadir-
viewing instruments have high horizontal resolution to detect GWs with short horizontal wavelengths. Strato-
spheric GWs on a global scale have been revealed in the Atmospheric Infrared Sounder (AIRS) aboard the Aqua
satellite (Ern et al., 2017; Hoffmann et al., 2013, 2016) and the Cloud Imaging and Particle Size (CIPS) instrument
on the Aeronomy of Ice in the Mesosphere (AIM) satellite (Harvey et al., 2023; Randall et al., 2017). However,
detailed global information about GWs with short horizontal wavelengths in the mesosphere remains limited. The
Day/Night Band (DNB) sensor onboard the Suomi National Polar-orbiting Partnership (SNPP) satellite (Azeem
etal., 2015) and the Ionosphere, Mesosphere, upper Atmosphere, and Plasmasphere mapping IMAP)/Visible and
near-Infrared Spectral Imager (VISI) (Perwitasari et al., 2015) have revealed numerous concentric GW events in
the mesosphere. Recent developments of high-resolution whole atmosphere general circulation models made it
possible to resolve a large portion of the GW spectrum and thus enabled the study of GW variation from the Earth
surface to the middle or even upper atmosphere (e.g., Becker & Vadas, 2018; Liu et al., 2014; Liu et al., 2024;
Siskind et al., 2010; Yamashita et al., 2010). However, these models still cannot resolve small-scale GWs
(<~200 km horizontal wavelength), limited by their spatial resolutions and current computing power. There is a
clear and pressing need for high-resolution, global observations of the transient and episodic GW spectrum
reaching the mesosphere (Miller et al., 2015).

The NASA Atmospheric Waves Experiment (AWE) mission was launched to the International Space Station
(ISS) in November 2023 with the goal of characterizing the properties of global mesospheric GWs. AWE operates
an Advanced Mesospheric Temperature Mapper (AMTM), a ~600 km-wide-field-of-view infrared imager, to
measure several spectral lines in the airglow emission of the hydroxyl (3,1) and (2,0) bands (layer altitude
~87 km) every second with 2 km horizontal resolution. The AMTM combines infrared detector technology and
high throughput optical systems, making high-quality GW temperature mapping possible from space. Details
about the AMTM can be found in Pautet et al. (2014). The ISS completes ~15.5 orbits per day, with the orbit
progressing by ~5.625° per day and by ~22.5 min in local time. The AMTM images GWs near the nighttime
mesopause between +55° latitude with partial longitudinal coverage each day, and full nocturnal longitudinal
coverage every 4 days. At higher latitudes (£47-52°), AMTM imagery allows GWs to be imaged on 2 or 3
successive orbits, over 2 or 3 successive days, and nearly continuously in longitude. This enables high temporal
sensitivity to major midlatitude GW hotspot sources including orography, frontal systems, and jet streams.

Two major sudden stratospheric warmings (SSWs) occurred during the winter of 2023 and 2024, after the AWE
instrument was launched. SSWs are large-scale meteorological phenomenon in the polar winter stratosphere,
characterized by rapid increases in temperature over several days (Butler et al., 2015). The disturbances in the
stratosphere could significantly modify the propagation of GWs, leading to notable changes in the thermal and
wind structure of the MLT (Vincent, 2015). One mechanism is when westward propagating GWs become
saturated at lower altitudes due to Doppler shifting to shorter vertical wavelengths by reduced eastward wind or
reversal to westward wind, GWs in the stratosphere are weakened (Lindzen, 1981). Another mechanism is the
background wind filtering near the critical layer, which inhibits the vertical propagation of GWs with phase
speeds less than the background wind. Weakened GW activity in the stratosphere after a SSW has been shown in
ground-based observations (Thurairajah et al., 2010) and spaced-based observations (Harvey et al., 2023; Kogure
et al., 2021; Wright et al., 2010; Xu et al., 2018), as well as in model simulations (e.g., Liu, 2017; Siskind
et al., 2010; Yamashita et al., 2010).

However, studies of GWs in the mesosphere during and after SSW events have mostly focused on large-scale
GWs using limb scan satellite data. Yamashita et al. (2013) showed an enhancement of GW activity at 80 km
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Figure 1. Radiance data for the first orbit of the AWE Q,(1) emission line on 22 November 2023. (a) Radiance, and (b) radiance variance, computed based on
surrounding pixels within a 200 km radius, as indicated by the green circle. The red dots in panel (a) represent pixels potentially impacted by high-altitude clouds,
identified by values within 20°S—20°N that exceed two standard deviations of the entire swath.

before the formation of the elevated stratopause immediately following 2006 and 2009 SSW events, as observed
by the SABER. Thurairajah et al. (2014) using Solar Occultation for Ice Experiment (SOFIE) data from 2009 to
2013 reported highly variable GW activity at 80 km during different SSWs. Ern et al. (2016) investigated a
number of SSW events from 2002 to 2014 and found strong suppression in GW activity when the zonal wind is
reversed from eastward to westward, based on SABER and HIRDLS data. Nayak and Yigit (2019) demonstrated a
decrease in GW amplitudes during the 2009 SSW in the altitude range of 65-100 km as retrieved from SABER
observations. However, SABER measures waves with horizontal wavelengths longer than ~200 km. GWs with
short horizontal wavelengths are not captured. The AWE mission provides an opportunity to directly observe
small-scale (30-300 km) GW activity in the mesosphere on a global scale, allowing us to investigate how SSWs
modulate mesospheric GWs. The remainder of the paper is organized as follows. Section 2 provides the data
description. Section 3 presents temporal and spatial GW variations observed by AWE during the 2024 SSW
events. Furthermore, the role of background winds in affecting GWs is discussed. Conclusions are presented in
Section 4.

2. Data
2.1. The Atmospheric Waves Experiment (AWE) Data

AWE measures emissions from the near-infrared OH band, the most prominent nighttime airglow emission from
Earth's mesopause region. OH nocturnal emission typically originates in a well-defined layer centered at ~87 km,
with a full width, half maximum of ~7 km (Baker & Stair, 1988). OH airglow is sensitive to waves with vertical
wavelengths greater than the layer thickness (i.e., >8 km) and horizontal wavelengths ranging from several ki-
lometers to thousands of kilometers along track. AWE is capable of capturing GWs (scales range from 30 to
300 km) that are the most influential drivers of the MLT. The AMTM deployed for the AWE mission has four
identical telescopes that simultaneously measure the P,(2), and P,(4) emission lines of the (3,1) band, the Q,(1)
line of the (2,0) band, along with the nearby atmospheric background. Signals from these four cameras are used to
derive temperature at ~87 km.

In this study, orbital keograms of radiance data from the Q,(1) emission line are used to examine how SSWs
impact mesospheric GW activity. Radiance data from the Q,(1) emission line are preferred as the focus of this
investigation is primarily on qualitative results. In the future, temperature, once the calibration is finalized, will be
used to provide a more quantitative perspective. The swath data are ~600 km wide and ~15,000 km long for each
orbit with a 2 km horizontal resolution. The radiance for the first orbit on 22 November 2023 is shown in
Figure 1a. The Q,(1) emission line is less sensitive to the OH reflection off the ground and clouds because of the
strong water vapor absorption at the same wavelength. However, some high-altitude clouds due to deep con-
vection are still visible in the data. To avoid their potential impacts on GWs, pixels within 20°S-20°N (deep
convection region) with values exceeding two standard deviations of the entire swath are discarded, indicated as
red dots in panel a. In addition, pixels contaminated by sources on the ground (e.g., city lights, oil rigs) are also
discarded. Subsequently, GW variance (Figure 1b) for each pixel is computed based on surrounding pixels within
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a 200-km radius (indicated as the green circle in panel a), capturing waves with wavelengths shorter than 400 km.
Every day, the data from each orbit are binned into 1° X 1° grid to form a daily map.

2.2. The Modern-Era Retrospective Analysis for Research and Applications, Version 2 (MERRA-2) Data

To understand the dynamical mechanism between GW variations and the background wind field, meteorological
data from NASA's Modern-Era Retrospective Analysis for Research and Applications Version 2 (MERRA-2)
data products were utilized. MERRA-2 is a NASA meteorological reanalysis data product that enables the use of
modern hyperspectral radiance and microwave observations and includes updates to the Goddard Earth
Observing System (GEOS) model and analysis scheme (Gelaro et al., 2017). MERRA-2 assimilates the MLS-
retrieved temperature profiles at altitudes above 5 hPa to constrain the dynamics of the stratopause and lower
mesosphere (Gelaro et al., 2017). However, the temperature errors in MLS observations start to increase above the
lower mesosphere. The data are provided twice daily with a horizontal resolution of 0.5° latitude by 0.625°
longitude on 42 pressure levels that extend from the Earth's surface to ~65 km altitude (Global Modeling and
Assimilation Office, 2015). The data products include various meteorological parameters (e.g., wind and tem-
perature) along with several other atmospheric diagnostics. In the context of this study, temperature and zonal
wind data have been averaged daily to characterize the SSW.

3. Results and Discussion
3.1. Characteristics of the 2023/2024 SSWs

Two major Arctic SSW events are identified during the 2023/2024 winter, following the criteria established by
Charlton and Polvani (2007). The onset of a major SSW event is defined as the day when zonally averaged zonal
wind reverses from eastward to westward at 60°N and 10 hPa between 1 November and 31 March. The onsets of
the two major SSWs are 16 January 2024, and 4 March 2024, based on MERRA-2 zonal wind data. The dates are
consistent with those identified using the European Center for Medium-Range Weather Forecasts (Lee
et al., 2024). Both events are categorized as displacement SSWs according to the criteria from B. G. Song
et al. (2020), where the amplitude of the zonal wavenumber 1 geopotential height perturbation at 65°N and 10 hPa
is larger than the respective zonal wavenumber 2 amplitude from 7 days prior and after the onset.

Figure 2 shows the time-altitude cross-sections of zonally averaged daily mean zonal wind at 60°N (panel a) and
temperature averaged over 70°N-90°N (panel b) using MERRA-2. Positive (negative) values represent eastward
(westward) zonal wind. During the 2023 and 2024 winter, the stratosphere and mesosphere in the polar region were
frequently disturbed. Two major SSWs took place on 16 January 2024 and 4 March 2024, indicated by vertical
gray lines. The wind reversal was accompanied by polar warming in the stratosphere. However, these two events
exhibited different evolution patterns. The wind reversal at 10 hPa was brief, lasting only 1 day during the January
SSW event. In contrast, it lasted for 21 days during the March event and propagated to lower altitudes during the
subsequent warming period. The zonal wind above 1 hPa returned eastward after 5 and 11 days during the January
and March SSW events, respectively. Note that the eastward zonal-mean zonal wind between 35 and 60 km over
the polar region weakened and transitioned to westward on 2 January and 14 February. These events were
accompanied by polar warming and classified as minor SSW events since the wind reversals did not reach 10 hPa.

3.2. Effects of SSWs on GW Activity

The dominant sources of GWs in the middle atmosphere differ between winter and summer hemisphere (M. J.
Alexander & Grimsdell, 2013; Sato et al., 2009). Convective GWs dominate the summer hemisphere, where
Rossby waves or orographic GWs cannot propagate up to the mesopause region due to westward background
winds. In contrast, in the winter hemisphere, the dominant GW sources are steep mountains and strong westerly
jets.

Figure 3 shows the daily evolution of AWE GW activity (panel a) and its anomaly with respect to the 2-month
average (panel b), as a function of latitude. The gaps in the Northern Hemisphere (NH) during mid-December and
early February are due to periods of high beta angle of the ISS. Yellow (magenta) contours are 50 km zonal-mean
MERRA-2 wind speed values of 30 m/s (50 m/s). NH midlatitude GW activity at ~87 km was strong from 20
December 2023 to 2 January 2024, 7 January 2024 to 15 January 2024, 23 January 2024 to 31 January 2024, and
23 March 2024 to 31 March 2024. During these periods, zonal wind in the stratosphere was strongly eastward.
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Figure 2. Time-altitude section of zonal-mean (a) zonal wind (m/s) and temperature (K) from MERRA-2. The onsets of SSW
are 16 January 2024 and 4 March 2024 (vertical gray lines). Zonal wind is at 60°N and temperature is averaged from 70°N to
90°N. The x-axis is date from 1 December 2023.

This is consistent with a variety of GW observations in the stratosphere (e.g., Hindley et al., 2020; Yoshiki
et al., 2004), and mesosphere (e.g., Ern et al., 2018; Harvey et al., 2023; Jiang et al., 2006; Wu & Waters, 1996b).

The intense oscillation of stratospheric winds during SSWs could impact the propagation of GWs. Reduced GW
activity was observed at ~87 km after the onsets of two major SSWs in 2024 (Figure 3). The decreased GW
activity lasted longer during the March SSW event due to the extended duration of zonal wind reversal. Depressed
GW activity also occurred on 2 January and 25 February, associated with the weakening of the zonal wind.

The distribution of GWs strongly depends on the zonal and meridional shape of the background wind field (Ern
etal., 2016). Figure 4 shows the longitude-latitude dependence of radiance variance averaged over 5 days. Yellow
and magenta contours mark the 0 and 25 m/s zonal wind at 50 km, respectively. During 11-15 January, strong
GW activity at 87 km was observed over the Pacific Ocean, the United States, and the Eurasian continent, where
the zonal wind was strongly eastward (panel a). Once SSWs occurred (18-22 January), the stratospheric zonal
wind at high latitudes in the NH weakened or reversed at specific longitudes. As a result, GWs generally became
weaker globally (panel b). On the other hand, GWs appeared over North Africa following the onset of the SSW,
which were excited by the polar vortex.

In late winter, mesospheric GW activity was observed over the United States and the Pacific Ocean where the
zonal wind was eastward (panel ¢). NH GW activity was generally weaker in March compared to January, which
could be associated with changes in the zonal wind field in late winter (line contours in Figures 3 and 4). The
eastward wind weakened and shifted to westward over the Eurasian continent, leading to weaker GW activity
during 28 February to 3 March compared to 11-15 January (panels a and c). Following the onset of the March
SSW, the eastward wind over western longitudes in the NH weakened, leading to reduced GW activity (panel d).

3.3. Possible Mechanisms

Background wind plays an important role in the vertical propagation of GWs. Figure 5a shows 45°N MERRA-2
zonal-mean zonal wind at 50 km (solid black line) and AWE GW activity at ~87 km (dashed red line).
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Mesospheric GW activity was positively correlated with zonal wind in the lower mesosphere during the 2023 and
2024 winter, which might be associated with the flow adjustment as noted in Yamashita et al. (2010) and
Liu (2017). In particular, AWE GW activity was dramatically reduced as the zonal wind weakened. GW variance
rebounded more quickly and to a larger extent following the January SSW event. This is consistent with the faster
recovery of the zonal wind in the upper stratosphere compared to the prolonged weak zonal wind in the middle
and lower stratosphere following the March SSW event (Figure 2a).
The vertical profiles of MERRA-2 zonal wind at 45°N, 90°E during the January and March SSW event are shown
in Figures 5b and 5c, respectively. December—March mean is represented by solid black lines, while daily values
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Figure 5. Time series of the MERRA-2 zonal-mean zonal wind in m/s at 50 km (black solid lines) and AWE radiance
variance in kRayleigh2 (red dashed lines) at 45°N (a). The profile of zonal wind at 45°N, 90°E in wintertime (b and c).

following the onset are shown with dashed colored lines. Wintertime zonal wind was eastward from the surface up
to the lower mesosphere, peaking at approximately 25 km with an amplitude of 30 m/s. The background wind
allows GWs with westward phases to propagate upward, reaching the mesopause region, and probably break there
(Holton, 1982). Following the onset of the January SSW event (16 January to 18 January), the eastward zonal
wind in the altitude range of 30—60 km reversed to westward, filtering out the upward propagating GWs. As the
zonal wind recovered to eastward after 19 January (panel b), GW activity increased (panel a). The March SSW
event exhibited a similar feature (panel c). However, the zonal wind reversal at 45°N was weaker and occurred at
lower altitude (~35 km). We note that the stronger GW variation during the January SSW event compared to the
March event may be associated with the greater background wind variation in the former.

4. Conclusions

The NASA AWE instrument measures several spectral lines in the airglow emission of the hydroxyl (3,1) and
(2,0) bands at layer altitude ~87 km, providing direct observation of small-scale GWs in the upper mesosphere on
a global scale. AWE can capture GWs in the spectrum of 30-300 km generated from various tropospheric sources
such as orography, jet stream, and convection. The AWE data collection started on 22 November 2023. This work
examined the variation of GW activity during the two major 2024 SSW events using AWE data. In addition,
MERRA-2 was used to understand the dynamical mechanism linking GW variations to the background wind
field. The main findings of our research are as follows.

o The variations of GW activity in the mesosphere showed an evident correlation with the magnitude of
stratospheric zonal wind. AWE observed high GW activity in regions where the stratospheric zonal wind was
strong.

o Northern Hemisphere (NH) mid-high latitude GW activity during the two major SSW events shared simi-
larities. Following the onset of SSWs, NH midlatitude GW activity at ~87 km was reduced.
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o The decline in GW activity was most likely caused by wind filtering and wave saturation. The upward
propagation of GWs was suppressed when the zonal wind reversed from eastward to westward in the upper
stratosphere. Based on the theory, in regions where the eastward zonal wind weakens, GWs tend to refract to
shorter vertical wavelengths, leading to saturation at lower altitudes. Future work will focus on diagnosing the
sources and propagation conditions of GWs.

The AWE mission sheds light on the spatial and temporal variation of GWs at around 87 km. The data will be
useful for validating GW characteristics simulated in high-resolution global circulation models. Combination of
high-resolution global circulation models and AWE observations is promising for precise understanding of global
GW activity.

Data Availability Statement

NASA AWE data are accessible at https://awe.physics.usu.edu/data/download/. Q,(1) intensity swaths corre-
spond to Level-3c. MERRA-2 data are from Global Modeling and Assimilation Office (2015).
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