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Abstract In this study, we have investigated short‐period (<1 hr) atmospheric gravity waves (AGWs) in the
Arctic mesosphere‐lower thermosphere (MLT) region during January of 2014, 2015, and 2016. We used OH
(3,1) band emission data from the Advanced Mesospheric Temperature Mapper (AMTM) at the Arctic Lidar
Observatory for Middle Atmosphere Research (ALOMAR), Norway. By applying a three‐dimensional spectral
analysis technique (Matsuda‐transform), we derived phase velocity spectra of AGWs and characterized both
intraday and day‐to‐day variability by examining wave power across multiple directional bins and phase speed
ranges. Our results reveal significant year‐to‐year differences in AGW activity with markedly reduced spectral
power and shifted propagation directions in January 2015 compared to 2014 and 2016.We compared these wave
characteristics with the directional distribution of critical‐level filtering between 0 and 50 km, utilizing ERA5
reanalysis winds and with the Arctic Oscillation (AO) index. We found that dominant wave propagation
directions closely aligned with critical‐level filtering below 50 km and that the reduced AGW activity in January
2015 was associated with stronger polar vortex conditions (higher AO values). In contrast, weaker polar vortex
conditions (lower AO values) in 2014 and 2016 allowed more diverse AGW spectra to reach mesospheric
altitudes. These findings highlight the crucial role of stratospheric wind structures in driving AGW variability in
the Arctic MLT region during winter.

Plain Language Summary In this work, we have studied gravity waves, which are oscillations in the
atmosphere driven by buoyancy forces in the polar regions of Earth's upper atmosphere. These waves are
typically generated in the lower atmosphere and travel upward, where they eventually break and deposit their
energy. This process can change wind patterns, and temperatures in the upper atmosphere. By monitoring
fluctuations in the brightness of atmospheric emissions originating near 87 km altitude, we determined how fast
the waves were moving and in which directions. Our results show notable differences in wave activity during
January 2015 compared to the same period in 2014 and 2016. Further analysis revealed that these differences
were mainly caused by wind patterns in the upper stratosphere, which can block gravity waves from reaching
higher altitudes. Understanding how these winds influence gravity waves is important for improving
atmospheric models, thereby enabling better prediction of conditions in the upper atmosphere, especially in
polar regions.

1. Introduction
The majority of atmospheric gravity waves (AGWs) present in the mesosphere–lower–thermosphere (MLT)
region (80–120 km) are generated by lower atmospheric sources such as orography (M. J. Alexander & Tei-
telbaum, 2007; Fritts et al., 2016; Hindley et al., 2021; Moffat‐Griffin et al., 2013; Pautet et al., 2019), convective
activity (M. J. Alexander & Pfister, 1995; M. J. Alexander et al., 2000; Sato et al., 1995; Singh & Pallam-
raju, 2016), wind shears (Fritts, 1982, 1984; Pramitha et al., 2015; Scinocca & Ford, 2000), and the stratospheric
polar vortex (S. Alexander et al., 2011; O’Sullivan & Dunkerton, 1995; Yoshiki & Sato, 2000; Yoshiki
et al., 2004). As these AGWs propagate away from their sources, their ability to reach the upper atmosphere
depends on various dissipation mechanisms, including radiative damping, nonlinear wave–wave interactions,
eddy diffusion, molecular diffusion, kinematic viscosity, thermal conduction, and ion‐drag (Pitteway &
Hines, 1974; Vadas, 2007; Vadas & Fritts, 2005; Yiğit et al., 2009). Atmospheric gravity wave dissipation results
in the deposition of energy and momentum into the background flow, altering wind and temperature structures
and driving large‐scale circulation, including the cold summer and warm winter mesopause structure observed at
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high‐latitudes (Becker, 2012; Fritts & Alexander, 2003; Lindzen, 1981; Vincent, 1984). Short‐period (<1 hr)
AGWs with smaller horizontal scales are particularly effective at vertically transporting momentum (Fritts &
Vanzandt, 1993; Lindzen, 1981; Reid & Vincent, 1987).

Additionally, AGWs can be absorbed into the background mean flow through a process known as “critical‐level
filtering,” which occurs when their horizontal phase speed matches the ambient wind speed (Booker & Breth-
erton, 1967; Hines & Reddy, 1967). Importantly, AGWs that propagate against the background wind direction are
Doppler‐shifted to longer vertical wavelengths, making them easier to detect using airglow imaging. In contrast,
waves that propagate with the background wind are Doppler‐shifted to shorter vertical wavelengths, increasing
the likelihood of cancellation and reduced visibility (Z. Li et al., 2011; J. Li et al., 2020; Liu & Swenson, 2003). In
high‐latitude regions during winter, the stratospheric polar vortex forms as a strong circumpolar westerly jet,
characterized by strong eastward winds encircling the polar region, typically centered around 50–70° latitude
region (Andrews et al., 1987; Matsuno, 1971). Upward propagating AGWs can be reflected downward by the
edge of the stratospheric polar vortex (Moffat‐Griffin et al., 2013; Sato et al., 2012). Seasonal and year‐to‐year
changes in the strength and vertical extent of the vortex can act as a major driver of variability in upward‐
propagating AGWs. Previous studies have reported observations of westward propagating AGWs in the MLT
during winter are related to critical‐level filtering of eastward waves in the upper stratosphere (Q. Li et al., 2016;
Nakamura et al., 1999). Therefore, studying the horizontal phase velocity spectra of short‐period AGWs is crucial
to understanding their propagation and variability in the MLT region (Fritts & Alexander, 2003; Taylor
et al., 1993).

In recent decades, variability in the MLT region has been studied using various measurement techniques, such as
sounding rockets, radars, airglow observations, lidars, and satellites (Goldberg et al., 2006; Mertens et al., 2001;
Mitchell et al., 2002; Pallamraju et al., 2014; Singh & Pallamraju, 2017; Taylor, Bishop, & Taylor, 1995; Taylor,
Turnbull, & Lowe, 1995; Vincent, 1984). Among these, ground‐based airglow imaging is particularly valuable
for investigating the horizontal structure and phase speeds of short‐period and small‐scale AGWs. As these waves
propagate through the airglow layers, they induce density and temperature perturbations that affect local
chemistry, which manifest as variations in emission intensity detectable from the ground. A variety of optical
instruments, such as photometers, interferometers, spectrometers, and imagers, have been used to monitor airglow
fluctuations to study AGWs (Gardner, 1991; Taylor, Bishop, & Taylor, 1995; Taylor, Turnbull, & Lowe, 1995).
Since their discovery by Meinel (1950), airglow emissions originating from the rotation–vibration bands of
hydroxyl (OH) radicals have been extensively used to studyMLT dynamics, as they are the brightest compared to
other emissions (O2, Na, & OI) from this part of the atmosphere (Wallace, 1962). The OH band emission layer is
centered at 86.8 ± 2.6 km and has a thickness of 8.6 ± 3.1 km with the exact height of the emission peak
depending on the vibrational levels (Baker & Stair, 1988; von Savigny et al., 2012; Wüst et al., 2023).
Conventionally, OH (6,2) and (8,3) band emissions in the 700–800 nm wavelengths are used to study the MLT
region, as they can be easily detected by CCD‐based cameras (Krassovsky & Shagaev, 1977; Myrabø et al., 1987;
Singh & Pallamraju, 2017; Takahashi et al., 1985; Taylor & Hill, 1991). However, in the high‐latitudes, these
spectral regions are often strongly contaminated by aurora emissions making them less suitable for AGW studies.
The OH emissions from the (3,1) and (4,2) bands around 1,520 and 1,600 nm, respectively, provide significant
advantages for observing the MLT region at high‐latitudes, as they are not only brighter and less affected by water
vapor absorption compared to the (6,2) and (8,3) bands but also allow for longer‐duration observations under
aurora and full moon conditions (Pautet et al., 2014, 2019; Singh et al., 2023).

Methodologies for analyzing airglow images to obtain information on AGWs have significantly advanced over
the years. Traditionally, these analyses involved manual identification of wave features in images (Hapgood &
Taylor, 1982; Lanchester, 1985; Taylor et al., 1997; Taylor & Hapgood, 1988) and applying Fourier analysis to
images projected onto a uniform grid of geographical distances (Coble et al., 1998; Garcia et al., 1997; Hecht
et al., 1994; Hindley et al., 2016; Wright et al., 2017). However, these conventional approaches often provide
limited insight into the full horizontal phase velocity distribution, which is essential for assessing filtering effects
on upward‐propagating waves. Matsuda et al. (2014) proposed an innovative approach to derive power spectra of
airglow intensity variations in the horizontal phase velocity domain (referred to as phase velocity spectra) from a
sequence of airglow images expanding upon the three‐dimensional (3D) analysis method described by Coble
et al. (1998). This technique has enabled long‐term analysis and comparison of AGWs and traveling ionospheric
disturbances across multiple airglow observation locations without the human bias involved in identifying wave‐
like features in images (Perwitasari et al., 2018; Takeo et al., 2017; Tsuchiya et al., 2018, 2019).
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Ground‐based observations of AGWs in polar regions using airglow imaging are considerably fewer than those in
low and mid‐latitudes primarily due to challenging environmental conditions and contamination of images by
aurora. Although several recent studies have examined AGW activity at high‐latitudes, the majority were con-
ducted in the Antarctic region (Espy et al., 2004; Kam et al., 2021; Kogure et al., 2021; Matsuda et al., 2017;
Nielsen et al., 2012) with only a few in the Arctic (J. Li et al., 2020; Suzuki et al., 2009;Wüst et al., 2019). The OH
(3,1) band emission intensity images obtained from the Advanced Mesospheric Temperature Mapper (AMTM) at
the Arctic Lidar Observatory for Middle Atmosphere Research (ALOMAR; 69.38°N, 16°E) in Norway thus
provide a unique opportunity to enhance our understanding of AGW variability in the Arctic MLT region. In this
study, we derived AGW phase velocity spectra for wave periods of 5–60 min and horizontal wavelengths of 10–
100 km by applying the M‐transform (Matsuda et al., 2014) to preprocessed OH (3,1) intensity maps collected
during January 2014, 2015, and 2016. These months were selected based on the availability of continuous se-
quences of images that were largely free from cloud and auroral contamination, allowing investigation of short‐
period AGW variability under differing stratospheric polar vortex conditions. Spectral power were computed
across different phase speed ranges and propagation directions to examine intraday, day‐to‐day, and year‐to‐year
variability. These results are further interpreted in the context of critical‐level filtering using wind‐blocking di-
agrams constructed from ERA5 reanalysis winds.

2. Instrument and Data Sets
2.1. Advanced Mesospheric Temperature Mapper (AMTM)

Multiple AMTMs have been developed by Utah State University, USA and are operated at various locations to
obtain two‐dimensional (2D) intensity and temperature maps of the OH (3,1) band emissions. The AMTM
measures P1(2), P1(4) line emissions and a background region (BG) over 120° field of view (FOV) using three
narrow band filters centered at 1,523, 1,542, and 1,521 nm, respectively, with exposure times of 10 s each. These
emissions are imaged on a 320 × 256 pixel array of the Indium‐gallium‐arsenide (InGaAs) detector and are
corrected for non‐uniform response of the InGaAs detector, filters, and optics. Subsequently, the rotational
temperature and relative OH (3,1) band intensity are calculated for each pixel resulting in two new images: a
rotational temperature map and a band intensity map (Pautet et al., 2014). These images are then spatially
calibrated using the known background stars and projected onto a 180 × 144 km linear grid to correct for the lens
format, assuming 87 km as the altitude of peak OH emission (Garcia et al., 1997; Pautet & Moreels, 2002). The
AMTM provides intensity and temperature maps from OH (3,1) band emissions approximately every 30 s, which
is much shorter than the Brunt‐Väisälä period in this region.

Figure 1a illustrates the geographical location of the ALOMAR AMTM. An example of OH (3,1) band emission
intensity map recorded at 03:15 UT on 11 January 2014 by the AMTM at ALOMAR is presented in Figure 1b.
The distorted shapes visible at the bottom and top‐right corner of the intensity map are due to the projection onto a
uniform geographical grid. To mitigate these distortions, the intensity maps were cropped from 320 × 256 pixels
to an area of 230 × 230 pixels centered around the zenith of the field of view as depicted in Figure 1c. The spatial
extents of the FOV around the ALOMAR station for the images shown in Figures 1b and 1c are marked by red and
blue rectangles, respectively, in Figure 1a. The accuracy of the AMTM data has been validated by comparing the
temperature derived using the line‐pair ratio method with those from co‐located lidar observations. Further details
of the instrument design, operation, and data validation for the AMTM can be found in Pautet et al. (2014). These
two‐dimensional OH intensity and temperature maps have been used to study gravity wave momentum flux and
retrieval of intrinsic wave parameters in the Scandinavian region (Fritts et al., 2014; Reichert et al., 2019), large‐
scale oscillations in mesospheric temperatures, frontal gravity wave activity, and horizontal phase velocity dis-
tribution of AGWs in Antarctica (Kogure et al., 2023; Pautet et al., 2018; Zhao et al., 2019), mountain waves and
their breaking in the MLT region (Fritts et al., 2016; Pautet et al., 2021; Taylor et al., 2019), and the effects of
wind shear on the propagation of AGWs and Kelvin‐Helmholtz instability structures in midlatitudes (Fritts
et al., 2023; Yuan et al., 2024).

The 2D intensity and temperature maps, along with the data quality catalog for the ALOMAR AMTM, were
provided by coauthors from Utah State University. The AMTM observations made from ALOMAR during
January 2014, 2015, and 2016 had the longest continuous sequences of good quality (defined in Section 3.1) OH
images. Notably, there were no sudden stratospheric warming events (SSWs) during these periods, which are
known to strongly influence middle atmospheric dynamics. In line with previous studies that analyzed AGW
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phase velocity spectra using AMTM intensity maps from Antarctica (Kogure et al., 2023; Matsuda et al., 2017),
we only used OH (3,1) band intensity maps from ALOMAR AMTM (as shown in Figure 1). The data from these
specific months were selected to investigate the winter‐time variability of AGWs in the Arctic MLT region.

2.2. ERA5 Winds

The ERA5 data set, the latest global climate reanalysis produced by the European Centre for Medium‐Range
Weather Forecasts (ECMWF), is based on a numerical weather prediction model and data assimilation system.
It incorporates a vast array of observational data from various sources, including satellites, radiosondes, and
ground‐based instruments to provide a comprehensive and consistent representation of the global atmosphere.
ERA5 provides hourly data on multiple vertical coordinate systems, including standard pressure levels and its
native 137 model levels, allowing for the analysis of atmospheric variables from the surface up to 80 km. The data
cover the Earth on a 31‐km grid (Hersbach et al., 2020). In this study, we used only hourly background wind data
from ERA5, restricting to the altitude range of 0–50 km within a ±5° latitude and longitude region centered over
ALOMAR due to the reduced reliability of ERA5 winds at higher altitudes. These winds were utilized to generate
wind‐blocking diagrams based on the principles of critical‐level filtering.

2.3. Arctic Oscillation (AO) Index

The Arctic Oscillation (AO) index quantifies the state of atmospheric circulation over the Northern Hemisphere
and is a dimensionless value. It is derived from the leading empirical orthogonal function (EOF) of monthly mean
sea‐level pressure anomalies poleward of 20°N and is characterized by anticlockwise winds around the Arctic
typically near 55°N latitude (Thompson & Wallace, 1998). A positive AO index corresponds to a strengthened
and contracted polar vortex with lower than average geopotential heights over the Arctic and higher than average

Figure 1. (a) The geographical location of the ALOMAR AMTM. Landmasses are shown in light‐gray, while ocean and
water bodies are in sky‐blue with black coastlines. (b) A typical OH intensity map (320 × 256 pixels) projected onto a
uniform geographical grid obtained from raw images at 03:15 UT on 11 January 2014. Distortions at the bottom and right corner
of the image are artefacts resulting from the projection process with a geographical distance of 562.5 m between two successive
pixels in both X and Y‐directions. (c) This is the same OH intensity map now cropped to a 230 × 230 pixel region centered
around the zenith to exclude areas distorted by projection. The fields of view for the intensity maps in panels (b) and (c) are
delineated by red and blue rectangles, respectively, in panel (a).

Journal of Geophysical Research: Atmospheres 10.1029/2024JD043037

MANDAL ET AL. 4 of 19

 21698996, 2025, 16, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024JD

043037 by B
ritish A

ntarctic Survey, W
iley O

nline L
ibrary on [26/08/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



heights at mid‐latitudes. In contrast, a negative AO index indicates a weak-
ened and expanded polar vortex characterized by higher than average geo-
potential heights in the polar region and lower heights at mid‐latitudes. For
this study, we used the daily values of the AO index at the 1,000 hPa pressure
level as indicators of the stratospheric polar vortex strength in the Northern
Hemisphere.

3. Data Selection and Analysis Techniques
3.1. Selection of OH‐Airglow Images

As with any other ground‐based airglow data set, the OH images obtained by
the ALOMAR AMTM are susceptible to contamination from clouds, the
moonlight, and aurora within the instrument's field of view. To mitigate this,
we manually inspected each image from these months before proceeding with
further analysis. This step is crucial to prevent artificial wave‐like features
from appearing in the spectral analysis, which could be introduced by these
contamination sources. The availability of continuous contamination‐free OH
images during January in these 3 years allow us to conduct spectral analyses
to investigate the winter‐time variability of AGWs in the MLT altitudes.
Figure 2 illustrates the observation duration and availability of “good im-
ages,” which are free from intensity variations caused by clouds, the moon-
light, and aurora. The duration of good images in January 2014, 2015, and

2016 are represented by blue, orange, and green solid lines, respectively. These lines indicate the time ranges
when contamination‐free images were continuously available for at least 60 min (i.e., consecutive 90 images or
more). This criterion was chosen because our focus is on AGWs with smaller horizontal wavelengths and periods
shorter than 1 hr, as these waves have been shown to contribute approximately 70% of the AGW momentum
budget (Fritts & Vanzandt, 1993; Reid & Vincent, 1987).

The ALOMAR AMTM operates during the winter months and is programmed to capture images daily when the
solar zenith angle exceeds 98°. In Figure 2, the endpoints of the dotted lines connecting the solid‐colored lines
represent the total duration of observation for each day. The trapezoidal shape of the observation duration results
from the decreasing length of nighttime periods in the Arctic as January progresses, which reduces the operational
time for the ALOMARAMTM. Consequently, based on the criteria for selecting continuous data for our analyses
discussed previously, OH intensity maps were available for 19, 13, and 16 days in January of 2014, 2015, and
2016, respectively. These maps were then used as input for the M‐transform routine (Matsuda et al., 2014) to
obtain phase velocity spectra of the AGWs observed around the emission altitude region of the OH (3,1) band.

3.2. The Matsuda‐Transform

The traditional approach of estimating the spatial characteristics of AGWs from a series of airglow images in-
volves identifying wave features in the images and tracking their movement across the field of view in multiple
images along with performing spectral analyses. These event‐based analyses are time consuming and prone to
human bias, as they often rely on identifying waves only when their amplitude of perturbations is strong. Matsuda
et al. (2014) introduced a novel spectral analysis method, M‐transform, for the characterization of AGWs using
airglow imaging data. This method provides the phase velocity spectra of AGWs from a series of airglow images
for a given range of horizontal wavelengths and time periods. Such phase velocity spectra of AGWs offer direct
visualization of the distribution of wave energy as functions of propagation speeds and directions.

Before inputting airglow images into the M‐transform, they need to be preprocessed following specific pro-
cedures. This preprocessing involves projecting the raw images onto a geographical coordinate system with equal
distances along latitudinal and longitudinal directions (Garcia et al., 1997; Narayanan et al., 2009) and then
generating normalized perturbation images at each time by subtracting the temporally averaged background from
each image. The M‐transform routine then applies a 2D prewhitening filter and a 2D Hanning window to each of
these preprocessed images to reduce the contamination of higher wavenumbers with lower wavenumber peaks in
the AGW spectrum and to mitigate the effects of discontinuity due to the finite spatial window of the images
(Coble et al., 1998). The M‐transform subsequently computes the 3D power spectral density (PSD) as a function

Figure 2. Time ranges of continuous good quality (not contaminated by
clouds, the moonlight, & the aurora) OH images obtained from the
ALOMAR AMTM are shown as solid lines for January of 2014 (blue), 2015
(yellow), & 2016 (green). Dotted lines connecting the solid‐colored lines
represent the duration of AMTM operation on a given day. Times on the X‐
axis are shown in UT.
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of wavenumbers and frequency from this time sequence of processed images using a fast Fourier transform (FFT).
These wavenumber spectra are then converted to phase‐velocity spectra (PSD as functions of zonal and
meridional phase speeds and frequencies) using coordinate transformation. Finally, these are integrated over the
entire frequency range to generate two‐dimensional phase velocity spectra of AGWs. The phase velocity spectra
of AGWs obtained by applying M‐transform to the images have shown excellent agreement with those from
conventional event‐based analysis on a data set collected at Syowa Station, Antarctica (Matsuda et al., 2014). This
technique enables efficient and unbiased analysis of large airglow data sets for AGWs and captures a wider
spectrum of AGWs, including the faint waves that might be missed in manual identification of them on the image.
Further details on the application of the M‐transform procedure to airglow images for characterizing AGWs, and
to GPS‐derived total electron content for studying traveling ionospheric disturbances, are available by Matsuda
et al. (2014) and Perwitasari et al. (2022), respectively.

For the OH intensity maps obtained from the ALOMAR AMTM, additional preprocessing was necessary before
applying the M‐transform. First, hot pixels and stars were identified using an absolute intensity threshold and
removed by replacing the corresponding pixel values using a median filter with a window size of 15 × 15 pixels.
Next, the images were cropped to 230 × 230 pixels, centered around the zenith of the field of view, covering
approximately 129 km × 129 km of geographical area. In the OH intensity maps shown in Figure 1c, the uniform
spacing between successive pixels in both the X and Y directions is 562.5 m.

Normalized perturbation images for each OH intensity map were created using Equation 1 (Matsuda et al., 2014):

Iʹ
Ī
=
I − Ī
Ī

(1)

Here, Iʹ represents the value at a specific pixel of the perturbation image, I denotes the counts at that pixel in the
OH intensity map, and Ī is the temporally averaged value at that pixel over the time window used as input to the
M‐transform. Following the methodology of Matsuda et al. (2014), we derived the phase velocity spectra by
applying the M‐transform to these perturbation images using predefined wave parameter ranges : horizontal
wavelengths of 10 − 100 km, ground‐based wave periods of 5 − 60 min, and observed phase speeds of 0 − 150 m/
s. The M‐transform analysis was conducted only when at least 90 consecutive images were available ensuring at
least one hour of continuous data. This analysis was carried out for all good images on each day as shown in
Figure 2.

The phase velocity spectra of AGWs derived from the OH intensity maps for each day were combined to represent
the daily behavior of gravity waves. An example of such daily averaged output for all images on 05–06 January
2016 is shown in Figure 3. The concentric circles in the figure indicate phase speeds of AGWs, incrementing by
10 m/s from 0 to 150 m/s, with the color map showing the spectral power of gravity waves as a function of their
propagation speeds and directions. The topmost and rightmost points of the spectra represent the geographic north
and east directions, respectively. These AGW phase velocity spectra from the intensity maps (shown in Figure 3)
offer better contrast compared to those derived from the corresponding temperature maps of the ALOMAR
AMTM. A representative comparison between the two is provided in the supplementary material (Figure S1). The
apparent motion of the Milky Way galaxy in the image FOV during observations can contaminate the phase
velocity spectra between 0 and 20 m/s (Matsuda et al., 2014). Therefore, we masked the 0–20 m/s range (blue
shaded region), of the spectra, as illustrated in Figure 3, for better visualization. The PSD values in this region
were excluded from further analysis in the quantification of AGW activity. This also implies that orographic
gravity waves are being indirectly filtered out from our analyses. The strong spectral power in the first quadrant of
the spectra in Figure 3 suggests that the gravity waves predominantly had phase speeds between 20 and 50 m/s
and were propagating northeastward. Similar outputs from other days with good images were further analyzed to
study the day‐to‐day variability of AGW activity in the MLT region.

3.3. Wind‐Blocking Diagrams

As discussed in Section 1, critical‐level filtering of upward‐propagating AGWs by background winds is a key
driver of day‐to‐day variability in the AGW spectra observed at MLT altitudes. At the critical level, where the
wave phase speed matches the background wind speed, the intrinsic frequency of the wave approaches the inertial
frequency, leading to an infinite vertical wavenumber. As a result, the wave is dissipated and absorbed into the
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background mean flow (Booker & Bretherton, 1967; Fritts & Alex-
ander, 2003; Fritts & Geller, 1976; Hines & Reddy, 1967; Taylor et al., 1993).
To investigate this aspect of AGW variability in our study, we generated
wind‐blocking diagrams using ERA5 wind data based on the principle of
critical‐level filtering. The relationship between the intrinsic frequency (ω̂)
and the ground‐based frequency (ω) for AGWs is given by

ω̂ = ω(1 −
Uz cos ϕ + Um sin ϕ

c
) (2)

Here, Uz and Um are the zonal and meridional components of the background
winds, respectively, whereas c and ϕ represent the phase speed and propa-
gation direction of the wave. The propagation direction ϕ is defined in de-
grees counter‐clockwise from East (i.e., ϕ = 0° is East, 90° is North, 180° is
West, and 270° is South). Using these background winds, we can generate a
contour to identify the region of the AGW spectra expected to be affected by
critical‐level filtering. This is determined by identifying AGWs propagating
in specific directions and with particular phase speeds that satisfy the
following condition:

c − Uz cos ϕ − Um sin ϕ≤ 0 (3)

These AGWs will encounter a critical level, where they are absorbed into the
background flow and do not appear in the spectra observed at OH emission
altitudes (Fritts & Alexander, 2003; Kogure et al., 2018; Taylor et al., 1993).

We used hourly background winds from ERA5 data set, as briefly discussed
in Section 2.2, to identify regions of the AGW spectra expected to be affected

by critical‐level filtering. For this analysis, zonal and meridional winds were averaged within a ±5° latitude and
longitude region around ALOMAR for the 0–50 km altitude range. For each day, these winds corresponding to the
time ranges of contamination‐free OH intensity maps (as shown in Figure 2), which were used to obtain AGW
spectra, were temporally averaged. The altitude profiles of the resulting daily averaged zonal (red) and meridional
(blue) winds from ERA5 for 05–06 January 2016 are shown in Figure 4a with their standard deviations repre-
sented by gray shaded regions. Positive values indicate northward and eastward winds for the meridional and
zonal components, respectively.

These winds obtained from the ERA5 data set were used in Equation 3 to identify the set of AGWs expected to be
filtered at each altitude. Such filtered regions of the AGW spectra for 05–06 January 2016 are illustrated by the
white dashed contours in Figure 4b. These individual contours were combined to illustrate the overall effect of
critical‐level filtering between 0 and 50 km represented by the cyan contour. The region of the AGW phase
velocity spectrum enclosed by this cyan contour is referred to as the forbidden (or blocked) region. The AGW
spectra overlaid with these contours are termed wind‐blocking diagrams. These diagrams indicate that AGWs
falling within the forbidden region would not reach higher altitudes if generated below 50 km. The wind‐blocking
analysis presented here implicitly assumes that AGWs may originate from altitudes as low as the surface (0 km).
Although the true source heights of the observed non‐zero phase speed waves are unknown, starting the analysis
from 0 km provides a comprehensive estimate of critical‐level filtering. This ensures that any potential filtering
effects throughout the entire troposphere and lower stratosphere are captured. Additionally, the interpretation
relies on the assumption that the AGWs observed in the OH images taken by the ALOMAR AMTM propagated
vertically within a horizontal plane extending ±5° in both latitude and longitude centered over the ALOMAR
observatory. Given the unreliability at higher altitudes and significant deviation of ERA5 winds when combined
with winds above 80 km from meteor radar measurements, our wind‐blocking analyses were restricted to the 0–
50 km altitude range. This approach allowed us to indirectly determine whether the AGWs observed in the MLT
region originated from below 50 km.

Figure 3. Phase velocity spectra of atmospheric gravity waves (AGWs) for
05–06 January 2016 obtained by applying the M‐transform to the time series
of OH (3,1) band emission intensity maps is shown here. The concentric
circles represent phase velocities ranging from 10m/s (innermost) to 150m/s
(outermost). The phase velocity range of 0–20 m/s is shaded in blue as
spectral power in this regionmay be contaminated by the apparent movement
of the Milky Way galaxy within the field of view of the AMTM during
observations. A strong AGW activity, with phase velocities of 20–50 m/s in
the northeastward direction, is clearly visible on this day.
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To further quantify the impact of critical‐level filtering on the variability observed in the AGW spectra during this
period, we decomposed the AGW spectra into eight directional bins: 0°–45° (E–NE), 46°–90° (NE–N), 91°–135°
(N–NW), 136°–180° (NW–W), 181°–225° (W–SW), 226°–270° (SW–S), 271°–315° (S–SE), and 316°–359°
(SE–E). We then calculated the percentage of total wave power inside the blocked region for each of these
directional bins using:

Pblocked(ϕ) =
∑

blocked
PSD(c,ϕ)

∑
all c, all ϕ

PSD(c,ϕ)
× 100 (4)

Here, Pblocked(ϕ) denotes the percentage of wave power blocked for each propagation direction ϕ considering only
AGWs inside the forbidden region. These values for 05–06 January 2016 are shown as a color map in Figure 4c,
with bracketed integer values representing the maximum wave phase speeds expected to be filtered in each
directional bin. Ideally, directional bins subject to strong critical‐level filtering (the blocked region) should exhibit
minimal wave power at OH emission altitudes. However, Figure 4c reveals slightly brighter areas (indicating
∼15% wave power) primarily in the E–NE and, to some extent, SE–E directions. This suggests that not all waves
observed within these two directional bins were strictly filtered out potentially due to wave sources outside the
assumed vertical propagation column, waves generated above 50 km, or waves reaching the field of view through
ducted propagation. This color map thus provides a clear visualization of both the strength and directional
variability of critical‐level filtering.

4. Results
4.1. Day‐to‐Day Variability of AGW Activity

4.1.1. Variability in Phase Speeds

We observed strong variability in both the individual phase velocity spectra obtained from different continuous
time series of OH intensity maps and in the daily averaged spectra derived by combining them. This variability
highlights both intraday and day‐to‐day changes in AGW activity during these periods. To further characterize
this variability, we calculated spectral power in different phase speed ranges and propagation directions from the
daily averaged phase velocity spectra of AGWs. As discussed earlier in Section 3.2, we excluded the PSD values

Figure 4. Illustration of the forbidden region in the atmospheric gravity wave (AGW) spectra based on critical‐level filtering by background winds. (a) Altitude profiles
of horizontal winds from ERA5 in zonal (red) and meridional (blue) directions for the 0–50 km altitude range, averaged over the duration of the AMTM observation on
05–06 January 2016. Shaded regions indicate the standard deviation. (b) AGW spectra (same as in Figure 3) overlaid with the calculated forbidden regions (white
contours) determined at each altitude using winds shown in panel (a). The cyan contour outlines the combined forbidden region of the spectrum expected to be affected
by critical‐level filtering over the entire altitude range (0–50 km). (c) Percentage fraction of wave power within the blocked region (cyan contour) as a function of
propagation direction. Bracketed integer values indicate the maximum wave phase speeds expected to be filtered from the observed spectra.
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in the 0–20 m/s region of the spectra from our analyses to avoid galactic contamination. Additionally, PSD values
beyond phase speeds of 100 m/s (the second solid circle in Figure 3) were not considered, as the spectral power in
this region is very small as evident from the logarithmic color scale in Figure 3.

We categorized each daily averaged spectrum into four phase speed ranges: 20–40, 40–60, 60–80, and 80–100 m/
s to enable a detailed characterization of the AGWs observed on these days. For each of these phase speed ranges,
all the PSD values within the eight quadrants (representing the propagation directions of the waves) of the phase
velocity spectra were summed resulting in the total spectral power for AGWs within these speed ranges. The
variation in these summed spectral powers across the defined phase speed ranges is shown in Figures 5a–5c.
These values are placed at 30, 50, 70, and 90 m/s positions on the X‐axis, corresponding to the center of the
respective phase speed ranges for which the spectral powers were summed. These values obtained for all the daily
averaged spectra for different days in January are represented by different colors and symbols separately for 2014,
2015, and 2016 in the top panels of Figure 5. Across all these days, higher spectral powers are consistently
observed for gravity waves with propagation speeds between 20 and 40 m/s, which suggests that the majority of
the observed waves are propagating within this speed range. Specifically, the maximum spectral powers of
10.6 × 10− 4, 3.4 × 10− 4, and 11.5 × 10− 4 s2 m− 2 are observed on January 30th throughout, 22nd, and 22nd in
2014, 2015, and 2016, respectively. Similarly, the minimum powers in these three winters with values of
0.7 × 10− 4, 0.2 × 10− 4, and 1.1 × 10− 4 s2 m− 2 were observed for AGWs with high phase speeds between 80
and 100 m/s on January 5th, 1st and 20th, respectively. This indicates that day‐to‐day variability within each winter
is substantial and likely influenced by short‐term changes in atmospheric conditions or wave source
characteristics.

4.1.2. Variability in Propagation Directions

To investigate the variability in propagation directions of these AGWs, we decomposed daily averaged AGW
spectra into eight directional bins as defined in Section 3.3. The spectral power for each directional bin was then
summed and normalized as a percentage of the total power of the phase velocity spectra. These normalized values

Figure 5. Day‐to‐day variability in the atmospheric gravity wave (AGW) spectra derived using theM‐transform fromOH images collected in January of 2014, 2015, and
2016. The top panels (a), (b), and (c) show spectral power variations across different wave phase speed ranges for each observation day in 2014, 2015, and 2016,
respectively. Noticeably, spectral power values for AGWs in January 2015 are substantially lower compared to those observed in January 2014 and 2016. The bottom
panels (d), (e), and (f) illustrate the percentage fraction of the total spectral power across different propagation directions for the corresponding days in 2014, 2015, and
2016.
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are presented as color maps in Figure 5 (bottom panels: (d), (e), (f)) with propagation directions shown along the
Y‐axis and the days of January along the X‐axis. Figure 5d shows that AGWs in January 2014 exhibited a broad
range of propagation directions with a dominant east‐to‐northward trend. Specifically, E–NE propagation was
observed on 9, 11, 14, 15, and 28–30 January, whereas NE–N propagation occurred on 14, 22, 23, 27, 29, and 30
January. Additionally, SE–E propagation was noticeable on 28–29 January, whereas north‐westward propagating
waves were present on 5, 10, and 22–27 January. In contrast, AGWs in January 2015 (5e) showed more restricted
propagation compared to 2014, predominantly in the south‐east direction. SE–E propagation was dominant on
17–21 January and S–SE propagation during 14 and 18–20 January. South‐westward propagation was observed
on 27–30 January, whereas north‐westward propagation occurred on 16–17 and 21–22 January. Figure 5f reveals
that AGWs in January 2016 propagated mostly in the north‐eastward direction with NE–N propagation partic-
ularly strong on 5–7, 13, 19, 22 January, whereas E–NE waves were observed on 13 and 19–22 January. SE–E
propagation occurred on 1, 14, 19–20, and 23 January.

These results demonstrate the substantial day‐to‐day variability in AGW activity and propagation directions
during wintertime in the high‐latitude MLT region.

4.2. Year‐to‐Year Variability of AGW Activity

Although the day‐to‐day analysis in previous Section 4.1 revealed substantial variability in AGW activity within
each winter, it is equally important to assess how the spectral power and propagation characteristics varied across
these three winters. To quantify average year‐to‐year variability, we computed the averaged spectral power of
AGWs within different phase speed ranges and propagation directions for each winter period. The results, shown
in Figure 6, highlight distinct year‐to‐year differences.

Figure 6a presents the mean spectral power as a function of phase speed for January 2014 (blue), 2015 (orange),
and 2016 (green). The results indicate that AGWs in 2015 consistently exhibited lower spectral power across all
phase speed ranges confirming the reduced AGW activity observed in the day‐to‐day analysis. In contrast, AGWs
in 2016 displayed the highest spectral power values, particularly for lower phase speeds (20–40 m/s), suggesting
stronger wave activity compared to the other years. The spectral power for 2014 remained intermediate between
these two extremes but still significantly higher than in 2015. Both the maximum andminimum spectral powers of
AGWs in January 2015 were approximately two to three times lower than those observed in 2014 and 2016.
Additionally, spectral power in all three years decreased with increasing phase speed, indicating that lower‐speed
AGWs (20–40 m/s) dominated the observed wave activity.

Figure 6b shows the mean fraction of total wave power in different propagation directions for the 3 years. A clear
trend emerges, indicating that AGWs in 2014 and 2016 predominantly propagated toward the northeast (E–NE

Figure 6. Year‐to‐year variability in atmospheric gravity wave (AGW) spectral power and propagation direction for January
2014, 2015, and 2016. (a) Mean spectral power of AGWs as a function of phase speed averaged over all days in January for
each year. (b) Mean fraction of total spectral power for AGWs propagating in different directions averaged over all days in
January. In 2014 and 2016, AGW propagation was predominantly in the northeast‐to‐north (NE–N) and east‐to‐northeast
(E–NE) directions, respectively, whereas in 2015, the power distribution was more concentrated in the north‐to‐west (N–NW
and NW–W) directions.
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and NE–N) directions, whereas in 2015, the power distribution was more concentrated in the north‐to‐west
sectors (N–NW and NW–W) with a relative suppression of wave power in the northeastward sector, contrast-
ing the patterns seen in 2014 and 2016. Notably, a secondary enhancement in wave power is observed in the
southeast‐to‐east (SE–E) direction in all three years. This enhanced wave activity in the SE–E direction is
strongest in 2016 and weakest in 2015. These differences further support the observation that AGW activity in
2015 was relatively weaker and more directionally constrained compared to 2014 and 2016.

These interannual differences in AGW spectral power and propagation directions suggest that large scale at-
mospheric conditions, such as differences in background wind structures and filtering effects, played a crucial
role in modulating the observed wave activity. The particularly low AGW activity in 2015 may be linked to
enhanced filtering in the lower atmosphere restricting the propagation of waves to the MLT region.

4.3. Intraday Variability of AGW Activity

The contrast in both spectral power and propagation directions of AGWs observed in 2015, as compared to 2014
and 2016, motivated us to examine intraday variability in greater detail. For this analysis, we applied the M‐
transform differently, using it on blocks of 90 consecutive perturbation images, which correspond to contin-
uous data for one hour. These blocks were then shifted by 45 images (equivalent to 30 min) between successive
analyses. This approach enabled us to obtain AGW phase velocity spectra at 30‐min intervals throughout the
duration of available good images each day providing insight into the variability of gravity wave activity within
each day.

To quantify AGW activity at different times of the day, we summed the spectral power of AGW spectra with
phase speeds between 20–100 m/s. These total spectral power values, obtained from each AGW spectrum at 30‐
min intervals, are shown as a function of time in Figure 7a for 2014, (b) for 2015, and (c) for 2016 with each day
represented by different colors and symbols. The results reveal significantly less variation in the spectral power of
AGWs across the observation period throughout the day in 2015 compared to 2014 and 2016. Additionally,
consistent with Figure 5, the maximum values of total spectral power for AGWs at different times of the day in
2015 are lower than those in 2014 and 2016. In 2014, strong variability in AGW activity, characterized by higher
spectral power, is particularly evident between 26 and 30 January. Conversely, in 2016, significant variability in
the spectral power of AGWs is present almost every day.

The intraday variability results further confirm that AGW activity exhibits significant variations within individual
days with notable differences between years.

5. Discussion
The detailed analyses of AGW phase velocity spectra obtained during January 2014, 2015, and 2016, as presented
in the previous sections, reveal significant variability. Notably, AGW activity in 2015 was considerably lower
with reduced spectral power (Figures 5a–5c and 6a) and distinct changes in propagation directions (Figures 5d–5f
and 6b) compared to 2014 and 2016. In our study, most AGWs in the MLT region propagated eastward
(northeastward and southeastward) during this period except for 2015 when strong wave activity in the north-
westward direction was also observed as illustrated in Figures 5d–5f and 6b. The southeastward and north-
westward propagating AGWs observed on 14th January 2016 are consistent with the flight‐based measurements
near ALOMAR by Wüst et al. (2019).

Other high‐latitude studies of gravity waves in the mesosphere have identified a range of sources for variability.
Using OH image observations from Resolute Bay, Canada (74.7°N, 265.1°E), Suzuki et al. (2009) and J. Li
et al. (2020) reported that most mesospheric AGWs observed during Arctic winter months propagated westward
with phase speeds between 30 and 60 m/s. This preferential propagation direction was attributed to critical‐level
filtering by winds in the lower and middle atmosphere. In contrast, northeastward propagating mesospheric
AGWs with phase speeds 20–70 m/s have been observed over Kazan (55.8°N, 49.2°E) and Tunkinskaya (51°N,
103°E) in Russia (Q. Li et al., 2018; Tashchilin et al., 2010). Both Suzuki et al. (2009) and Q. Li et al. (2018)
showed that the majority of the AGWs were observed during periods of enhanced tropospheric activity, including
tropospheric updrafts associated with low‐pressure systems near Resolute Bay and deep convection and strong jet
streams over Kazan. Several other studies have highlighted that stratospheric wind structures play a key role in
modulating AGW variability in the MLT region. This includes changes in gravity wave momentum flux in the
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high‐latitudes of the Northern Hemisphere (Matthias et al., 2012; Thurairajah et al., 2010), seasonal variations in
AGW propagation directions in the mid‐latitudes (Nakamura et al., 1999) and variability in AGW spectra over
Antarctica (Kam et al., 2021; Kogure et al., 2018; Matsuda et al., 2017). Notably, these studies found strongest
spectral powers are associated with AGWs propagating at phase speeds below 60 m/s, which is similar to our
results in Figures 5a–5c, where the highest spectral powers are observed for gravity waves propagating at speeds
between 20 and 40 m/s. Additionally, studies in the Antarctic region revealed that gravity waves with phase
speeds below 60 m/s predominantly propagate westward, whereas those with phase speeds exceeding 80 m/s tend
to propagate eastward. This disparity in propagation directions was attributed to critical‐level filtering by
stratospheric winds (Matsuda et al., 2017).

To examine the impact of local wind conditions on AGW activity observed at ALOMAR, we analyzed the
directional blocking of AGWs due to critical‐level filtering by background winds within the 0–50 km altitude
range. To investigate the connection between variations in AGW activity and stratospheric conditions, we utilized
the Arctic Oscillation (AO) index as an indicator of the polar vortex strength in the Northern Hemisphere as
discussed in Section 2.3.

Figure 7. Intraday variability in atmospheric gravity wave (AGW) spectra obtained using the M‐transform for January 2014,
2015, and 2016. The total spectral power for AGWs with phase speeds in the range 20–100 m/s is plotted as a function of
time of day for each individual day represented by different colors and symbols in panel (a) for 2014, (b) for 2015, and (c) for
2016.
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Figure 8 panels (a) to (c) illustrate the day‐to‐day variability in the strength of critical‐level filtering for January of
2014, 2015, and 2016, respectively. The fractions of wave power within the blocked regions for each directional
bin were derived using Equation 4 (as discussed in Section 3.3). The numbers overlaid within each grid cell
indicate the maximum wave phase speeds expected to be filtered in these directional bins due to critical‐level
filtering by winds below 50 km altitude. Empty grid cells in these color maps correspond to cases where
either the maximum possible filtered phase speed was below 20m/s, or the background winds were not oriented to
enable blocking in that direction on that day. As such, these empty grid cells indicate that no directional filtering
of AGWs was taking place. Red dashed borders are used in panels (a–c) to highlight the dominant AGW
propagation directions on each day, corresponding to the directional bins exhibiting enhanced spectral power
(brighter shading) in Figures 5d–5f. Figures 8d–8f compare the total spectral power (integrated over phase speed
ranges of 20–100 m/s) of daily averaged M‐transform outputs (blue circles) with the Arctic Oscillation (AO)
index (red diamonds) for January of 2014, 2015, and 2016, respectively. The red‐shaded regions indicate the AO
index within the range of ±1. The variability in daily total spectral power corresponds to the day‐to‐day, year‐to‐
year, and intraday changes across the three winters as depicted in Figures 5–7.

Figure 8. Day‐to‐day variability in the strength of critical‐level filtering (left panels) and the comparison of atmospheric gravity wave (AGW) spectral power with the
Arctic Oscillation (AO) index (right panels) for January 2014, 2015, and 2016. (a) The fraction of wave power inside the blocked region for different propagation
directions on each day of January for 2014. This panel is similar to Figure 4c but now includes the maximum phase speed values expected to be filtered in each
directional bin, overlaid in each grid cell. Additionally, red dashed borders highlight the dominant wave propagation directions on each day, corresponding to the
propagation directions showing stronger wave activity (brighter bins) in Figure 5d. (b) and (c) Same as panel (a) but for 2015 and 2016, respectively. Empty grid cells
indicate that no effective directional filtering of AGWs was taking place. (d)–(f) Comparison between the total spectral power of AGWs (blue circles) and the AO index
(red diamonds) for (d) 2014, (e) 2015, and (f) 2016. The red‐shaded region represents the AO index within the range of ±1.
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As discussed in Section 3.3, critical‐level filtering plays a key role in determining which AGWs can propagate to
mesospheric altitudes. If the observed waves were generated below 50 km, then directional bins experiencing
strong filtering should exhibit minimal AGW spectral power at OH altitudes, as these waves would have been
absorbed by the background wind field before reaching the upper mesosphere. The darker colors (values below
15%) and the empty cells observed in most directional bins across the three winters (Figures 8a–8c) indicate that
the majority of AGWs reaching MLT altitudes during this period originated from below 50 km, consistent with
previous reports from Resolute Bay and Kazan (Li et al., 2018; Suzuki et al., 2009). The red dashed borders in
Figures 8a–8c highlight the directional bins with strong AGW activity observed in the OH images, providing a
direct visual correspondence between low directional filtering fractions and enhanced wave power. For example,
in 2014 (Figure 8a), strong AGW activity was observed on 1, 5, 9–11, 14–16, 18–23, and 26–30 January, most of
which coincide with directional bins that have low (<15%) or no effective filtering. A similar correspondence is
seen in 2015 (Figure 8b), where enhanced wave activity on 5, 14, 16–22, 27–28, and 30 January aligns with
relatively low directional filtering fractions or empty grid cells. For 2016, most of the red highlighted directional
bins with strong AGW activity also coincide with bins exhibiting low or no directional filtering (Figure 8c).
Except for a very few directional bins, this consistent one‐to‐one correspondence across multiple days and years
strongly suggests that the AGWs observed in the OH images were significantly influenced by critical‐level
filtering by winds between 0 and 50 km.

On certain days, one or more directional bins displayed brighter colors (values exceeding 15%) occurring on 5 out
of 19 days in 2014, 4 out of 13 days in 2015, and 8 out of 16 days during 2016. These instances suggest that not all
waves in these directional bins were strictly filtered out. This could be due to (a) waves originating outside the
assumed vertical propagation column within the ±5° latitude and longitude region surrounding ALOMAR
(Bossert et al., 2014), (b) waves generated at altitudes above 50 km or secondary waves generated from wave
breaking or other nonlinear processes (Bossert et al., 2017; Kogure et al., 2020; Vadas et al., 2023), where the
applied wind‐blocking analysis is no longer valid, and (c) waves that reached the instrument's field of view from
more distant regions via ducted propagation (Z. Li et al., 2011; Q. Li et al., 2016; J. Li et al., 2020; Wrasse
et al., 2024).

In addition to critical‐level filtering, the observed directional asymmetry in AGW spectral power may also be
influenced by Doppler shifting and subsequent wave cancellation effects within the OH emission layer, partic-
ularly when vertical wavelengths are shorter than the OH layer thickness, thereby reducing AGW visibility.
AGWs, propagating in an environment where the difference between the phase speed and the background wind
increases, are Doppler shifted to longer vertical wavelengths, which are less susceptible to cancellation, and
therefore more readily detectable in airglow images. In contrast, AGWs propagating with the background wind
may exhibit shorter vertical wavelengths, increasing the likelihood of partial or complete cancellation within the
airglow emission layer. This observational bias can further influence the distribution of wave power in different
directions (Z. Li et al., 2011; Liu & Swenson, 2003). Additionally, AGWs can undergo reflection at a turning level
when their intrinsic frequency equals the buoyancy frequency, resulting in a zero vertical wavenumber (Fritts &
Alexander, 2003; Tomikawa, 2015).

The higher number of days with wave power in blocked directional bins exceeding 15% in 2016 could be a
contributing factor to the higher AGW spectral power observed in Figures 6a and 8f, as a larger fraction of AGW
energy may have reached MLT altitudes in this period, leading to the enhanced wave activity observed that year.
In contrast, the distinctly lower AGW spectral power and constrained propagation directions observed in 2015
(Figures 5 and 6) compared to 2014 and 2016 suggest the need for further analysis to assess the role of large‐scale
atmospheric conditions, if any, in addition to local wind filtering.

We used the AO index values at 1,000 hPa to represent high‐latitude stratospheric conditions with AO >1 and
AO < − 1 indicating strong and weak polar vortex scenarios, respectively (Baldwin & Dunkerton, 1999). The AO
index values for January in these 3 years are displayed in Figures 8d–8f with the ranges between±1 shown as red
shaded regions. In 2015, the AO index was generally higher compared to 2014 and 2016. A stronger polar vortex,
indicated by positive AO index values, is associated with intensified eastward zonal winds in the upper strato-
sphere of high‐latitudes (Andrews et al., 1987; Labitzke, 1972; Matsuno, 1971). These strong eastward winds
were expected to filter eastward‐propagating AGWs originating from lower altitudes leading to reduced overall
AGW activity in the MLT region. This is evident in the phase velocity spectra from January 2015 which show
lower spectral powers (Figures 5b, 6a, 7b, and 8e). However, Figure 6b also shows that AGW propagation
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directions in 2015 were distinct compared to 2014 and 2016 with a greater fraction of waves propagating
northwestward instead of predominantly eastward. This further confirms the influence of the strong polar vortex
in 2015, which not only suppressed overall AGW activity but also altered the preferred propagation directions,
likely due to enhanced filtering of eastward‐propagating waves. Additionally, during 17–21 January 2015, AGW
activity was notably stronger in the eastward direction, while from 27 to 30 January, spectral power was more
pronounced in the southwestward direction (Figure 5e; red‐dashed regions in Figure 8b). These intervals coincide
with periods of lower and higher AO index values, respectively (Figure 8e). Such similarity indicates a strong
influence of stratospheric winds on the gravity wave variability observed in the Arctic MLT region.

During January 2014, the relatively weak polar vortex, as indicated by frequent negative AO values (Figure 8d),
allowed more gravity waves to propagate upward, resulting in increased AGW spectral power (Figures 5a, 6a, and
8d), and greater variability in gravity wave activity (Figure 7a). The strong eastward propagation of AGWs during
11, 13–16, and 27–30 January 2014 (Figure 5d and red‐dashed directional bins in Figure 8a) coincides with lower
values of AO index (Figure 8d). In contrast, in January 2016, the significantly lower AO values, particularly from
02 to 20 January (Figure 8f), minimized the filtering of upward propagating gravity waves in the upper strato-
sphere leading to a comparatively more diverse spectrum of AGWs in the OH images (Figures 5c, 5f, and 7c). The
higher spectral powers for eastward‐propagating gravity waves in 2016, as seen in Figure 5f (and by red‐dashed
directional grids in Figure 8c), further confirm the reduced wave filtering in the stratosphere due to weaker
eastward winds. The periods of enhanced southeast‐to‐eastward (SE–E) propagation of waves particularly visible
during 5, 14, 17–21, 27 January 2015, and 11, 15, and 28–29 January 2014, and 1, 14, 19–20, 23 January 2016
contribute to a consistent secondary peak observed in the annual averaged directional distributions (Figure 6b).
This recurrent secondary enhancement in SE–E sectors across all 3 years is likely linked to episodic reductions in
stratospheric filtering during intervals of lower AO index values. Our results for January 2015, when the polar
vortex was stronger, align with those reported from Antarctica (Kam et al., 2021; Kogure et al., 2023; Matsuda
et al., 2017), where strong eastward stratospheric winds were associated with reduced AGW activity. However,
the spectral powers for AGWs from the winters of 2014 and 2016 in our study are several times higher than those
reported for Antarctic winters likely due to differences in polar vortex strength and gravity wave sources between
the Arctic and Antarctic regions. It should be noted that such a one‐to‐one comparison between AGW spectra
obtained from our work and those reported fromAntarctic regions (Kam et al., 2021; Kogure et al., 2023;Matsuda
et al., 2017) is made possible because all these results were obtained using the M‐transform for the same ranges of
wave periods and horizontal wavelengths, highlighting the advantage of this technique. Therefore, the results
presented in this work on the variability of AGWs observed in OH intensity maps demonstrate that stratospheric
winds are the primary driver of the strong variability in AGW activity in the MLT region during the winters of
2014, 2015, and 2016.

6. Summary
This study presents a detailed investigation of the variability observed in short‐period (<1 hr) AGWs in the high‐
latitude MLT region during January 2014, 2015, and 2016. We utilized OH (3,1) band emission intensity maps
obtained from the ALOMAR AMTM and applied the M‐transform technique to derive horizontal phase velocity
spectra of the gravity waves. Our results were compared with previous mesospheric gravity wave observations
from both the Arctic and Antarctic to provide a broader geophysical perspective and highlight regional simi-
larities and differences. To address the observed AGW variability during these Arctic winter periods, we
incorporated background winds from the ERA5 reanalysis data set (0–50 km altitude) and daily values of the
Arctic Oscillation index as a proxy for the strength of the stratospheric polar vortex in the Northern Hemisphere.
The key findings from this study are as follows:

• Spectral power distributions across different phase speeds and propagation directions showed pronounced
intraday, day‐to‐day, and year‐to‐year variability.

• Gravity wave activity in 2015 was notably suppressed, exhibiting both lower spectral power and marked shifts
in dominant propagation directions compared to 2014 and 2016.

• Wind‐blocking diagrams, generated using ERA5 wind profiles, indicate that most AGWs observed in the
MLT region during this period were likely originated from the 0–50 km altitude range.

• The interannual variability in spectral power and dominant propagation directions is likely associated with
critical‐level filtering of AGWs by stratospheric winds.
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These findings highlight the role of stratospheric conditions in driving AGW activity and variability in the Arctic
MLT region. In future work, we plan to investigate the seasonal changes and long‐term trends of gravity waves in
the Arctic MLT region as well as the impact of planetary waves on AGW variability. We plan to utilize 2D
temperature maps obtained from ALOMAR AMTM during 2012–2017 to study the drivers of variability in
temperatures of the Arctic MLT region.

Data Availability Statement
The Advanced Mesospheric Temperature Mapper (AMTM) at ALOMAR is operated and maintained by Utah
State University, USA. The OH (3,1) band emission data utilized in this study were provided through a
collaborative agreement. OH (3,1) band emission intensity maps for January 2014, 2015, and 2016 (Taylor &
Pautet, 2024), along with detailed information about the data files, are publicly available at the UK Polar Data
Center (https://data.bas.ac.uk/full‐record.php?id=GB/NERC/BAS/PDC/01924). The M‐transform software was
provided by the National Institute of Polar Research, Japan and is available upon request from Prof. Takuji
Nakamura (nakamura.takuji@nipr.ac.jp). The details about the M‐transform software are available on the Na-
tional Institute of Polar Research, Japan website at http://polaris.nipr.ac.jp/~airglow/M‐transform/ and its
application to airglow data sets is discussed by Matsuda et al. (2014) and Perwitasari et al. (2018). ERA5
reanalysis data (Hersbach et al., 2017, 2020) were obtained from the Copernicus Climate Data Store (CDS) and
downloaded on model levels using the CDS API. ERA5 data are accessible at https://cds.climate.copernicus.eu/
datasets/reanalysis‐era5‐complete?tab=overview. Daily values of the Arctic Oscillation (AO) index are obtained
from the National Weather Service Climate Prediction Center (CPC) at (https://ftp.cpc.ncep.noaa.gov/cwlinks/).
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