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Abstract. Gravity waves (GWs) are small-scale disturbances that play an important role in transporting momentum and energy 

from the lower to the upper atmosphere. Because mesospheric GWs can be observed far from their sources, event-resolved 10 

studies linking them to their tropospheric sources remain limited, particularly for midlatitude wintertime. Here, we investigate 

GWs associated with wintertime convection over East Asia during the winter storm of 24 January 2024. The Atmospheric 

Infrared Sounder (AIRS) and the Atmospheric Waves Experiment (AWE) observed semi-concentric GW patterns with 

horizontal wavelengths of several hundred kilometers in the stratosphere at ~05 UT and in the mesosphere at ~12 UT, 

respectively. A convection-permitting simulation using the Weather Research and Forecasting (WRF) model reproduced GW 15 

structures up to an altitude of ~47 km that were similar to those observed by AIRS. The simulation linked their generation to 

convection within a cold front north of Hokkaido (~144°E, ~47°N). Backward ray tracing suggested source regions north of 

Hokkaido (136 − 149°E, 44 − 53°N) for the stratospheric and mesospheric GWs, consistent with regions of possible deep 

convection identified in the Himawari-9 observations. The agreement among the observations, WRF simulation, and ray-

tracing results supports the interpretation that primary GWs generated by wintertime convection could propagate into the upper 20 

mesosphere. Additionally, those primary GWs were possibly saturated above ~68 km, raising the possibility of secondary GW 

generation. These results highlight the difficulty of distinguishing primary and secondary GWs based solely on concentric 

mesospheric wave patterns, including under wintertime. 

1 Introduction 

 Gravity waves (GWs) are generated by meteorological disturbances, propagate upward with increasing amplitudes, 25 

and may reach the stratosphere, mesosphere, thermosphere, and ionosphere (Fritts and Alexander, 2003). When wave 

breaking occurs, the GWs deposit momentum and energy into the background flow, thereby driving atmospheric circulation 
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and affecting the temperature structure and distribution of chemical species (Lindzen, 1981; Matsuno, 1982; Holton, 1983; 

Butchart et al., 2011; Garcia et al., 2017).  

 One of the major sources of GWs is deep convection. Three mechanisms by which deep convection generates GWs 30 

have been proposed: pure thermal forcing, an obstacle effect, and a mechanical oscillator effect (Fritts and Alexander, 2003). 

While all three mechanisms can generate concentric or semi-concentric GWs, the obstacle and mechanical oscillator effects 

introduce directionality into GW spectra, depending on background wind shear at the altitude of deep convection. After GWs 

are emitted from deep convection, stratospheric and mesospheric winds can filter the GWs, induce wave breaking, and 

modify their spectra and spatial structures. In addition, GW breaking can induce a local body force that generates semi-35 

concentric secondary GWs capable of propagating to higher altitudes (Vadas and Becker, 2019). Because these secondary 

GWs can exhibit spatial structures similar to those of primary GWs generated directly by convection, distinguishing the two 

types of GWs in the mesosphere is challenging (Vadas and Azeem, 2021; Kogure et al., 2026). 

 Despite this challenge, several observational studies have successfully linked mesospheric GWs with deep 

convection (Taylor and Hapgood, 1988; Sentman et al., 2003; Yue et al., 2009; Suzuki et al., 2007; Vadas et al., 2009; 40 

Nyassor et al., 2021; 2022; Li et al., 2025). For example, Nyassor et al. (2022) observed concentric GWs with a ground-

based OH airglow imager and simultaneously identified a mesoscale convective system using observations from the 

Geostationary Operational Environmental Satellite (GOES). They applied a backward ray tracing method to the mesospheric 

GWs and suggested that the GWs originated from the mesoscale convective system. These event studies have focused 

primarily on the tropics or the summer midlatitudes, whereas event-resolved observational evidence linking mesospheric 45 

GWs to midlatitude wintertime convection remains limited. 

 Favorable atmospheric conditions for winter convection in extratropical regions are usually different from those for 

summer and tropical convection (Clark, T. L. 1986; Fovell et al., 1992; Piani et al., 2000; Clark M. R., 2009, 2013; Gatzen, 

2011; Celiński-Mysław and Matuszko, 2014; Púčik et al., 2015; Mathias et al., 2019; Celiński-Mysław et al., 2020). In 

tropical regions and the summer extratropics, strong solar heating, together with abundant moisture, can destabilize the lower 50 

atmosphere and promote deep convection. The resulting potential for buoyant ascent is commonly quantified by convective 

available potential energy (CAPE), and high CAPE is often regarded as indicating an environment favorable for strong 

convective activity. Previous studies of convectively generated mesospheric GWs have primarily examined high-CAPE 

convective systems (Vadas et al., 2009, 2012; Nyassor et al., 2021, 2022). In contrast, in winter, convection often occurs 

within cold fronts under conditions of low-CAPE and high wind shear (Gatzen, 2011; Celiński-Mysław and Matuszko, 2014; 55 

Ludwig et al., 2015; Sherburn and Parker, 2014; Sherburn et al., 2016; King et al., 2017; De Orla-Barile et al., 2022). 

Synoptic-scale updrafts lift air parcels, causing water vapor to condense. The associated latent heating increases buoyancy 

and accelerates the parcels upward, while high wind shear can accelerate a rotation of the convective system. Thus, CAPE 

alone is insufficient for identifying the occurrence and intensity of wintertime convection. Outgoing longwave radiation 

(OLR) is also often used as a proxy for convection, particularly in studies of convectively generated GWs in the stratosphere 60 
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in tropical and subtropical regions. However, Cao and Liu (2022) noted that low OLR may not accurately represent 

convective activity at midlatitudes in winter.  

 Numerical simulation studies have shown that intense GWs in the stratosphere, mesosphere, and thermosphere 

often appear above cloud tops in storm-track regions (30 − 50° N/S), where extratropical cyclone activity is high in the 

winter hemisphere (Choi and Chun, 2011, 2013; Kang et al., 2017; Song and Chun, 2005; Kogure et al., 2024). However, 65 

some of these studies used coarse-resolution general circulation models with convectively generated GW parameterizations. 

These models did not explicitly resolve convection, which may introduce uncertainty into the inferred GW sources. A few 

statistical observational studies have reported high GW activity over the storm-track regions and suggested that the high 

activity was attributable to convection within extratropical cyclones (Ern et al., 2011; Song et al., 2021; Kogure et al., 

2025b). However, statistical analyses cannot fully separate the contribution of convection from the contributions of other 70 

GW sources, including spontaneous adjustment, orographic forcing, and secondary GW generation. Moreover, GW activity 

is modulated by propagation conditions and wind filtering between the source and the observation altitude. Thus, although 

modeling and statistical studies suggest that winter storm tracks are important source regions of convectively generated 

GWs, event-resolved observational evidence linking individual wintertime convective systems to GWs remains limited, 

especially GWs in the mesosphere and thermosphere. 75 

 This study investigates whether mesospheric GWs observed during a midlatitude winter storm can be linked to a 

tropospheric convective source. We analyze semi-concentric GWs observed in the stratosphere and the OH airglow layer 

during the East Asian winter storm of 24 January 2024 by combining spaceborne observations, a convection-permitting 

meteorological simulation, and ray tracing. Section 2 describes the observational data, numerical simulation, and analysis 

methods. Section 3 presents the meteorological conditions, the stratospheric and mesospheric GW observations, the 80 

simulated GW fields, and the ray tracing results linking the observed GWs to deep convection during the winter storm. 

Section 4 discusses possible alternative sources and evaluates the robustness and limitations of the inferred source 

connection. Section 5 summarizes the principal findings and conclusions. 

2 Data and methodology 

2.1 Observations and analysis 85 

2.1.1 Himawari-9 and deep convection analysis 

 We used the Japan-area observation dataset from Himawari-9, a Japanese geostationary meteorological satellite 

(Bessho et al., 2016), to examine the meteorological conditions during the winter storm. Himawari-9 has 16 observation 

bands ranging from 0.47 to 13.3 μm. We analyzed brightness temperatures from Bands 8 (𝑇6.2) and 13 (𝑇10.4), corresponding 

to wavelengths of 6.2 and 10.4 μm, respectively, to identify convective activity. The Japan-area data have a spatial resolution 90 

of 2 km and a temporal resolution of 2.5 min. The data were obtained from the Data Integration and Analysis System 

Program (DIAS), operated by the Japan Agency for Marine-Earth Science and Technology (JAMSTEC). 
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 In accordance with the Users’ Guide provided by JMA (JMA, 2015), brightness temperatures from these two bands 

are used to identify deep convective areas based on the following criterion: a positive brightness-temperature difference 

between 𝑻𝟔.𝟐 and 𝑻𝟏𝟎.𝟒 indicates that cloud tops may overshoot into the stratosphere. We used the difference between 𝑻𝟔.𝟐 95 

and 𝑻𝟏𝟎.𝟒 (𝑻𝟔.𝟐 − 𝑻𝟏𝟎.𝟒) as an indicator of deep convective activity. 

2.1.2 Atmospheric Infrared Sounder (AIRS)  

 AIRS is an instrument aboard NASA’s Aqua satellite that measures infrared radiance spectra in three spectral bands 

between 3.7 and 15.5 μm (Aumann et al., 2003; Chahine et al., 2006). Aqua is in a sun-synchronous orbit at an altitude of 

~705 km, completes one orbit every 99 min, and crosses nearly the same geographical location twice daily at ~01:30 LT and 100 

~13:30 LT. These local times over South Korea and Japan correspond to ~17 and ~05 UT, respectively. AIRS scans Earth’s 

atmosphere, with each scan consisting of 90 footprints that cover 1,780 km in the cross-track direction and 18 km in the 

along-track direction. The footprint size ranges from 14 × 14 km2 at nadir to 21 × 42 km2 at the scan edges, yielding a 

Nyquist horizontal wavelength of 30–80 km. We analyzed dedicated AIRS 4 μm brightness-temperature datasets as well as 

3-D stratospheric temperature retrievals. Both datasets were provided by the Jülich Supercomputing Center, Germany 105 

(Hoffmann, 2021). These datasets were used to examine temperature perturbations associated with stratospheric GWs.  

2.1.3 GW analysis of AIRS 

 To extract GW perturbations from AIRS data, background temperatures were estimated using a fourth-order 

polynomial fit and then subtracted from the brightness temperatures in each across-track scan. The residuals were defined as 

temperature perturbations primarily associated with GWs with horizontal wavelengths greater than ~80 km and up to several 110 

hundred kilometers. For the 4 μm brightness-temperature perturbations, measurement noise was reduced by vertically 

averaging radiances from multiple AIRS channels. The vertical kernel peaks at an altitude of ~35 km and has a full width at 

half maximum of ~20 km. Because of the vertical sensitivity of the kernel, 4 μm brightness temperature perturbations 

primarily represent GWs with vertical wavelengths longer than ~20 km and can substantially underestimate their temperature 

amplitudes. We applied 2-D Lomb-Scargle spectral analysis to 4 μm brightness temperature perturbations to obtain the GW 115 

horizontal wavelength spectra in the stratosphere. We determined the full width at half maximum (FWHM) of each spectral 

power peak in the two-dimensional horizontal-wavenumber spectrum and obtained the corresponding ranges of horizontal 

wavelength and azimuth angle. For the 3-D retrieved stratospheric temperature, we analyzed the 3-D perturbations along 

each latitude to investigate their vertical wavelengths. To suppress noise and clarify the westward-propagating GWs with 

long horizontal wavelengths, we applied a low-pass filter with a longitudinal cutoff wavelength of 3° (~230 km at 47°N). 120 
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Details of the AIRS observations and retrieval methodology for 3-D retrieved stratospheric temperature fields and 2-D GW 

perturbations are described in Hoffmann and Alexander (2009) and Hoffmann et al. (2013, 2014, 2016, 2017).  

2.1.4 Atmospheric Waves Experiment (AWE) 

 AWE operates an Advanced Mesospheric Temperature Mapper (AMTM), a nadir-viewing instrument mounted at the 

ELC1 site on the International Space Station (ISS). The AMTM combines infrared detector technology with high-throughput 125 

optical systems to provide high-quality temperature maps (Pautet et al., 2014). It is composed of a four-channel infrared imager 

that measures spectral emissions of the hydroxyl (OH) nightglow. Each of the instrument’s four identical telescopes has a 

unique spectral filter to detect three OH emission lines, P1(2), P1(4), and Q1(1) of the OH (3, 1) band, and background 

brightness. OH nightglow emissions typically originate from a layer near 87 km, with a FWHM of ~10 km (Baker and Stair, 

1988). Therefore, the AWE AMTM is sensitive mainly to waves with vertical wavelengths longer than the OH layer thickness 130 

(~10 km). Temperatures at ~87 km are derived from the four brightness signals. Images are collected continuously at 

approximately one image per second with a horizontal resolution of 2 km (Lamborn et al., 2024). The ISS completes ~15.5 

orbits per day, with successive orbits separated by ~1.5 h. The orbit shifts by ~6° in longitude per day and by ~23 min in local 

time.  

 This study uses orbital keograms of Q1(1) radiance and temperature. The Q1(1) emission line is less sensitive to cloud-135 

reflected emissions because of strong water vapor absorption at the same wavelength, although some contamination from high-

altitude clouds associated with deep convection may still be present in the images. For each orbit, the swath data are ~600 km 

wide and ~15,000 km long, with horizontal resolutions of 2 km for the Q1(1) emissions and 10 km for the mesospheric 

temperatures. The AWE datasets are provided by Utah State University. 

2.1.5 GW analysis of AWE 140 

            To derive GW perturbations from AWE, we first applied a Gaussian smoothing filter, with a FWHM of 600 km and a 

2400 km window size, along each orbit and subtracted the smoothed values from the original values. A second-order bilinear 

fit was applied to the residuals in a target area, and the fitted values were subtracted from the residuals. We defined the final 

residuals as GW perturbations. To obtain the GW spectra in the upper mesosphere, we applied 2-D Lomb-Scargle spectral 

analysis to the final residuals. We obtained the corresponding ranges of horizontal wavelength and azimuth angle using the 145 

same procedure as for AIRS. We identified robust peaks by examining their consistency between the Q1(1) radiance and 

temperature spectra.  

2.2 Advanced Research Weather Research and Forecasting Model (WRF-ARW) 

 We conducted a weather simulation using version 4.7.1 of the WRF-ARW model (Skamarock et al., 2019) to 

investigate stratospheric GWs and the associated tropospheric weather conditions. The simulation was performed from 00 150 

UT on January 23 to 00 UT on January 25, 2024, covering the Korean Peninsula and Japan’s main and northern islands. 

Initial and lateral boundary conditions were obtained from the European Centre for Medium-Range Weather Forecasts 
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Reanalysis v5 (ERA5; Hersbach et al., 2020) on pressure coordinates. Our simulation used 90 eta levels extending from the 

surface to the model top at 1 hPa, corresponding to an altitude of ~47 km. The uppermost 5 km of the model domain was 

configured as a damping layer with a damping coefficient of 0.3. The vertical resolution ranges from ~100 to ~660 m, 155 

depending on altitude. We used a two-way nested domain configuration. Domains 1 and 2 consisted of 800 × 600 and 

802 × 601  grid points, respectively, with horizontal resolutions of 9 and 3 km, respectively (see Figure A1 in the 

Appendix). The time steps were 30 s for Domain 1 and 10 s for Domain 2. Cumulus convection parameterization (the Grell-

Freitas scheme) and grid nudging toward ERA5 were enabled in Domain 1. The nudging followed WRF’s default 

configuration, with a nudging coefficient of 3.3× 10−4 s-1 for horizontal winds, temperature, and moisture within Domain 1. 160 

The ERA5 fields used for nudging were updated every hour. In contrast, cumulus parameterization and nudging were both 

turned off in Domain 2 because its 3 km resolution is within the convection-permitting range commonly used to explicitly 

resolve convective systems, although some convective processes remain under-resolved (Weisman et al., 1997; Bryan et al., 

2003; Prein et al., 2015; Wang et al., 2021). The other parameters were set up following the WRF user guide; that is, the 

Thompson microphysics, RRTMG longwave and shortwave radiation, MYJ planetary boundary layer, and Noah land-165 

surface schemes were employed.  For this study, we analyzed Domain 2 output at 5-min intervals on 24 January 2024.  

2.2.1 GW analysis of WRF 

            To derive GW perturbations, we first subtracted the horizontal mean over Domain 2 from the raw field at each vertical 

level and then applied a first-order bilinear fit to the residuals. The fitted values were subtracted from the residuals. Finally, a 

Butterworth band-pass filter with lower and upper cut-off horizontal wavelengths of 80 and 750 km, respectively, was applied 170 

to the residuals. The resulting band-pass-filtered fields were defined as GW perturbations. We applied the AIRS vertical kernel 

to the simulated GW perturbations to facilitate comparison between the 4 μm brightness-temperature perturbations and WRF 

simulations. The kernel weights were set to zero above the WRF model top (~47 km) and overlapped the uppermost 5 km 

damping layer. Consequently, the effective vertical response differs from that of AIRS and could be sensitive to GWs with 

short vertical wavelengths, which limits quantitative comparison of the perturbation amplitudes. We mainly focus on both 175 

morphologies rather than the magnitude of amplitudes.  

2.2.2 Analysis of Meteorological Conditions in WRF 

 We also briefly investigated the meteorological conditions during this winter storm. In addition to the fundamental 

meteorological output (temperature and water vapor), we calculated CAPE and storm relative helicity, which are widely used 

to assess convection, storms, and supercells with WRF-Python (Visualization and Analysis, 2017). The two parameters were 180 

calculated with the default settings. In the default settings, CAPE is accumulated from the maximum equivalent potential 

temperature height in the lowest 3 km to the level of free convection, while Storm relative helicity is calculated for the lowest 

3 km layers above ground level. 
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2.3 GW ray-tracing method 

 To assess the propagation paths of the observed GWs from their sources to the stratosphere and mesosphere, we 185 

applied a ray-tracing method. Our ray tracing method follows the mathematical framework described by Marks and 

Eckermann (1995). To estimate the lowest height of potential wave saturation, our forward model calculates the growth of 

wave energy and wave action with height under nondissipative conditions using the inertial GW polarization relation (Geller 

and Gong, 2010). Details of our ray-tracing method are described in Kogure et al. (2018, 2020, 2023). The background 

atmospheric conditions were obtained from a reanalysis, JAWARA (Koshin et al., 2025), because JAWARA data are 190 

assimilated with observations up to an altitude of ~110 km. The parameters in JAWARA were trilinearly interpolated in 

longitude, latitude, and time, and then the trilinearly interpolated values were vertically interpolated. The initial parameters 

of stratospheric GWs were derived from AIRS observations. Because vertical averaging by the vertical kernel function can 

cancel GW amplitudes, we estimated the underlying temperature amplitudes by dividing the measured brightness-

temperature amplitudes by a climatological response factor in winter midlatitudes.  The response factor was obtained from 195 

Hoffmann (2021). These estimated amplitudes were input for the forward ray tracing.  For the mesospheric GWs, the initial 

parameters were determined from the AWE Q1(1) relative radiance perturbations rather than the temperature perturbations 

because the former are less susceptible to cloud contamination. A backward ray may terminate at a critical level, a turning 

level, or the surface; its termination point does not necessarily identify the GW generation region.  

3. Results 200 

3.1 Meteorological conditions over Japan during the winter storm on 24 January 2024 

 Figure 1 shows the brightness-temperature difference between Himawari-9 Bands 8 and 13 at 02 and 05 UT. The 

differences were near 0 or positive in three regions: northeast of Hokkaido (~144 − 151°E, ~43 − 48°N), northern Tohoku 

(~138 − 142°E, ~40 − 42°N), and the Pacific Ocean near Tohoku (~144 − 147°E, ~35 − 40°N).  

Figure 1. Brightness-temperature difference between Himawari-9 Bands 8 and 13 at 02 (a) and 05 (b) UT on 24 January 2024.  205 
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            Figure 2 shows meteorological parameters related to deep convection at 02 UT in the WRF simulation. In Figure 2a, a 

cold air mass covered Primorsky Krai in Russia, northeastern China, Tohoku, and eastern Hokkaido in Japan (~35–48°N, 

~130–145°E), and extended toward the Pacific Ocean near Tohoku (~35–40°N, ~140–150°E). In contrast, a warm air mass 

extended into eastern Hokkaido from the Pacific Ocean, accompanied by a cyclonic wind pattern. This pattern was associated 210 

with a temperature boundary, namely a cold front, extending from Hokkaido to the Pacific Ocean. Column water vapor in 

Figure 2b exhibited a curved distribution broadly following the cyclonic circulation in Figure 2a, with enhanced moisture 

extending from the Pacific Ocean toward northern Japan. The distributions of relatively warm and moist air and the strong 

temperature gradient broadly corresponded to the three regions of possible deep convection identified from Himawari-9, shown 

in Figures 1a and 1b.  215 
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Figure 2. Temperature (color map) and wind (arrows) at 500 hPa (a), column water vapor (b), convective available potential 

energy (CAPE) (c), and storm relative helicity (d) in the WRF simulation at 02 UT on 24 January, 2024.  

 

 South of ~41°N, regions of relatively high CAPE in Figure 2c broadly coincided with enhanced column water vapor 220 

in Figure 2b and with the possible convective regions over northern Tohoku and the Pacific Ocean near Tohoku in Figure 1. 

However, CAPE remained below 1000 J kg−1 throughout almost all of WRF domain 2 and was particularly small around 

Hokkaido, where values north of 42°N were generally below 100 J kg−1 despite the presence of possible deep convection in 

the Himawari-9 observations. In contrast, storm-relative helicity in Figure 2d was enhanced, exceeding 500 m2 s−2, in northern 

Tohoku, (~40°N, ~141°E), north of Hokkaido (~46 − 49°N, ~140 − 145°E), and the Pacific Ocean (~35 − 43°N, ~147 −225 

152°E). These enhanced storm-relative helicity regions were located near the three regions of possible deep convection 

identified from Himawari-9, although their locations did not coincide exactly.  

 Taken together, the Himawari-9 observations and WRF simulation indicate that the three regions of possible deep 

convection were associated with the wintertime frontal system over and around Hokkaido, Tohoku, and the Pacific Ocean. 

These possible convective regions were characterized by relatively low CAPE and high storm-relative helicity, consistent with 230 

the low-CAPE, high-shear environments reported for cold-season convection in previous meteorological studies (Burke and 
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Schultz, 2004; Celiński-Mysław and Matuszko, 2014; Celiński-Mysław et al., 2020; Sherburn and Parker, 2014; Sherburn et 

al., 2016). These meteorological characteristics persisted throughout 24 January 2024.  

3.2 Stratospheric and mesospheric GWs over the Korean Peninsula, northeast China, Khabarovsk Krai in Russia, 

and Japan during the winter storm 235 

 This section presents GWs observed by AIRS and AWE and describes their spatial structures. 

3.2.1 Stratospheric GWs observed by AIRS 

 Figure 3 shows 4-𝛍m brightness-temperature perturbations at ~35 km at 04:34–04:42 UT (Figure 3a) and 18:07–

18:15 UT (Figure 3b). Semi-concentric GWs appeared over the Korean Peninsula, northeast China, Khabarovsk Krai, and 

Japan at 04:34–04:42 UT (Figure 3a). These semi-concentric structures are consistent with the characteristics of convectively 240 

generated GWs observed during the warm season (Yue et al., 2009; Vadas et al., 2012; Nyassor et al., 2022). Their apparent 

epicenter was located near (~47°N, ~148°E), close to the region of possible deep convection northeast of Hokkaido 

identified by Himawari-9 (Figure 1). Semi-concentric GWs also appeared at 18:07–18:15 UT, with an apparent epicenter 

located at (~43°N, ~145°E) (Figure 3b). The similarity of the structures observed at ~05 and ~18 UT suggests repeated GW 

activity associated with deep convection over the region north of Hokkaido (~43 − 48°N, ~144 − 151°E). Figure 4 shows 245 

2-D Lomb-Scargle spectra of the brightness-temperature perturbations. Both spectra show dominant peaks with horizontal 

wavelengths of ~400–650 km and azimuth angles of ~250–270°. It should be noted that, although the 2-D spectral analysis 

has a 180° ambiguity, we infer westward propagation from the wave morphology, particularly the dominance of the western 

portion of the semi-concentric wave pattern. Table 1 summarizes the first and second peaks.  
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 250 

Figure 3. 4-𝜇m brightness-temperature perturbations at ~35 km at 04:34–04:42 UT (a) and at 18:07–18:15 UT (b).  
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Figure 4. 2-D Lomb-Scargle spectra of the 4-μm brightness-temperature perturbations at ~35 km at 04:34–04:42 UT (a) and 

at 18:07–18:15 UT (b). White dashed lines denote 0.001 [km-1] intervals. 255 
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Time 04:34–04:42 18:07–18:15 

 
1st peak 2nd peak 1st peak 2nd peak 

Azimuth angle [°] 256 (248–264) 266 (260–272) 270 (261–279) 262 (255–270) 

Horizontal 

wavelength [km] 

498 (394–680) 426 (358–488) 648 (510–851) 385 (330–451) 

Table 1. 1st and 2nd peaks of the Lomb-Scargle spectra in AIRS. Values in parentheses indicate the parameter ranges 

corresponding to the full width at half maximum of each spectral peak. Azimuth angles are measured clockwise from north. 260 

 

At ~05 UT, the WRF simulation reproduced prominent GW structures propagating westward from the region north of 

Hokkaido (~140–150°E, 43–48°N), broadly consistent with the spatial scales and propagation direction observed by AIRS 

(Figure 3a and 5a, b). The simulated GWs propagated westward from the region north of Hokkaido between 00 and 19 UT 

(Movie 1 and Movie 2 in the supplement). By ~18 UT, however, the simulated amplitudes had substantially decreased, and 265 

the wave structures became less distinct, unlike the pronounced GWs observed by AIRS at ~18 UT.  
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Figure 5. Temperature and vertical wind perturbations of GWs with horizontal wavelengths of 80–750 km. These values were 

vertically averaged with the AIRS 4 𝜇m kernel function. Note that the kernel weights were set to zero above the model top 270 

(~47 km). 
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 Figure 6 shows longitude-vertical cross-sections of AIRS 3-D retrieved temperature perturbations. The retrieved 

temperature perturbations exhibit clear phase tilts with altitude. The phase tilts are consistent with upward energy propagation 

for the inferred westward propagation direction. The GWs had zonal wavelengths of ~3–8° (~230–600 km) and vertical 275 

wavelengths of ~25–30 km at both times. 

 

 

Figure 6. Longitude-vertical cross-sections of AIRS 3-D retrieved temperature perturbations. To suppress noise and clarify the 

westward-propagating GWs with horizontal wavelengths of ~400–650 km, a low-pass filter with a longitudinal cutoff 280 

wavelength of 3° (~230 km) was applied. 

 

 In summary, AIRS captured semi-concentric GWs with horizontal wavelengths of ~400–650 km and vertical 

wavelengths of ~25–30 km over the Korean Peninsula, northeastern China, Khabarovsk Krai in Russia, and Japan at ~05 and 

~18 UT. Their phase structures indicate westward and upward propagation. The apparent epicenters of these GWs were located 285 

near the region north of Hokkaido (~47°N, ~148°E) at ~05 UT and (~43°N, ~145°E) at ~18 UT, where Himawari-9 indicated 

possible deep convection. These GW characteristics were reproduced in the WRF simulation as well, although the simulated 

amplitudes became less distinct at ~18 UT, unlike the pronounced GWs observed by AIRS. 

3.2.2 Mesospheric GWs in the OH airglow layer observed by AWE 

 During the interval between the AIRS overpasses at ~05 and ~18 UT, AWE also observed GWs in the OH airglow 290 

layer (~87 km) over the same region.  

 Figure 7 shows relative radiance perturbations of the Q1(1) emission line (Figure 7a) and temperature perturbations 

(Figure 7b) at 11:47 UT. Figure 7c shows the cloud-presence probability estimated using a machine-learning method 

provided by Utah State University. Semi-concentric GWs appeared in both the emission and temperature perturbations over 

northeastern China and Khabarovsk Krai (~43 − 50°N, ~126 − 138°E). Although some portions of the wave pattern 295 
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overlapped regions with cloud-presence probabilities exceeding 50%, coherent phase lines extended into adjacent regions 

where the cloud-presence probability was low, including near (~48°N, ~131°E). The continuity of these phase lines into 

regions with low cloud-presence probability, together with their presence in both the Q1(1) radiance and temperature 

perturbations, supports their interpretation as GWs rather than cloud-reflection artifacts. Their apparent epicenter was also 

located north of Hokkaido, close to the possible deep convection region, and the GWs appeared to propagate westward. 300 

These characteristics are consistent with the stratospheric GWs. Figure 8 shows 2-D Lomb-Scargle spectra of the relative 

radiance perturbations and temperature perturbations. Because the 2-D spectra have a 180° directional ambiguity, we 

interpret the dominant wavevectors as westward-propagating based on the semi-concentric morphology and the location of 

the apparent epicenter. Both spectra roughly exhibit two large power areas around (~−1.3 × 10−3, ~0) cycle km-1, 

corresponding to ~750 km, and (~−2.5–−2.7 × 10−3, ~0.0–−1.2 × 10−3) cycle km-1, corresponding to 300–400 km. Wave 305 

structures with horizontal wavelengths of ~300 − 400 km are clearly visible in Figure 7, whereas structures with 

wavelengths longer than ~600 km are less distinct. The temperature spectrum additionally exhibits a local peak near 

(~−0.7 × 10−3, ~1.6 × 10−3) cycle km-1 that is not apparent in the Q1(1) radiance spectrum. This additional peak might be 

attributed to cloud contamination and is therefore not considered further in this study. 

 310 

Figure 7. (a) Relative radiance perturbations of the Q1(1) emission line and (b) temperature perturbations at 11:47 UT. The 

stars indicate the GW apparent epicenter. (c) Cloud-presence probability estimated using a machine-learning method provided 

by Utah State University.  
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Figure 8. 2-D Lomb-Scargle power spectra for relative radiance perturbations of the Q1(1) emission line (a) and the temperature 

perturbations (b) at 11:47 UT. White dashed lines denote 0.001 [km-1] intervals. 315 

 

AWE also captured semi-concentric GWs over the Korean Peninsula and the Pacific Ocean during the next orbit at 13:20 UT 

(Figure 9). The semi-concentric GWs appeared to expand outward from northern Tohoku (~140°E, ~39°N), close to the 

possible region of deep convection identified by Himawari-9 (see Figure 1). The semi-concentric morphology is consistent 

with waves extending westward toward the Korean Peninsula, toward southwestern Japan, and southward over the Pacific 320 

Ocean. To minimize potential cloud contamination, we therefore restricted the spectral analysis to the Korean Peninsula in 

Figures 10(a,b), where the cloud-presence probability was relatively low (Figure 10c). The spectra of both the relative Q1(1) 

radiance and temperature perturbations showed a large value around (~−2.4 × 10−3, ~−1.0–+0.3 × 10−3) cycle km-1 in 

Figure 11. It should be noted that we assume westward propagation based on the observed morphology. Table 2 summarizes 

the local peaks of each spectrum.  325 
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Figure 9. (a) Relative radiance perturbations of the Q1(1) emission line and (b) temperature perturbations at ~13 UT. The stars 

denote the GW apparent epicenter. (c) Cloud-presence probability estimated using a machine-learning method provided by 

Utah State University.  

 

 330 

Figure 10. Same as Figure 9, but enlarged over the Korean Peninsula.  
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Figure 11. The same as Figure 8, but at 13:20 UT. White dashed lines denote 0.001 [km-1] intervals. 

 

 335 

Table 2. 1st and 2nd peaks of the Lomb-Scargle spectra in AWE. Values in parentheses indicate the parameter ranges 

corresponding to the full width at half maximum of each spectral peak. Azimuth angles are measured clockwise from north. 

 

 

Time 11:47 13:20 

 
1st peak 

(Q1(1) line) 

2nd peak 

(Q1(1) line) 

1st peak 

(Temperature) 

2nd peak 

(Temperature ) 

1st peak  

(Q1(1) line ) 

2nd peak 

(Q1(1) line ) 

1st peak 

(Temperature) 

2nd peak 

(Temperature ) 

Azimuth 

angle [°] 

270  

(251–306) 

244  

(240–287) 

270  

(252–287) 

270  

(257–283) 

248  

(211–262) 

262  

(249–277) 

278  

(264–292) 

262  

(249–277) 

Horizontal 

wavelength 
[km] 

748  

(556–1113) 
360  

(319–460) 

751  

(549–906) 

376  

(320–457) 

394 (334–

487) 

423 (354–

516) 

420  

(352–526) 

420  

(352–526) 
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 In summary, AWE observed semi-concentric GWs in both Q1(1) radiance and temperature perturbations at ~12 and 340 

~13 UT. At ~12 UT, the two quantities exhibited consistent spectral peaks at horizontal wavelengths of ~750 and ~370 km, 

although GWs with horizontal wavelengths of ~750 km were invisible in the perturbations. At ~13 UT, the dominant 

wavelengths over the Korean Peninsula were ~390–420 km. The semi-concentric morphology and spectral orientations were 

generally consistent with a substantial westward component. These horizontal scales and morphology are consistent with those 

of the stratospheric GWs observed by AIRS before and after the AWE observations. The apparent epicenter of the GWs at ~12 345 

UT was located north of Hokkaido, consistent with the apparent epicenter of the GWs observed by AIRS, whereas that at ~13 

UT was located near northern Tohoku. 

3.3 Propagation paths of the observed GWs and their potential sources 

 This section assesses the propagation paths of the observed GWs with the ray-tracing method and investigates their 

potential sources by combining the observations and WRF simulation. Although Section 3.2 shows the two stratospheric GW 350 

packets and the two mesospheric GW packets, this section focuses on the stratospheric GW packet at ~05 UT and the 

mesospheric GW packet at ~12 UT because their propagation paths and source regions are more clearly constrained than 

those of the other two packets. The ray-tracing method indicated that these two focused GW packets could have propagated 

directly from the vicinity of the possible deep convection region, i.e., north of Hokkaido (~47°N, 140–150°E). As for the 

remaining stratospheric GW packet at ~18 UT, the ray-tracing method indicates that it could also have been generated by 355 

deep convection (not shown), although the WRF simulation poorly reproduced both the GWs and convection. The remaining 

mesospheric GW packet at ~13 UT may also have been generated by deep convection, although its inferred source has 

greater uncertainty (not shown).  

3.3.1 Backward propagation paths of the stratospheric GWs observed by AIRS and their potential sources 

 Figure 12 shows the ray paths of the GWs observed by AIRS at ~05 UT. The initial horizontal wavelengths were set 360 

to the 1st spectral peak obtained from the Lomb-Scargle analysis (see Table 1 and Figure 4a), and the background conditions 

were sampled along these paths. The initial vertical wavelength was set to 25 km based on their vertical structures in Figure  

6a. The initial height was assumed to be 35 km, corresponding to the peak altitude of the AIRS kernel, and the initial horizontal 

locations were set at six points: (135°E, 44, 46, 48°N) and (138°E, 44, 46, 48°N), where the GW amplitude peaked in Figure 

3a. The corresponding results using the second spectral peak from the Lomb-Scargle analysis are shown in Figure A2 in the 365 

Appendix and are very similar to those obtained using the first spectral peak. The backward rays reached the lower troposphere 

within (139 − 143°E, 45 − 49°N), suggesting this region as a possible source area, although it is longitudinally displaced 

from the apparent epicenter by 5 − 9°. This discrepancy may be attributed to background-wind effects, whereby the semi-

concentric structures were swept eastward by the background stratospheric winds (Vadas et al., 2009). Alternatively, it may 
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be due to uncertainties in the ray-tracing method associated with the initial location, spectral parameters, and background 370 

atmospheric conditions. 

Figure 12. Backward ray paths of the GWs observed by AIRS at ~05 UT. (a) Backward ray paths. Colors represent height. (b) 

Propagation time. (c) Vertical wavelength. (d) Zonal wind. (e) Meridional wind. (f) Squared buoyancy frequency. Triangles 

and circles denote start and end points, respectively. The line colors in (b-f) correspond to the start points. 

 375 

 Because the ray-tracing results suggest that the stratospheric GWs were generated after ~01 UT (see Figure 12b), we 

investigated temperature and vertical-wind perturbations between 01 and 03 UT in the WRF simulation north of Hokkaido. 

Figure 13 shows a longitude-height cross-section of GW temperature (Figure 13c) and GW vertical-wind perturbations (Figure 

13d) with horizontal wavelengths of 80–750 km along 47°N at 02 UT in the WRF simulation. Positive vertical-wind 

perturbations in the troposphere, indicative of convection, were enhanced around (142 − 145°E), overlapping the source 380 

region inferred from the backward ray analysis and the potential deep convection region identified by Himawari-9 (see Figure 

1a). Coherent phase lines extended upward and westward from the convection at (142 − 145°E). Enhanced temperature 

perturbations were also seen around (~130 − 145°E, ~20 − 40 km), corresponding to both the region of enhanced vertical-

wind perturbations in the WRF simulation and the region of enhanced GW temperature perturbations observed by AIRS 

(Figure 3a), although the phase lines of the temperature perturbations were unclear below ~20 km. Interestingly, a frontal 385 
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structure was also evident around (141 − 147°E), where convection was enhanced. The location of this front is consistent 

with that in Figure 2a. These features appeared continuously between ~00 and ~12 UT (see Movie 3 and Movie 4 in the 

supplement). Therefore, the GWs observed by AIRS at ~05 UT were most likely generated by deep convection within the cold 

front north of Hokkaido.  

 Although the apparent epicenter, ray-traced source region, and simulated convective source do not coincide pointwise, 390 

they are regionally consistent in locating the GW source north of Hokkaido, where Himawari-9 suggested that deep convection 

may have occurred. We interpret this regional agreement, rather than exact spatial coincidence, as evidence supporting a 

common convective source. 
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Figure 13. Longitude-height cross-section of the temperature (a), zonal wind (b), GW temperature perturbations, (c), and GW 395 

vertical wind perturbations (d), respectively, along 47°N at 02 UT in the WRF simulation. The white lines in (b) denote 0 m s-

1. Shaded areas denote the sponge layers 

3.3.2 Forward propagation paths of the stratospheric GWs observed by AIRS and their breaking location 

 To investigate the potential saturation and breaking altitudes of the stratospheric GWs observed at ~05 UT, we 

conducted forward ray-tracing (Figure 14). The initial input amplitude was ~13 K, which was estimated from the observed 400 

amplitude (~0.5 K) divided by the response rate (~4%) for 𝜆𝑧 = 25 km. The forward ray-tracing results suggest that the GW 

packet propagated west-southwestward and, above an altitude of ~68 km, satisfied the criteria for both shear and convective 

instability, as its vertical wavelength decreased with decreasing background zonal wind at that altitude over Primorsky Krai, 

Russia (~133–136°E, 43–47°N), at ~06 UT. The GW packet then propagated a few degrees further westward, reached ~87 km, 

corresponding to the OH layer, at ~07 UT, and encountered its critical level at ~92 km at ~08 UT near the border between 405 

China and Russia (~130–133°E, 42–46°N). Thus, these stratospheric GWs could have passed through the OH layer at ~07 UT 

after becoming saturated, although AWE did not pass over this region at that time. This forward ray-tracing is not intended to 

demonstrate that the AIRS-observed packet corresponds to the GWs subsequently observed by AWE, but rather to assess 

whether GWs with the observed wave characteristics could reach the OH layer altitude during this winter storm. Furthermore, 

the predicted instability above ~68 km suggests that secondary GW generation below the OH layer cannot be excluded.  410 
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Figure 14. Forward ray paths of the GWs observed by AIRS at ~05 UT. (a) Forward ray paths. Colors represent height. (b) 

Propagation time. (c) Vertical wavelength. (d) Zonal wind. (e) Meridional wind. (f) Squared buoyancy frequency. Triangles 

and circles denote start and end points, respectively. Crosses and diamonds denote the lowest altitudes where GWs potentially 

met shear and convective instabilities, respectively. The line colors in (b-f) correspond to the start points. 415 

3.3.3 Propagation paths of the mesospheric GWs observed by AWE and their potential sources 

 We also conducted backward ray tracing for the mesospheric GWs observed by AWE at ~12 UT. The initial 

positions were set at four locations: (131°E, 49°N), (132°E, 45°N), (134°E, 49°N), and (135°E, 45°N), with an altitude 

of 87 km. Because AWE does not provide direct information on vertical wavelengths but is sensitive primarily to GWs with 

vertical wavelengths longer than ~10 km, we tested vertical wavelengths of 10, 20, and 30 km. Figure 15 shows one example 420 

for GWs with 𝜆𝐻 = 360 km, corresponding to the second spectral peak in the Q1(1) radiance, and 𝜆𝑧 = 10 km. Because 

GWs with 𝜆𝐻 = 360 km are clearly visible in Figure 7, we focus on this case here. Results for the other parameters, 

including the first spectral peak (𝜆𝐻 = 748 km), are shown in Figure A3 in the Appendix. The ray-tracing results in Figure 
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15 suggest that the GWs could have originated in the troposphere at (~138 − 143°E, ~49 − 53°N, ) if they were generated 

in the troposphere. In particular, rays initialized at (135°E, 45°N) reached locations near the apparent epicenter (~142°E,425 

~48°N) at ~07 UT, in the broader region north of Hokkaido where Himawari-9 (Figure 1)  and WRF indicated convection 

(Figure 13 and movies 3 and 4). GWs with the other parameter combinations could also have propagated from the 

troposphere north of Hokkaido, although their termination points vary in (136 − 149°E, 44 − 53°N) with the initial 

parameters, and the termination times vary from ~2 to ~10 UT (Figure A3). Therefore, like the stratospheric GWs, the 

mesospheric GWs were likely generated by deep convection within the front and could have propagated directly from the 430 

troposphere to the OH airglow layer. However, we cannot exclude the possibility of the secondary GW mechanism. The 

GWs observed by AWE likely propagated at ~70–80 km around (~135 − 139°E, ~47 − 51°N) at ~09–10 UT, while the 

forward ray tracing in Section 3.3.2 suggested that the observed stratospheric GWs were saturated at altitudes of ~70–80 km 

around (~133 − 137°E, ~43 − 47°N) at ~06–07 UT (compare Figures 14 and 15); that is, the two propagation paths 

overlapped at altitudes of ~70–80 km near (~135 − 137°E, ~47°N). Although their passage through this region was 435 

separated by  ~2 hours, GW saturation may have occurred repeatedly because the WRF simulation indicated that GWs were 

continuously emitted by deep convection and propagated into the stratosphere.  
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Figure 15. Backward ray paths of the GWs observed by AWE at ~12 UT. (a) Backward ray paths. Colors represent height. 440 

The star denotes the GW apparent epicenter. (b) Propagation time. (c) Vertical wavelength. (d) Zonal wind along the ray path. 

(e) Meridional wind. (f) Squared buoyancy frequency. Triangles and circles denote start and end points, respectively. The line 

colors in (b-f) correspond to the start points. 

 

4 Discussion 445 

 The results presented in Section 3 indicate that the stratospheric GWs were most likely generated by deep convection 

within the cold front. The backward ray tracing also suggested that the mesospheric GWs could have originated from the same 

deep convection region and propagated directly to the OH layer altitude. The GWs were likely saturated above ~68 km and 

created local body force, which generated semi-concentric secondary GWs, during their upward propagation. Vadas and 

Azeem (2021) and Kogure et al. (2026) cautioned that concentric GWs in the mesosphere and thermosphere in the vicinity of 450 

deep convection can be misidentified as primary GWs directly generated by the convection. In those studies, turning levels of 
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the observed GWs were identified in the mesosphere or lower thermosphere and provided evidence supporting a secondary-

GW interpretation. In the present winter-storm event, however, we did not identify a turning level for the mesospheric GWs 

observed by AWE. It should be noted that the absence of an identified turning level does not rule out secondary GW generation. 

Heale et al. (2022) simulated primary convectively generated GWs and secondary GWs with an idealized numerical model. In 455 

their simulation, primary GWs broke over the altitude range of 65–140 km, and both primary and secondary GWs coexisted 

above that wave-breaking altitude. Heale et al. (2022) noted that clearly separating primary from secondary GWs was difficult 

even in their relatively idealized simulation. Therefore, we do not further attempt to determine whether the mesospheric GWs 

observed by AWE were primary GWs, secondary GWs, or a superposition of both. Nevertheless, the combined observational, 

modeling, and ray-tracing results suggest that the ultimate tropospheric source of the mesospheric wave activity was most 460 

likely deep convection within the cold front, irrespective of whether the mesospheric GWs observed by AWE were primary 

or secondary.  

 Finally, GW generation associated with fronts and extratropical cyclones is not limited to convection; other 

mechanisms include flow over orography (i.e., mountain wave generation) (Pulido et al., 2013; Menchaca and Durran, 2017; 

Kogure et al., 2020; Becker et al., 2025) and spontaneous adjustment (Plougonven and Zhang, 2014; Kogure et al., 2023). In 465 

the stratosphere, GWs generated by these two mechanisms may often be distinguishable from convectively generated GWs 

based on their horizontal morphology because they do not necessarily exhibit concentric wavefronts. However, these two types 

of GWs may become saturated or break at higher altitudes and subsequently induce a local body force, generating secondary 

GWs that can exhibit concentric wavefronts. It can be challenging to identify their original wave source. Therefore, both 

tropospheric convective activity and the morphology of stratospheric GWs should be examined to reduce the risk of 470 

misidentifying the original sources of mesospheric GWs associated with fronts and extratropical cyclones. It should be noted 

that the WRF simulation clearly indicated that the GWs during this winter storm were generated by deep convection within 

the cold front (see Figure 13), supporting convection as the most likely original source.  

5 Conclusion 

 This study investigated GWs associated with convection during the East Asian winter storm of 24 January 2024. 475 

Himawari-9 observations indicated deep convection north of Hokkaido (~144 − 151°E, ~43 − 48°N), and the convection-

permitting WRF simulation reproduced convection within a cold front under low-CAPE conditions with strong wind shear 

typical of wintertime frontal convection. AIRS observed semi-concentric GWs with horizontal wavelengths of several 

hundred kilometers in the stratosphere at ~05 UT, and AWE observed GWs with similar horizontal scales in the mesosphere 

at ~12 UT. The WRF simulation reproduced stratospheric GWs similar to those observed by AIRS between 0 and 12 UT and 480 

linked their generation to deep convection within the cold front north of Hokkaido (~142 − 145°E, ~47°N). The convective 

region identified by Himawari-9, the simulated GW source, and the source region inferred from backward ray tracing did not 

coincide pointwise but were regionally consistent, with all three located north of Hokkaido. Separately, forward ray tracing 

indicated that the stratospheric GWs observed by AIRS could have crossed the OH airglow layer at ~07 UT after possibly 
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becoming saturated above ~68 km, during a gap in AWE coverage over East Asia. Backward ray tracing of the mesospheric 485 

GW packet observed by AWE suggested that the GWs originated from the convective region north of Hokkaido (136 −

149°E, 44 − 53°N) at ~02–10 UT. Together, these results provide event-resolved evidence linking the stratospheric and 

mesospheric GWs to wintertime convection within the cold front. 

 Previous event-resolved observations of convection-generated mesospheric GWs have focused mainly on tropical 

and warm-season midlatitude convection. By comparison, evidence for wintertime midlatitude events has come largely from 490 

statistical observational studies showing enhanced GW activity over the storm-track regions (Ern et al., 2011; Song et al., 

2021; Kogure et al., 2025b), and some of these studies suggested that the enhanced activity was attributable to convection 

within extratropical cyclones. However, statistical analyses cannot fully separate the contribution of convection from the 

contributions of other factors. The present results complement these statistical and climatological findings by providing 

event-resolved evidence that convection occurring within a midlatitude wintertime cold front can contribute to GW activity 495 

in the upper mesosphere. Several limitations of this work should be noted. The WRF simulation reproduced the GWs only 

up to ~47 km, and AIRS and AWE did not continuously observe their propagation between the stratosphere and mesosphere. 

The inferred source connection with the mesospheric GWs therefore depends partly on ray tracing and its assumptions 

regarding the background atmosphere. The ray tracing results varied with the initial wave parameters, with termination 

points differing by a few to several degrees. However, some of them reached close to the potential deep convection region, 500 

and all ray paths reached the troposphere. Although this paper cannot identify whether mesospheric GWs were primary, 

secondary GWs, or a superposition of both, their original sources in the troposphere were most likely deep convection. 

 Our results demonstrate the value of combining observations, convection-permitting simulations, and ray tracing to 

identify the sources and propagation paths of stratospheric and mesospheric GWs. More broadly, they suggest that 

wintertime frontal convection in extratropical storm-track regions can act as an original source of GWs reaching the upper 505 

mesosphere. 
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Appendix. 

Figure A1. Domains 1 and 2 for the WRF simulation. They consisted of 800 × 600 and 802 × 601 grid points, with horizontal 

resolutions of 9 and 3 km, respectively. 510 
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Figure A2. Backward ray paths of the GWs observed by AIRS at ~05 UT. (a) Backward ray paths. Colors represent height. 

(b) Propagation time. The line colors in (b) correspond to the start points. Triangles and circles denote start and end points, 

respectively.  515 
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Figure A3. Backward ray paths of the GWs observed by AWE at ~12 UT. (a, c, e, g, i) Backward ray paths. Colors represent 

height. (b, d, f, h, j) Propagation time. The line colors correspond to the start points. 
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Code and data availability 520 

AIRS data are provided by Forschungszentrum Jülich (Hoffmann, 2021): https://datapub.fz-

juelich.de/slcs/airs/gravity_waves/index.html.  JAWARA data are provided by the University of Tokyo (Sato and Koshin, 

2025; Koshin et al., 2025): https://jawara.nipr.ac.jp/home. Our ray-tracing Python code (Kogure, 2025a) can be accessed via 

the following GitHub repository: https://github.com/masaru-kogure/raytracing. AWE data are provided by Utah State 

University (Scherliess, 2025): https://awe.physics.usu.edu/data/download/. The WRF model code is provided by Skamarock 525 

et al. (2019): https://github.com/wrf-model/WRF. 
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