


et al., 2020; Plougonven et al., 2008; Sato et al., 2012; Vadas & Becker, 2019; Walterscheid et al., 2016;

Watanabe et al., 2006), tropospheric jets and fronts (O’Sullivan & Dunkerton, 1995; Plougonven & Zhang, 2014;

Vadas & Fritts, 2001; Zhang, 2004; Zülicke & Peters, 2006), and spontaneous emission from the stratospheric

polar vortex (Becker, Vadas, et al., 2022; Chen et al., 2013; Sato & Yoshiki, 2008; Shibuya et al., 2017; Vadas,

Becker, Bossert, et al., 2023; Yoshiki & Sato, 2000; Yoshiki et al., 2004). Most of these primary GWs break in the

stratosphere and mesosphere due to dynamic instability induced by the background winds and the approximate

exponential growth with height z of the GW amplitudes (e.g., Fritts & Alexander, 2003).

In addition to generating GWs, the polar vortex jet can also amplify westward‐propagating GWs from below via

kinetic energy transfer from the mean flow to the GWs in regions of eastward vertical wind shear (Becker, Vadas,

et al., 2022). Slow intrinsic westward‐propagating GWs such as mountain waves (MWs) have increased vertical

wavelengths λzwhen they propagate through the polar vortex jet, since |λz| is proportional to the background wind

for these GWs. The increased |λz| increases their stability and delays their breaking until they reach

z ∼ 50 − 70 km, which is at or above the polar vortex jet maximum (e.g., Vadas & Becker, 2019; Vadas, Becker,

Bossert, et al., 2023).

Upon breaking, small‐scale secondary GWs are generated from nonlinear processes (e.g., Achatz, 2007; Chun &

Kim, 2008; Fritts et al., 2013; Heale et al., 2022; Li et al., 2005; Lund & Fritts, 2012; Mixa et al., 2021; Snively &

Pasko, 2003). The accompanyingmomentum and energy deposition changes thewind and temperature structure of

the atmosphere (Holton, 1983). Because the small‐scale, nonlinearly generated secondary GWs typically have

small horizontal phase speeds (<50 m/s), they often do not propagate very far before being reabsorbed by the

atmosphere (oftenwithin the horizontal extent of the breakingwave packet), and therefore can be loosely thought of

as being part of the transition to smaller horizontal and vertical scales and the cascade to turbulence. However, they

can transport significant momentum flux (e.g., Bossert et al., 2017; Fritts et al., 2002), and therefore can contribute

significantly to the deposition of momentum and energy where they are reabsorbed. In this paper, we define small,

medium and large scales as λH < 100 km, 100 ≤ λH < 1,000 km, and 1,000 ≤ λH < 5,000 km, respectively.

Since the momentum and energy deposition that result from wave breaking is highly variable temporally and

spatially, the atmosphere becomes unbalanced and generates a different type of secondary GWs (Vadas

et al., 2003, 2018). These latter secondary GWs are upward and downward‐propagating, have concentric ring

structure, and have horizontal wavelengths ranging from a fraction of the primary GW horizontal wavelength to

several times the horizontal extent of the primary GW packet (e.g., Heale et al., 2022; Vadas & Becker, 2019;

Vadas & Liu, 2009, 2013), depending on whether or not there is constructive/destructive interference among

wave packets from different sources (Vadas & Becker, 2018; Vadas & Crowley, 2010). These latter secondary

GWs can propagate large distances (e.g., Vadas & Becker, 2019; Vadas & Liu, 2013), as was recently demon-

strated and verified observationally after the Hunga Tonga‐Hunga Ha'apai volcanic eruption on 15 January 2022

(Vadas, Becker, Figueiredo, et al., 2023; Vadas, Figueiredo, et al., 2023). This process repeats itself; the sec-

ondary GWs break/dissipate and deposit their momentum and energy, whereby the atmosphere responds to being

unbalanced by generating higher‐order GWs (Vadas & Becker, 2019).

The process discussed above by which the atmosphere generates secondary and higher‐order GWs is called

“multi‐step vertical coupling” (MSVC). At each step in this process, GW breaking/dissipation results in mo-

mentum and energy deposition, which unbalances the atmosphere; the atmosphere responds by generating up-

ward and downward‐propagating higher‐order GWs with concentric ring structure and with initially smaller

amplitudes than the primary GWs. The horizontal and vertical wavelengths of the higher‐order GWs depend

sensitively on the sources and complexity of the GW field, ranging from small scales (Kogure et al., 2020) to

medium scales (Vadas &Azeem, 2021; Vadas & Becker, 2019), to large scales (Vadas & Liu, 2009, 2013; Vadas,

Becker, Figueiredo, et al., 2023). In this paper, we use the terms secondary and higher‐order GWs interchangeably

to refer only to those GWs generated by the atmosphere's response to momentum and energy deposition from GW

breaking and/or from dissipation by molecular viscosity or ion drag in the thermosphere. It is important to note

that current GW parameterization schemes do not account for higher‐order GWs.

A recent paper examined the upward and downward‐propagating GWs within two “fishbone” structures observed

at z = 45 − 75 km on 12–14 January 2016 by the Rayleigh lidar at the Arctic Lidar Observatory for Middle

Atmosphere Research (ALOMAR) in Norway at 16.08°E, 69.38°N (Vadas, Becker, Bossert, et al., 2023)

(hereafter V23). (Here, a fishbone structure in an altitude‐time plot contains upward‐propagating GWs above a

central “knee” altitude, and downward‐propagating GWs below this knee altitude. Note that the downward and
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upward phase lines converge at the knee altitude, which is the altitude of the horizontally displaced local body

force (LBF)). Those GWs were propagating northwest and northward away from the polar vortex jet, and had

medium to large scales. That work simulated this event with the nudged HIAMCM, which simulates GWs

explicitly (Becker &Vadas, 2020; Becker, Goncharenko, et al., 2022; Becker, Vadas, et al., 2022). V23 found that

primary GWs were generated by the core of the polar vortex jet over Europe at 52–54°N at z ∼ 25 − 40 km and

dissipated at ∼35°E, ∼60°N and z ∼ 54 − 60 km. Here we define the “core” of the polar vortex jet as being the

region(s) where the wind is maximum in the stratospheric jet. (In this case, the wind in the polar vortex jet core

was maximum at z ∼ 50 km.) The resulting LBFs generated upward and downward‐propagating secondary GWs

that propagated horizontally and were subsequently observed by the ALOMAR lidar. Excellent agreement was

found between the simulated GWs and observations made by the Rayleigh lidar at ALOMAR and by the At-

mospheric InfraRed Sounder (AIRS). That work noted that the amplitudes of some of the secondary GWs ceased

growing exponentially at/above z ∼ 75 km (in both the model and observations) (Figures 8a and 8b of V23),

thereby suggesting that these secondary GWswere dissipating at/above z∼ 75 km. If so, higher‐order GWs would

have been generated at these altitudes.

The purpose of this paper is to determine the role that the entrance, core and exit regions of the polar vortex jet

have in generating/amplifying primary GWs which, through multiple dissipation/excitation cycles, generate

higher‐order GWs that then propagate in the winter thermosphere during 11–14 January 2016. Here we define the

“entrance” region where the wind is constricted into a smaller area of the jet core with increasing wind speed, and

the exit region where the air is expanding out of the core into a larger area with decreasing wind speed. During this

time, a global reanalysis study showed that the polar vortex was the strongest and coldest as during the previous

68 years (Matthias et al., 2016), which led to an unusual circulation in the mesosphere during January 2016

(Stober et al., 2017). These conditions were accompanied by large amplitudes of the stationary planetary wave in

the subtropical mesosphere (Matthias & Ern, 2018).

In this paper we simulate 11–14 January 2016 using the nudged HIAMCM. This model successfully simulated the

secondary GWs generated by the polar vortex jet (V23) and from the Hunga Tonga‐Hunga Ha'apai volcanic

eruption (Vadas, Becker, Figueiredo, et al., 2023; Vadas, Figueiredo, et al., 2023). Because the model does not

include geomagnetic forcing, all simulated GWs are generated from neutral atmospheric processes. We review

the nudged HIAMCM in Section 2. In Section 3, we compare the simulated results with lidar data at ALOMAR,

and we investigate the primary and higher‐order GWs generated/amplified by the entrance, core and exit regions

of the polar vortex jet from the ground to the thermosphere. Section 4 presents a comparison of the simulated GWs

with AIRS, VIIRS/DNB and meteor radar observations. Section 5 contains our conclusions and a discussion.

Appendix A shows a comparison of the HIAMCM temperatures with those measured by ACE‐FTS and SOFIE.

2. The HIAMCM

The HIAMCM is a high‐resolution, whole‐atmosphere model for the neutral dynamics (Becker &Vadas, 2020). It

employs a spectral dynamical core with a terrain‐following hybrid vertical coordinate, a correction for non‐

hydrostatic dynamics, and consistent thermodynamics in the thermosphere. This model utilizes a triangular

spectral truncation at wavenumber 256, corresponding to a horizontal grid spacing of ∼52 km. The current

version has an altitude‐dependent vertical resolution up to z ∼ 450 km, includes 280 levels, and has an effective

horizontal resolution of λH ≃ 200 km. Resolved GWs are dissipated predominantly by macro‐turbulent diffusion

at z < 200 km using a classical Smagorinsky‐type diffusion scheme (Becker & Vadas, 2020), and by molecular

diffusion at higher altitudes. Topography and a simple ocean model are fully taken into account, as well as

radiative transfer, boundary layer processes, and the tropospheric moisture cycle. The initial condition for this

HIAMCM run is from the free‐running HIAMCM in late December (Becker & Vadas, 2020). In order to simulate

observed events, the large scales of the HIAMCM (λH > 2,000 − 2,500 km) are then nudged from the ground to

z ∼ 70 km to NASA's Modern‐Era Retrospective analysis for Research and Applications, Version 2 (MERRA‐2)

reanalysis data (Gelaro et al., 2017). An adjustment period of 7–10 model days is necessary after the nudging is

turned on before using/analyzing the nudged HIAMCM data. The model data we use here is identical to that used

in V23, except that a simple ion drag parameterization has been added (described in Becker, Goncharenko,

et al. (2022)) that drives the auroral circulation from the dayside to the nightside over the poles in the thermo-

sphere (Forbes, 2007). Further details of the HIAMCM are given in Becker, Vadas, et al. (2022) and references

therein.
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3. Primary and Higher‐Order GWs From the Polar Vortex Jet

3.1. Comparison of Simulated and Observed GWs at ALOMAR

Figure 1a shows a keogram of the “exponentially scaled” temperature perturbations,

T′ e{−(z−40km)/H}0.12 , (1)

in the HIAMCM on 11–14 January at ALOMAR for GWs with λH ≤ 2,001 km (global wavenumbers ≥20). Here,

T is temperature, primes denote perturbations, z is in km andH = 7 km. We choose the power of the exponential,

p = 0.12, subjectively to visualize both the primary and higher‐order GWs with the same color scale. If a primary

GW propagates from z= 0 to 180 kmwith no dissipation, then because T′ ∝ ρ −1/2 ∝ exp(z/H)0.5 (Hines, 1960),

we would choose p= 0.5. However, because both the primary and secondary GWs dissipate (see below), we must

choose 0 < p < 0.5 in order to see the GWs from the stratosphere to the thermosphere. Note that our choice of p

does not create an artificial “zero” in the scaled temperature perturbations in Figure 1 because e{−(z−40km)/H}0.12 is a

monotonically decreasing function.

Figure 1. Keogram of the scaled temperature perturbations, T′[exp(−(z − 40)/7)]0.12 (colors, in K) on 11–14 January 2016,

where z is in km. (a) HIAMCM results at 15.7°E, 69.2°N for perturbations with λH < 2,001 km. (b) Raleigh lidar observations

at ALOMAR. All perturbations contain GWswith 1 < τr< 11 hr and |λz| ≥ 1 km. The colors are oversaturated to see the GWs.

The black rectangle in (a) shows the period containing the lidar data. The black arrows indicate the secondary GWs in events

#1 and #2 analyzed in V23. The pink and green arrows in (a) indicate where the secondary GWs in events #1 and #2,

respectively, dissipate.
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In the stratosphere, mesosphere and lower thermosphere, a “checkerboard” appearance is seen in T′ caused by the

constructive/destructive interference of upward and downward‐propagating GWs. The phase lines of the largest‐

amplitude GWs mainly go upward in time at z = 40–60 km, and mainly go downward in time at z = 60–100 km.

When the phase lines of GWs go upward and downward in time, the GWs propagate downward and upward in

time, respectively, if the background wind along the GW propagation direction, UH, is smaller than the GW

horizontal intrinsic phase speed cIH (e.g., Fritts & Alexander, 2003), (see also the text surrounding Equation 60 in

Vadas et al., 2018). We showed that this condition is met for these GWs in V23; thus the largest‐amplitude GWs

in Figure 1a mainly propagate downward at z= 40–60 km, and mainly propagate upward at z= 60–110 km. These

GWs are the secondary GWs generated at z ∼ 60 km.

The simulated GWs in the stratosphere and mesosphere have T′ ∼ 5− 20 K, periods of τr ∼ 4− 10 hr and vertical

wavelengths of |λz| ∼ 10 − 20 km. The black arrows indicate some of the lower‐frequency GWs in events #1 and

#2 that were previously identified as secondary GWs from the polar vortex jet which propagated to ALOMAR

(V23). Note that the secondary GWs generated by a single LBF contain a broad spectrum of slow to fast upward

and downward‐propagating GWs with a broad range of horizontal and vertical wavelengths. At a given time and

horizontal distance from a LBL, those secondary GWs with larger intrinsic frequencies ωIr and faster vertical

group velocities (having larger ascent angles from the horizontal and larger |λz|) reach higher altitudes than those

secondary GWs with smaller ωIr and slower vertical group velocities (having smaller ascent angles and smaller |

λz|). This results in the characteristic “fishbone” structure seen in Figure 1a (V23). The source location of the

secondary GWs in event #1 was found to be ∼1,400 km southeast of ALOMAR at ∼35°E, ∼60°N and

z ∼ 54 − 60 km in that work. Figure 1b shows the corresponding keogram from the available Rayleigh lidar

observations at ALOMAR. Upward and downward‐propagating GWs with T′, τr, and |λz| similar to Figure 1a are

seen, thereby providing good validation of the secondary GWs simulated by the model. Typical secondary GW

amplitudes are T′ ∼ 6 × exp((70 − 40)/7)0.12 ≃ 10 K at z = 70 km (where we have substituted z = 70 km into

Equation 1) and T′ ∼ 10 × exp((100− 40)/7)0.12 ≃ 30 K at z= 100 km. Note that the primaryGWs from the polar

vortex jet simulated by the model were validated with AIRS data (see Figure 9 of V23). The amplitudes of the

higher‐frequency secondary GWs in events #1 and 2 in Figure 1a become quite small at z ∼ 90− 100 km because

the GWs dissipate there; these GWs are indicated by pink and green arrows, respectively.

At z > 100 − 110 km, the phase lines are much steeper in Figure 1a due to the GWs having larger |λz| and smaller

τr. For example, the GWs at z = 180 km have λz ∼ 100 − 200 km and τr ∼ 1 − 4 hr, with T′ ≃ (3–5) × exp

((180 − 40)/7)0.12 K ≃ (30 − 55) K. Because a GW's τr does not change in altitude unless the background wind

varies rapidly in time (Lighthill, 1978; Senf & Achatz, 2011), the dramatic decrease in τr from z ∼ 90 to

z ∼ 110 km shows that the GWs at z ∼ 110 km are different than those at z = 90 km. The dramatic decrease in τr
over such a short vertical distance raises the possibility that the thermospheric GWs may be higher‐order GWs,

rather than fast secondary GWs that propagate through the strong wind in the MLT without breaking.

Figure 2 shows the corresponding keograms for the scaled horizontal wind perturbations,

u′ e{−(z−40km)/H}0.12 , v′ e{−(z−40km)/H}0.12 , (2)

where u′ and v′ are the zonal and meridional velocity perturbations (of the air/fluid). Upward and downward‐

propagating GWs with τr and λz similar to Figure 1 are seen. Good agreement is seen between the simulated

and observed GWs during the overlap periods, especially at z ∼ 40 − 70 km. Notable differences occur above

70 km, which may be due to the fact that the large‐scale wind in the HIAMCM is only weakly nudged above

40 km and is not nudged above 70 km, thereby causing the large‐scale winds, and hence the simulated GWs, to

differ from the real atmosphere at z > 70 km. At z = 180 km, u′, v′ ≃ (2–4) × exp((180 − 40)/7)0.12 m/

s ≃ (20 − 45) m/s (where we have substituted z= 180 km into Equation 2). We note that GWs with upward phase

lines in time often occur at 110 km < z < 140 km and sometimes occur at 140 km < z < 180 km (e.g., at 12.6 − 13

January at z∼ 120− 180 km) in Figures 1 and 2. Some of these GWsmay be downward‐propagating GWs that are

generated by LBFs created by the dissipation of upward‐propagating higher‐order GWs in the thermosphere.
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3.2. Primary and Higher‐Order Medium to Large‐Scale GWs

3.2.1. Role of the Wind Shear, and Latitudinal Spreading of Higher‐Order GWs

Figure 3a shows T′(ρ/ρ0)0.12 as a function of latitude and z at 15.7°E (the longitude of ALOMAR) from the

HIAMCM at 12 UT on 13 January during event #1. MWs generated by orographic forcing over the Alps occur at

40 − 50°N (gray arrow), and primary “X‐structure” GWs generated in the shear in the core of the polar vortex jet

occur at 48 − 55°N (black arrow), as was shown in V23. (Here, an X‐structure shows upward‐northward and

upward‐southward propagating GWs above the generation altitude and downward‐northward and downward‐

Figure 2. (a and b) Keogram of u′[exp(−(z − 40)/7)]0.12 (colors, in m/s) on 11–14 January 2016, where z is in km.

(a) HIAMCM results at 15.7°E, 69.2°N for GWs with λH < 2,001 km. (b) Raleigh lidar observations at ALOMAR. (c and d)

Same as (a and b) but for v′[exp(−(z − 40)/7)]0.12. All perturbations contain GWs with 1 < τr < 11 hr and |λz| ≥ 1 km. The

colors are oversaturated to see the GWs. The black rectangles in (a, c) show the period containing the lidar data.
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southward propagating GWs below the generation altitude in a latitude‐altitude plot, as was discussed in V23.)

That work showed that X‐structure GWs are generated by the zonal wind shear at the equatorward edge of the

polar vortex jet beneath the altitude where the jet speed is maximum. This location is confirmed by the green

contour showing U = 100 m/ s in Figure 3a (see also Figure 3c). In this paper, we define the background zonal

and meridional wind, U and V, as containing all waves from the HIAMCMwith total horizontal wavenumber <9

Figure 3. HIAMCM results as a function of latitude and z at 15.7°E at 12 UT on 13 January 2016. (a) T′(ρ/ρ0)0.12 (color, in
K) for GWs with λH < 2,001 km, where ρ0 = 1,247 g/m3. Gray and black arrows indicate mountain waves and GWs from the

polar vortex jet, respectively. The arrows indicate secondary GWs (pink), higher‐order GW generation regions (green), and

higher‐order GWs (white). (b) Same as (a) but for GWs with 2,001 < λH < 4,447 km. (c and d) U and V, respectively, (color,

in m/s) which are the background zonal and meridional wind from the HIAMCM for waves with λH > 4,447 km. The z range (c

and d) is different from (a and b). Green and pink lines show ±100 m/s contours for U and V , respectively, with solid (dash)

lines denoting positive (negative) values. ALOMAR's location is shown with the yellow dash line.
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(with respect to spherical harmonics decomposition), which corresponds to λH > 4,447 km. As shown in V23, the

primary GWs from the polar vortex jet propagate upward and downward, and north/northwestward and south/

southeastward, then dissipate at z ∼ 55 − 65 km. The atmosphere responds by generating secondary GWs that

propagate poleward and equatorward away from their source (pink arrows in Figure 3a).

As discussed above, the secondary GWs over ALOMAR have large wave periods of τr ∼ 4 − 10 hr (see Figures 1

and 2). They also have large intrinsic periods of τIr ∼ 3− 7 hr (Figure 6b of V23). The ascent angle of a GW from

the horizontal, ζ, is determined via sin ζ ≃ τB/τIr, where τB is the buoyancy period (e.g., Equation 19 of Vadas

et al., 2009). Since τIr ≫ τB, the ascent angle from the horizontal is small for most of the secondary GWs over

ALOMAR. Such small ascent angles can be seen in Figure 3a at z∼ 70− 100 km. This causes the secondary GWs

to cover large distances horizontally as they propagate vertically to the MLT (pink arrows). This results in the

secondary GWs covering the large latitude range of ∼20 − 90° N when they reach the MLT. Upon reaching the

strong zonal and meridional background winds in the MLT (with amplitudes in excess of 100 m/s), the secondary

GWs dissipate, as indicated by the rapidly decreasing/vanishing amplitudes there. Upon dissipating and

depositing momentum/energy locally, the atmosphere is unbalanced and responds by generating upward and

downward‐propagating higher‐order GWs, as shown theoretically (Vadas et al., 2003, 2018). Several regions

where upward and downward‐propagating GWs with much larger meridional and vertical wavelengths (than the

GWs propagating upward from below) are generated in the MLT are indicated with green arrows in Figure 3a.

These regions are associated with strong wind shears. For example, higher‐order GWs are generated at

z ∼ 100 − 120 km above (a) a strong meridional wind shear of ∼10 m/s/km with max(V) ∼ 100 m/ s at

30 − 70°N, and (b) a strong zonal wind shear of ∼10 m/s/km with max(U) ∼ −100 m/ s at 10 − 40°N.

The upward‐propagating higher‐order GWs propagate well into the thermosphere (white arrows in Figure 3a),

and mainly travel southward at this time due to the northward background wind (see Figures 3c and 3d). Some

GWs propagate to z ∼ 300 km while others dissipate at z ∼ 200 km; this variability in dissipation altitude occurs

because the GW spectrum from a LBF contains a large range of horizontal and vertical wavelengths (Vadas

et al., 2018), and a GW's dissipation altitude depends sensitively on λz (Vadas, 2007).

Finally, note that the MWs over the Alps in Figure 3a are south of the polar vortex jet edge and appear to dissipate

at z ∼ 30 − 40 km where the background wind is weakly eastward (Figure 3c). This dissipation altitude,

z ∼ 30 − 40 km, was estimated in V23 using mesoscale kinetic energy source (MKS) theory. That work also

showed that the morphology of the MKS signatures for MWs and GWs from the polar vortex jet are distinct, with

a separation between the two sources roughly occurring south and north of 50°N, respectively. Although the

dissipation of MWs in Figure 3a also generates secondary GWs, these secondary GWs likely have smaller

amplitudes in the mesosphere and lower thermosphere (MLT) as compared to the secondary GWs generated by

the primary GWs from the polar vortex jet because of the “magnifying glass” effect of the polar vortex jet

combined with MSVC (see Section 3.2.3 for a detailed description of this effect). However MWs may play a

significant or even dominant role during other periods or in other locations (e.g., over the winter Southern Andes,

see Vadas and Becker (2019)).

Movie S1 shows a latitude‐altitude slice of T′e{−(z−40km)/H}0.12 at 15.7°E from the HIAMCM at 11–14 January

2016 usingH = 7 km. GWs are generated by the polar vortex jet at z ∼ 30 − 60 km and ∼50 − 70°N throughout

this period (green contours showU = 100 m/ s). MWs over the Alps are also occasionally seen. Movie S2 shows

the same slice but at 20°W (over the Atlantic Ocean). X‐structure GWs are generated by the polar vortex jet at

z ∼ 30 − 40 km and ∼50°N. Secondary and higher‐order GWs are seen in the mesosphere and thermosphere.

Figure 3b shows the higher‐order GWs with 2,001 < λH < 4,447 km from the polar vortex jet. Large‐scale upward

and downward‐propagating GWs are generated at z ∼ 100 − 110 km. These GWs propagate southward. Those

that propagate upward reach z ∼ 200 − 300 km (white arrows), while those that propagate downward vanish at

z ∼ 90 km. Note that the amplitudes of the upward‐propagating GWs decrease significantly above

z ∼ 160 − 200 km, indicating that these GWs likely dissipate from molecular viscosity and ion drag.

Figures 4a–4c shows latitude‐altitude slices of T′, u′, and v′ from the HIAMCM at 15.7°E and z= 50− 110 km at

12 UT on 13 January 2016 for GWs with λH < 2,001 km. Row 2 shows the corresponding longitude‐altitude slices

at 39.7°N. Typical GWs have T′ ∼ 10 − 50 K, u′, v ∼ 20 − 60 m/s, and λH ∼ 150 − 400 km, the latter of which

extends to the resolution scale of the HIAMCM. Since these GWs have |λz| > 8 km and T′ > 5 − 10 K, they could

Journal of Geophysical Research: Space Physics 10.1029/2024JA032521

VADAS ET AL. 8 of 39

 2
1

6
9

9
4

0
2

, 2
0

2
4

, 9
, D

o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://ag
u

p
u

b
s.o

n
lin

elib
rary

.w
iley

.co
m

/d
o

i/1
0

.1
0

2
9

/2
0

2
4

JA
0

3
2

5
2

1
 b

y
 S

h
aro

n
 V

ad
as , W

iley
 O

n
lin

e L
ib

rary
 o

n
 [1

6
/0

9
/2

0
2
4
]. S

ee th
e T

erm
s an

d
 C

o
n
d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v

ern
ed

 b
y

 th
e ap

p
licab

le C
reativ

e C
o

m
m

o
n

s L
icen

se



observed by OH airglow (e.g., Taylor & Hapgood, 1988). Row 3 shows the corresponding GWs at 59.7°N. These

GWs have somewhat larger λH and larger amplitudes.

3.2.2. GWs From the Entrance, Core, and Exit Regions of the Polar Vortex Jet

Figure 5 shows T′ on 13 January from the HIAMCM at 0 and 12 UT at z = 40 and 70 km for GWs with

λH < 2,001 km. Vectors show (U,V) . The background wind speed at z= 50 km,

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
U

2
+ V

2

√
, corresponding to the

stratospheric polar vortex jet, is shown as green contours in Figure 5a. The polar vortex jet is characterized by two

main jet cores (Figure 12 of Bossert et al., 2020). The larger jet core extends over the United Kingdom/northern

Europe (“major” core) and the smaller core extends over the Arctic Ocean north of Alaska (“minor” core). The

maximum wind speed of the major core is ∼160 m/s (Figure 4 of V23).

The largest‐amplitude GWs have T′ ∼ 20− 35 K and are seen at z= 40 km over northern Europe, with phase lines

parallel to the background flow (green arrows in Figures 5a and 5b). These GWs are generated/amplified in the

major core of the polar vortex jet, as was shown previously (V23). (Here, the polar vortex jet “amplifies” the

amplitude of an existing GW that propagates from below, such as a MW.) GWs with T′ ∼ 3 K are also seen over

the Arctic Ocean north of the Asian continent and Alaska having phase lines approximately parallel to the

background flow (green arrows). These latter GWs are significantly weaker than those over northern Europe, and

are generated/amplified in the minor core of the polar vortex jet. In addition, GWs are seen at z = 40 km having

phase lines approximately perpendicular to the background flow (a) over the exit region of the major core of the

polar vortex jet over the Asian continent at 80–120°E and 40–70°N with T′ ∼ 5 K (purple arrows) and (b) over the

entrance region of the minor core of the polar vortex jet over the Asian continent at 120–150°E and 40–80°N in

Figure 4. HIAMCM T′ (in K, column 1), u′ (in m/s, column 2) and v′ (in m/s, column 3) at 12 UT on 13 January 2016 for

GWs with λH < 2,001 km. Row 1: Latitude‐altitude slice at 15.7°E. Row 2: Longitude‐altitude slice at 39.7°N. Row 3:

Longitude‐altitude slice at 59.7°N.
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Figure 5. T′ (colors, in K) at 0 UT (a) and 12 UT (b) on 13 January 2016 from the HIAMCM at z = 40 km for GWs with λH < 2,001 km. Rows 3 and 4: Same as rows 1

and 2 except at z = 70 km. Vectors show (U,V) at each altitude. The downward red arrows in the lower left‐hand corners show V = −170 m/ s. Green contours in

(a) show UH =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
U

2
+ V

2

√
= 50, 100 and 150 m/s at z = 50 km. Arrows show primary and higher‐order GWs from the entrance (turquoise), core (green) and exit (purple)

regions of the polar vortex jet. The red arrow in (b) shows MWs over the Appalachian Mountains. Minimum and maximum values of T′ and UH are given in each caption.

The colors are oversaturated to see the GWs.
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Figures 5a and 5b with T′ ∼ 5− 15 K (turquoise arrows). Here, the entrance region occurs where the air constricts

into a smaller area of the jet core with increasing wind speed and the exit region occurs where the air expands out

of the core into a larger area with decreasing wind speed (see green contours in Figure 5a). The entrance and exit

regions are characterized by significant vertical wind shear (see Section 3.4). The constructive/destructive

interference patterns of T′ in the exit region are caused by the interference of multiple GW packets from different

parts of the exit/entrance regions. Note that the morphology of the entrance region GWs over Asia in Figure 5b

(turquoise arrow) looks similar to the GWs generated in the tropospheric jet exit regions (e.g., O’Sullivan &

Dunkerton, 1995). Note that the GWs in Figures 5a and 5b may be upward or downward‐propagating.

In addition, MW events occur over the Alps and Carpathian Mountains at 0 and 12 UT with T′ ∼ 30 − 35 K in

Figures 5a and 5b. There are also MWs over the Appalachian Mountains with T′ ∼ 10− 15 K at 12 UT (red arrow

in Figure 5b) and smaller amplitudes of T′ ∼ 2− 3 K at 0 UT (Figure 5a). The phase lines of the MWs are oriented

northeast to southwest. Finally, GWs are seen over the entrance region of the major core of the polar vortex jet

over the northern Atlantic Ocean having phase lines approximately perpendicular to the background flow with

T′ ∼ 10 − 20 K (turquoise arrows in Figures 5a and 5b). These phase lines are orientated northwest to southeast.

Importantly, these GWs extend from 26 to 53°N over the Atlantic Ocean, and follow the polar vortex jet flow

(green lines in Figure 5a). It is extremely unlikely that these entrance region GWs are advected MWs from the

Appalachians because (a) the former GWs are strong at 0 UT from 26 to 53°N over the Atlantic Ocean, at which

time there is insignificant MWs over the Appalachian Mountains (see Figure 5a), (b) the former GWs are

generated as far south as ∼26°N at both 0 and 12 UT, well out of the range that the MWs over the Appalachian

propagate (see Figure 5b), (c) the former GWs have phase lines orientated northwest to southeast, opposite to that

of the Appalachians MWs (northeast to southwest), (d) the Appalachians MWs do not advect more than ∼10°

downstream (eastward) (see the longitude‐altitude slice through the Appalachian MWs later in this subsection),

and (e) the former GWs are located in a region where theory predicts that the atmosphere extracts energy from the

vortex jet shear to generate GWs (see Section 3.4). Therefore, these entrance region GWs (turquoise arrows in

Figures 5a and 5b) are a new type of stratospheric jet‐generated GWs that has not been previously discussed in the

literature (to our knowledge). Movie S3 shows T′ at z = 40 km for GWs with λH < 2,001 km during 11–14

January. Vectors show (U,V) at z = 40 km. The structure and variability of the entrance/core/exit region

GWs and MWs are seen, along with the slow evolution of the polar vortex jet over the 4 day period. Importantly,

although the MWs over the Appalachian Mountains only occur sporadically during 11.75–12.6 and 13.25–14.2

January, the entrance region GWs over the Atlantic Ocean (with T′ ∼ 10 − 20 K) are ubiquitous and omnipresent

throughout the entire 4‐day period.

At z = 70 km in Figures 5c and 5d, the primary GWs generated in the major cores of the polar vortex jet are no

longer visible because they have dissipated (see Figures 1 and 2). In their place, we see the secondary GWs

generated by MSVC of those primary GWs (green arrows). In addition, the GWs generated in the entrance and

exit regions over Asia are still visible at this altitude, although they are beginning to break/dissipate. Finally, the

entrance region GWs over the Atlantic Ocean are even stronger at this altitude at both 0 and 12 UT in Figures 5c

and 5d. Movie S4 shows T′ at z= 70 km for GWs with λH < 2,001 km from 11 to 14 January. Vectors show (U,V)
at z = 70 km. The entrance region GWs over the Atlantic Ocean with phase lines perpendicular to the wind flow

are ubiquitous and omnipresent throughout. The MWs over the Appalachian Mountains, the Alps and the Car-

pathian Mountains are not visible. Note that the exit/entrance region GWs over Asia are highly variable.

Figure 6 shows T′ at z = 95 and 120 km. GW dissipation is prevalent throughout the MLT at z = 95 km. Some

GWs having arc‐like and planar structures are seen over Europe (green arrows in Figures 6a and 6b) and Asia.

Movie S5 shows T′ at z= 95 km.We see a complex “soup” of GWs at this altitude. Note the semi‐diurnal rotation

of the wind at z = 95 km due to the semi‐diurnal tide (vectors). At z = 120 km in Figures 6c and 6d, GWs with

planar and arc‐like structures occur (a) over the Atlantic Ocean at 20–100°W and 10–60°N (turquoise arrows), (b)

over Europe at 0–40°E and 40–70°N (green arrows), and (c) over the northern Asian continent, Arctic Ocean and

western Pacific Ocean. These GWs have different characteristics (horizontal scales and propagation directions)

than the GWs in Figures 5c and 5d, and are therefore likely higher‐order GWs generated/magnified by (i.e.,

“from”) the polar vortex jet. (Here, magnified includes MWs from the Alps, Appalachian Mountains, etc.).

Movie S6 shows T′ at z = 120 km. The GWs often have more coherence at this altitude than at z = 95 km (e.g.,

note the concentric/arc‐like GWs over Europe at∼18 UT on 12 January). Note that the semi‐diurnal tide is still the

dominant contributor to the background wind at this altitude.
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Figure 7a shows T′(ρ/ρ0)0.12 for GWs with λH < 2,001 km at 50.2° W at 0 UT on 13 January. This longitude cuts

through the entrance region of the major core of the polar vortex jet (see Figure 5c). Primary GWs are generated at

z∼ 35− 60 km at 45− 55°N and dissipate at z∼ 80 km, as seen in the blow‐up region of the entrance of the major

core of the polar vortex jet in Figure 7b. At higher altitudes, higher‐order GWs are generated at z ∼ 100 km and

Figure 6. Same as Figure 5, except at z = 95 km (a and b) and z = 120 km (c and d).
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40 − 45°N, some of which propagate to z = 300 km (Figure 7a). Figure 7c shows the results at 90.0°E at 0 UT on

13 January, which cuts through the exit region of the major core of the polar vortex jet (see Figure 5). Primary

GWs are generated at z ∼ 50 − 60 km at 50 − 80°N, as shown in Figure 7d. Higher‐order GWs are generated at

60 − 80°N and z ∼ 120 − 130 km, some of which propagate to z = 300 km (see Figure 7c). Figure 7e show the

results at 135.0°E at 12 UT on 13 January, which cuts through the entrance region of the minor core of the polar

vortex jet (see Figure 5). Primary GWs are generated at z ∼ 30 − 40 km at 45 − 65°N, as shown in Figure 7f.

Higher‐order GWs are generated at 55 − 90°N and z ∼ 120 − 130 km, and propagate to z = 300 km. Figures 7g

and 7h shows the results at 69.7°W at 12 UT on 13 January, which intersects the Appalachian Mountains.

Intrinsically northwestward‐propagating MWs are observed at 40 − 45°N. It is possible that some of the smaller‐

amplitude higher‐order GWs at 20 − 35°N and z ≃ 130 − 200 km result from this MW event. Note that GW

breaking/dissipation occurs where |u′H/ (cH − UH)| ≃ (0.7 − 1). Here, u′H is the horizontal wind amplitude of the

GW, cH is the GW horizontal phase speed, and UH is the projection of the background wind along the GW

propagation direction (Fritts & Alexander, 2003; Lindzen, 1981). In general, wave breaking occurs from a

combination of background wind changes that cause cH−UH to decrease, and near‐exponential growth in altitude

of u′H .

Figure 8a shows a longitude‐altitude slice of w′(ρ/ρ0)0.3 at 43.25°N at 12 UT on 13 January 2016 from the

HIAMCM for GWs with λH < 2,001 km. This slice captures MWs from orographic forcing over the Appalachian

Mountains, the Alps and the Carpathian Mountains (red arrows; dash yellow lines are located at 70°W, 10°E, and

25°E). These MWs have λz ∼ 5 − 10 km and slanted phase lines that can be traced to the ground. The MWs over

the Appalachians span 60–80°W and dissipate at z ∼ 60 km. In addition, GWs with much larger |λz| ∼ 30− 50 km

are seen at z ∼ 40–80 km over the Atlantic Ocean at 60°W to 10°E (pink arrows). These are the entrance region

GWs to the major core of the polar vortex jet (turquoise arrows in Figures 5a and 5b). By following the phase lines

down in altitude, it is seen that these GWs are the upper‐altitude portion of the X‐structure GWs generated by the

polar vortex jet (see Figures 16 and 17 of V23); in this case, the approximate center of the X‐structure occurs at

z ∼ 20 − 35 km (purple arrow in Figure 8a). These large‐|λz| entrance region GWs are also seen over the Atlantic

Ocean at 50.25°N (pink arrow, dash yellow line at 50°W in Figure 8b) and at 60.25°N (pink arrow in Figure 8c),

with X‐structure generation regions at z ∼ 20 − 35 km indicted with purple arrows in Figures 8b and 8c. In

addition, the exit region GWs (from the major core) and entrance region GWs (from the minor core) are seen at

60.25°N at 90°E and 135°E, respectively (dash yellow lines in Figure 8c) (purple and turquoise arrows,

respectively, in Figures 5a–5d).

3.2.3. “Magnifying Glass” Effect of the Polar Vortex Jet on the Amplitudes of the Higher‐Order GWs

As discussed in Section 1, the polar vortex jet leads to an increased |λz| within the polar vortex jet of intrinsically

westward‐propagating GWs, thereby delaying GW breaking until these GWs reach the middle/upper portion of

the polar vortex jet. Thus typical slow (intrinsic) westward‐propagating GWs deposit their momentum in the

lower stratosphere if they propagate outside (poleward or equatorward) of the polar vortex jet, and in the upper

stratosphere if they propagate westward intrinsically within the polar vortex jet. (Note that GWs with very small

initial amplitudes can propagate to much higher altitudes before breaking, as has been observed (e.g., Fritts

et al., 2016)). This locational difference is important because the strength of the resulting LBFs and secondary

GW amplitudes are proportional to the primary GW amplitudes squared. In particular, if a primary GW is excited

at zi then dissipates and creates a LBF at zb (Vadas et al., 2003, 2018), the amplitude of a secondary GW at a given

altitude z (whereby z > zb) is proportional to:

secondary GW amplitude ∝ [e(zb−zi)/2H]2e(z−zb)/2H, (3)

(Equation 9 of Vadas & Becker, 2019), where H is the density scale height. Here we neglect wind effects. The

first factor on the right‐hand side (RHS) of Equation 3 corresponds to the initial amplitude of a secondary GW

generated at zb, while the second factor gives the usual conservative growth of this secondary GW between zb and

z. The RHS of Equation 3 can be rewritten as (Equation 9 of Vadas & Becker, 2019):

secondary GW amplitude ∝ e(z−zi)/2He(zb−zi)/2H. (4)

Journal of Geophysical Research: Space Physics 10.1029/2024JA032521

VADAS ET AL. 13 of 39

 2
1

6
9

9
4

0
2

, 2
0

2
4

, 9
, D

o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://ag
u

p
u

b
s.o

n
lin

elib
rary

.w
iley

.co
m

/d
o

i/1
0

.1
0

2
9

/2
0

2
4

JA
0

3
2

5
2

1
 b

y
 S

h
aro

n
 V

ad
as , W

iley
 O

n
lin

e L
ib

rary
 o

n
 [1

6
/0

9
/2

0
2
4
]. S

ee th
e T

erm
s an

d
 C

o
n
d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v

ern
ed

 b
y

 th
e ap

p
licab

le C
reativ

e C
o

m
m

o
n

s L
icen

se



Figure 7. HIAMCM T′(ρ/ρ0)0.12 (color, in K) for GWs with λH < 2,001 km as functions of latitude and z on 13 January 2016. ρ0 = 1,191 g/m3. (a) 50.2°W at 0 UT.

(b) Blow up of the black rectangle in (a). Rows 2–4: Same as row 1 but at 90.0°E at 0 UT (row 2), 135°E at 12 UT (row 3) and 69.7°W at 12 UT (row 4). Green and pink

lines show U and V, respectively, with solid (dash) lines for positive (negative) values. The contours displayed are: (a, c, e, g) ±100 m/s. (b, d, f, h) ±50 and 100 m/s.
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The first factor on the RHS of Equation 4, e(z−zi)/2H, describes the amplitude growth of a conservative GW

between zi and z. The second factor, e(zb−zi)/2H, increases exponentially with increasing zb. Thus the higher the

altitude of the LBF, the larger the amplitudes of the secondary GWs at z. Therefore, if identical intrinsic

westward‐propagating GWs are excited 1) outside of the polar vortex jet (“case #1”) or 2) directly below the polar

vortex jet (“case #2”), then the case #1 GWs will create a LBF lower in altitude than that from the case #2 GWs.

Although the atmosphere generates secondary GWs in both cases, the amplitudes of the secondary GWs in case

#2 will be much larger than those in case #1 at a given higher altitude z. Since the next higher‐order GW am-

plitudes are proportional to the previous (e.g., secondary) GW amplitudes squared, the amplitudes of the higher‐

order GWs from case #2 will be much larger than those from case #1. Thus the polar vortex jet acts like a

“magnifying glass” by exponentially increasing the amplitudes of the higher‐order thermospheric GWs which

arise from the primary GWs that propagate through the polar vortex jet (as compared with those that do not). This

is likely an important reason why the amplitudes of the wintertime GWs in the stratosphere, mesosphere and

thermosphere correlate well with the strength of the polar vortex jet (Becker, Goncharenko, et al., 2022; Frissell

et al., 2016; Harvey et al., 2023).

3.2.4. Higher‐Order GWs in the Thermosphere From the Polar Vortex Jet

Figure 9a shows T′ at z= 200 km for GWs with λH < 2,001 km at 17 UT on 12 January centered on northern North

America, while Figure 9b shows the same time centered on northern Europe. Higher‐order GWs radiate away

from Europe (green arrows). Those which travel northwestward away from Europe propagate over the high‐

latitude Arctic region (e.g., Greenland), then southward over the continental US (CONUS) due to the favor-

able northward background wind over the CONUS at that time. Such GWs could be misidentified as being

generated by auroral activity because of their southward propagation at local time (LT) noon, their horizontal

wavelengths, and their apparent source location in the Arctic region.

Figure 10 shows T′ at z = 200 km every 6 hr from 6 UT on 12 January to 12 UT on 13 January for GWs with

λH < 2,001 km. Vectors show (U,V) at z = 200 km; this wind mainly reflects the horizontal wind component

of the diurnal tide. Higher‐order GWs with concentric ring/arc‐like structures propagate away from the

entrance, core and exit regions of the polar vortex jet. Those that propagate over the Arctic propagate

southward over the CONUS at 18 UT on 12 January and 0 UT on 13 January with T′ ∼ 20 − 30 K and

λH ∼ 200 − 2,000 km (see Figures 10c and 10d). At 0 UT on 13 January (Figure 10d), higher‐order concentric

GWs propagate west, northwest, north and northeastward away from Europe because the background wind is

southeastward then. Note that the southeastward‐propagating GWs seen at z = 120 km at this time in Figures 6c

and 6d are mostly filtered out here because the intervening background wind is southeastward (see Figure 10d).

“Wind filtering” occurs because GWs that propagate in the same direction as the wind have reduced |λz|, which

causes them to more‐easily break and/or dissipate from molecular viscosity (Becker & Vadas, 2020; Fritts &

Vadas, 2008; Lund & Fritts, 2012; Vadas, 2007). (Note that GW dissipation in the thermosphere creates LBFs

that further generate upward and downward‐propagating higher‐order GWs (e.g., Vadas & Liu, 2009, 2013).

Possible evidence of downward‐propagating GWs (upward phases in time) is seen above ALOMAR at

z ∼ 120 − 180 km in Figure 1a.) At 6 UT on 12 and 13 January (Figures 10a and 10e), higher‐order concentric

GWs propagate northwest, north and northeastward over the northern Atlantic Ocean/Greenland region because

the background wind is southward then. These GWs likely arise from the dissipation of secondary GWs from

the entrance region of the major vortex jet, as well as occasionally from the dissipation of secondary GWs

generated by MW breaking over the Appalachian Mountains (e.g., Vadas & Becker, 2019). In addition, higher‐

order GWs with arc‐like structures over the exit region of the major vortex jet and from the entrance/core

regions of the minor vortex jet are seen in Figure 10.

In general, the GWswith the largest amplitudes in Figure 10 propagate against the background wind, in agreement

with model results (Becker, Goncharenko, et al., 2022) and observations (Crowley & Rodrigues, 2012; Crowley

Figure 8. w′(ρ/ρ0)0.3 (color, in K) from the HIAMCM for GWs with λH < 2,001 km as functions of longitude and z on 13 January 2016. ρ0= 1,185 g/m3. (a) 43.25°N at

12 UT. The yellow dash lines show 70°W, 10°E, and 25°E. (b) 50.25°N at 0 UT. The yellow dash line shows 50°W. (c) 60.25°N at 12 UT. The yellow dash lines show

90°E and 135°E. Green and pink lines showU and V, respectively in±100 m/s contour intervals, with solid (dash) lines showing positive (negative) values. Red arrows

show MW events, pink arrows show entrance region GWs, and purple arrows indicate the “X‐structure” primary GWs from the polar vortex jet.
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et al., 1987; Xu et al., 2024). Since the background wind rotates clockwise from the western to eastern part of each

map in Figure 10 (which covers a 24 hr LT change), the GW propagation direction also rotates clockwise from the

western to eastern part of each map (although with a ∼180° phase shift from the background wind direction).

Additionally, at a given mid‐latitude northern hemisphere location on the map (e.g., over Europe), the background

wind generally rotates clockwise in LT throughout the day, which results in the GW propagation direction also

rotating clockwise in LT (although again with a ∼180° phase shift).

Movie S7 shows T′ at z = 200 km for GWs with λH < 2,001 km every hour from 11 to 14 January. Vectors show(U,V) at z = 200 km. The clockwise rotation of the GW propagation direction in LT is apparent. The strongest

GW amplitudes occur during LT late morning, noon and afternoon when the tidal flow is strongly poleward

(Figure 9 of Becker, Goncharenko, et al., 2022). Higher‐order GWs from the major core of the polar vortex jet

contribute significantly to the GW activity in the thermosphere at mid and high latitudes at all times. Higher‐order

GWs from the entrance and exit regions of the major vortex jet contribute daily to the GW activity at ∼6–17 UT

and ∼20–31 UT, respectively. Higher‐order GWs from the entrance/core regions of the minor vortex jet

contribute daily at ∼18–21 UT. Importantly, some higher‐order GWs from Europe propagate over the Arctic

region then southward over the CONUS to ∼15 − 20°N daily at ∼14 − 24 UT (∼9− 16 LT). Because these GWs

are far from their source, they generally have planar structure over the CONUS. Such extensive propagation is

possible at these times because the background wind over the CONUS is strongly poleward (northward) then.

Movie S8 shows T′ every 10 min over Europe/Atlantic Ocean from 60°W to 60°E at z = 200 km for GWs with

λH < 2,001 km during 11–14 January. GWs with concentric ring and arc‐like structures radiate away from Europe

at most times. Typical parameters for the GWs over Europe are T′ ∼ 20 − 60 K, λH ∼ 200 − 500 km,

cH ∼ 160 − 200 m/s, and τr ∼ 20 min to 1 hr. Movie S9 shows T′ over the CONUS at z = 200 km for GWs with

λH < 2,001 km every 10 min during 11–14 January. Typical parameters for the southward‐propagating GWs over

the CONUS (at ∼14 − 24 UT daily) are T′ ∼ 20 − 40 K, λH ∼ 200 − 2,200 km, cH ∼ 165 − 260 m/s, and

τr ∼ 20 min to 2.4 hr.

Figure 11 shows T′ at z = 250 km during 11–14 January for GWs with λH < 2,001 km. The left, middle and right

columns are centered over the Atlantic Ocean at 8 UT, over Europe at 0 UT, and over the Asian continent at 16

UT. Higher‐order GWswith concentric ring/arc‐like structures radiate away from the entrance region of the major

polar vortex jet (left column), from the core of the major polar vortex jet (middle column), and from the exit

region of the major polar vortex jet and entrance/core regions of the minor polar vortex jet (right column).

Figure 9. T′ (colors, in K) at z = 200 km at 17 UT on 12 January 2016 for GWs with λH < 2,001 km from the HIAMCM for 2

different perspectives centered on northern North America (a) and northern Europe (b). Vectors show (U,V) at z = 200 km.

The downward red arrow in the lower right‐hand corner of each panel shows V = −250 m/ s. Minimum and maximum values

of T′ and the maximum value of UH =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
U

2
+ V

2

√
are given in the caption. The colors are oversaturated somewhat to see the

GWs. Green arrows show higher‐order GWs from the core of the major vortex jet. The pink square shows the north pole.
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Figure 10. T′ (colors, in K) at z = 200 km every 6 hr from 6 UT on 12 January to 12 UT on 13 January 2016 for GWs with λH < 2,001 km from the HIAMCM. Vectors

show (U,V) at z = 200 km. The downward red arrows in the lower left‐hand corners show V = −250 m/ s. Minimum and maximum values of T′ are given in each

caption. The colors are oversaturated to see the GWs.
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Figure 11. T′ (colors, in K) at z= 250 km for GWs with λH < 2,001 km. Rows 1–4 show 11–14 January 2016, respectively. Columns 1–3 show the Atlantic Ocean sector

at 8 UT, the European sector at 0 UT, and the Asian sector at 16 UT, respectively. Vectors show (U,V) at z = 250 km. The downward red arrow in the lower left‐hand

corner of each panel shows V = −250 m/ s. Minimum and maximum values of T′ are given in each caption. The colors are oversaturated to see the GWs.
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3.3. Large‐Scale Higher‐Order GWs From the Polar Vortex Jet

Figure 12 shows T′ at z = 200 km for large‐scale GWs with 2,001 < λH < 4,447 km every 6 hr from 6 UT on 12

January to 12 UT on 13 January in the northern hemisphere. Large‐scale, large‐amplitude GWs with T′ ∼ 20–50 K

are ubiquitous in the mid‐thermosphere and originate at mid to high latitudes. These large‐scale GWs occur daily

around LT noon, and propagate southwestward where the background wind from the diurnal tide is north/

northeastward; thus the morphology of these global GW packets is determined by the morphology of the diurnal

tide. There are also weaker large‐scale GWs at 12–18 UT over the Pacific Ocean with northeast to southwest

phase fronts (Figures 12b and 12c) which create “checkerboard” (red‐blue‐red) patterns in T′ from constructive/

destructive interference.

Movie S10 shows T′ at z = 200 km for large‐scale GWs with 2,001 < λH < 4,447 km. The large‐scale GWs

propagate southwestward across the northern hemisphere daily at ∼8–16 LT, with significant day‐to‐day vari-

ability. Typical parameters are T′ ∼ 20 − 40 K, λH ∼ 3,000 km, cH ∼ 650 m/s, and τr ∼ 1.3 hr. Such fast GWs

cannot exist in the troposphere/stratosphere/mesosphere, because they propagate faster than the sound speed there

(Vadas et al., 2019). Note that the weaker large‐scale GWs over the Pacific Ocean propagate northwestward from

the southern hemisphere. Movie S11 shows T′ at z= 80 km for GWswith 2,001 < λH < 4,447 km. The large‐scale,

southwestward‐propagating GWs are absent at this altitude, thereby verifying that they are created at z > 80 km.

Further investigation shows that these GWs are created at z ∼ 100 − 110 km (not shown), which agrees with

Figure 3b.

Figure 13 shows snapshots of T′ at z = 130 km for GWs with 2,001 < λH < 4,447 km at 06 UT and 12 UT on 12

January. Large‐scale, southwestward‐propagating GWs with partial concentric ring/arc‐like structures are seen at

high latitudes over Europe and Asia.

3.4. Generation and Amplification of GWs by the Polar Vortex Jet

Becker, Vadas, et al. (2022) derived an expression for the generation/amplification of “mesoscale” (i.e., medium‐

scale) GWs in a background flow that is assumed to include only geostrophic components. This formalism ap-

plies, for example, for the generation/amplification of GWs by the horizontal and vertical wind shear of the polar

vortex jet, and is valid at 2 km ≤ z ≤ 80 km. (Above z = 80 km, the tides become the dominant large‐scale flow,

but these waves cannot be approximated as a geostrophic flow.) Here, the horizontal scales of the GWs are

assumed to be significantly smaller than that of the large‐scale background flow. The relevant expression for our

purpose from Becker, Vadas, et al. (2022) is the so‐called mesoscale kinetic energy source or “MKS” equation

(their Equation B22):

MKS = − [(v′)2 − (u′)2] ∂Vg
∂y

− u′v′[∂Vg
∂x

−
∂(cos θUg)
cos θ ∂y

+ 2
∂Ug

∂y
]

−(u′w′) ∂Ug
∂z

− (v′w′) ∂Vg
∂z

,

(5)

where primes denote the GWs, (u′, v′, w′) is the zonal, meridional and vertical wind perturbations due to the

mesoscale GWs, Ug,Vg are the zonal and meridional components of the background geostrophic wind (which is

the large‐scale wind that blows along constant pressure surfaces in z coordinates),

ξg = ∂Vg/∂x − (cos θ)−1∂(cos θUg)/∂y is the large‐scale relative vorticity in spherical coordinates,

∂

∂x
=

1

RE cos θ

∂

∂ϕ
,

∂

∂y
=

1

RE

∂

∂θ
, (6)

ϕ is longitude, θ is latitude, and RE is the Earth's radius. Energy is extracted from the geostrophic wind shear via

shear production when

MKS> 0, (7)
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(Becker, Vadas, et al., 2022) for which existing GWs are amplified. (Note: the GWs generated/amplified by this

“spontaneous emission” process are not secondary GWs from LBFs.) The third and forth terms of Equation 5 (i.e.,

−(u′w′)∂Ug  / ∂z and−(v′w′)∂Vg ⁄ ∂z, respectively), are the most important terms for GW generation in the core

of the polar vortex jet (V23). Since ∇.Vg = 0, and assuming that the vertical velocity of the geostrophic flow is

approximately zero,

∂Ug

∂x
≃ −

1

cos θ

∂(cos θVg)
∂y

= −
∂Vg

∂y
+

tan θVg

RE

. (8)

Since the large‐scale flow, (U,V), contains waves with λH > 4,447 km, nearly all large‐scale inertia GWs have

been removed. Hence, outside the tropics (i.e., for |θ| ≥ 20 − 30°) at z = 2 − 80 km, we have to a very good

approximation that

Ug ≃U and Vg ≃V. (9)

Figure 14 shows the third and forth terms of Equation 5 for GWs with λH < 2,001 km at 0 UT on 13 January at

z = 40, 55, and 70 km. Here we have set Ug = U and Vg = V from Equation 9. The overlines denote horizontal

averaging over 700 km × 700 km. We do not show the first and second terms of Equation 5 because they have

negligible amplitudes except over Europe at z = 55 km whereby MKS > 0 for the second term. GW generation/

amplification occurs in regions where the sum of the third and forth terms is >0 from Equation 7. GW generation/

amplification occurs (a) in the core of the major vortex jet at z = 40 km, primarily from the vertical shear of the

meridional wind (see Figure 14d); (b) in the entrance region of the major vortex jet at z= 55 km (z= 70 km) from

the vertical shear of the zonal (meridional) wind (Figures 14b and 14f); (c) in the exit region of the major vortex jet

and in the entrance/core regions of the minor vortex jet at z = 55 km for the vertical shear of the zonal and

meridional wind (Figures 14b and 14e). Comparing with Figure 5, the GW generation/amplification regions

predicted from MKS analysis coincide with the locations of the primary GWs “from” (i.e., generated/amplified

by) the entrance, core and exit regions of the polar vortex jet.

3.5. Potential Energy Density of the Gravity Waves

The potential energy density per unit mass (PE) of the GWs is

Figure 13. T′ (colors, in K) at z= 130 km at 6 UT (a) and 12 UT (b) on 12 January 2016 for GWs with 2,001 < λH < 4,447 km

from the HIAMCM. Vectors show (U,V) at z= 130 km. The downward red arrow in the lower left‐hand corner of each panel

shows V = −250 m/ s. Minimum and maximum values of T′ are given in each caption. The colors are somewhat oversaturated

to see the GWs.
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Figure 14. (a–c): Third term of Equation 5,−(u′w′)∂U−g / ∂z (in m2/s3), at z= 40, 55, and 70 km at 0 UT on 13 January for GWs with λH < 2,001 km from the HIAMCM.

The overlines denote horizontal averaging over 700 km × 700 km. (d–f) Same as (a–c), but for the forth term of Equation 5, −(v′w′)∂V−g / ∂z. Vectors show (U,V) at

each altitude. The downward red arrows in the lower left‐hand corners show V = −150 m/ s. Maximum values of ŪH =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
U
−
2 +V

−
2

√
are given in each caption.
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PE =
1

2
( g
NB

)2(T′
T
)2, (10)

where NB = 2π/τB is the buoyancy frequency and g is the gravitational acceleration. We approximate

NB
2

≃ g2/(CpT), (11)

whereCp= γr/(γ− 1), r= 8,308/XMWm2 s−2K−1 and XMW is the mean molecular weight of a molecule in the gas

(in g/mole). We use empirical expressions for γ and XMW:

XMW =
1

2
(XMW0 − XMW1) (1 − tanh(s − a

Δa
)) + XMW1, (12)

γ =
1

2
(γ0 − γ1) (1 − tanh(s − b

Δb
)) + γ1, (13)

(Equations 3 and 4 of Vadas, 2007), where s = −ln(ρ) (ρ has units of g/m3), XMW0 = 28.9 gm/mole,

XMW1 = 16 gm/mole, a = 14.9, Δa = 4.2, γ0 = 1.4, γ1 = 1.67, b = 15.1 and Δb = 4.0. The decrease of XMW and

increase of γ in altitude is caused by the change from diatomic N2 and O2 to monatomic O in the thermosphere.

Figure 15 shows the average PE during 12–14 January as a function of altitude for the HIAMCM GWs in the

entrance (Figure 15a) and core (Figure 15b) regions of the major vortex jet and in the exit region of the major

vortex jet and the entrance region of the minor vortex jet (Figure 15c). In all three regions, the PE increases

exponentially in z at z ∼ 50–70 km due to the amplitude growth of the primary GWs, decreases at z ∼ 70 − 80 km

due to the dissipation of the primary GWs, increases exponentially again at z ∼ 80 − 110 km due to the growth of

the secondary GWs, then decreases at z > 110 km. We note that the altitudinal behavior shown in Figure 15b over

the core of the major polar vortex jet is consistent with the snapshot shown in Figure 3a, although Figure 15b is

averaged over 20°W–40°E and 40–80°N from 12 to 14 January.

The primary GWs in Figure 15 peak at z ∼ 70 km. This is consistent with past northern hemisphere results, which

found the peak to occur at z∼ 65− 70 km frommodel results andMF radar observations (Figure 10 of Avsarkisov

Figure 15. (a) Potential energy (PE) for the GWs with 2,001 < λH < 4,447 km (solid line) and with λH < 2,001 km (dashed line) from the HIAMCM. The PE is averaged

from 12.0 to 14.0 January 2016 over the entrance region of the major vortex jet at 20–80°W and 30–70°N. (b) Same as (a), but over the core of the major vortex jet at

20°W–40°E and 40–80°N. (c) Same as (a), but over the exit region of the major jet and the entrance region of the minor jet at 60–160°E and 30–80°N.
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et al., 2022). Note that this peak altitude is ∼16 km lower than the simulated primary GW peak over the winter

Southern Andes of z ∼ 86 km (Figure 20 of Vadas & Becker, 2019). The latter southern hemisphere peak altitude

of z ∼ 86 km was verified by winter lidar data at McMurdo Station (Figure 4 from Chu et al., 2022).

In addition, we note from Figure 15 that the decrease of the PE at z > 110 km is different from the results of a

previous model study of a strong wintertime MW event over the Southern Andes, whereby the PE increased at

z ∼ 120 − 150 km (Figure 20 of Vadas & Becker, 2019). (In that case, the PE behaved in a similar manner at

z < 110 km). Possible reasons for the difference in the PE at z> 110 km are (a) the MWs in that study were highly

localized over the Southern Andes up to z ∼ 85 km, whereas the primary GWs from the polar vortex jet in our

current study are localized only up to z ∼ 65 km, thereby leading to enhanced horizontal spreading of the sec-

ondary and higher‐order GWs outside the averaged regions in our current study; (b) the MW event over the

Southern Andes was approximately twice as energetic (PE ∼ 1,600 m2/s2 at z ∼ 110 km) as the polar vortex jet

event simulated here, thus yielding larger amplitudes for the higher‐order GWs at z > 110 km in that case; and (c)

the vertical grid spacing in the lower thermosphere was larger in Vadas and Becker (2019) than here, thereby

likely biasing some of the tertiary GWs in that study to larger λzwhich are less prone to dissipation (Vadas, 2007).

3.6. Large‐Scale LBFs Generated by the Dissipation of Secondary GWs

As discussed above, the dissipation of secondary GWs generated/magnified by the polar vortex jet creates

spatially and temporally localized, horizontal LBFs. These LBFs may create the higher‐order GWs shown in

Figures 10 and 11. We now investigate this possibility. The zonal and meridional LBFs (per unit mass), (Fx, Fy),

are the convergence of the vertical flux of the zonal and meridional momentum (e.g., Achatz, 2022):

Fx = −
1

ρ

∂(ρu′w′)
∂z

Fy = −
1

ρ

∂(ρv′w′)
∂z

, (14)

respectively, where the overlines denote averaging in space and time over the GW scales.

We compute the zonal and meridional momentum fluxes, ρu′w′ and ρv′w′, respectively, for GWs with

λH < 2,001 km. We then perform a running mean smoothing over 800 km × 800 km horizontally and Δz = 3 km

vertically. Finally we calculate Fx and Fy from Equation 14. Note that performing a running mean smoothing over

smaller spatial and temporal scales result in the LBFs that generate the medium‐scale GWs (e.g., Figures 10 and

11) (not shown). Figure 16 shows the large‐scale LBFs (vectors show (Fx, Fy)) at z= 110 km every 6 hr from 0 UT

on 12 January to 0 UT on 13 January. The largest‐amplitude LBFs occur over Europe at nearly all times. Smaller‐

amplitude LBFs occur at most northern‐hemisphere locations at various times, including over the Atlantic and

Pacific Oceans, North America and Asia. We overplot T′ at z = 124 km for the large‐scale GWs with

2,001 < λH < 4,447 km (colors). A complex mix of GWs propagating in different directions occurs, giving rise to

blue‐red‐blue “checkerboard” patterns. In general, enhanced GW activity occurs near the LBFs, for example,

propagating away from Europe in Figures 16a, 16c, 16d, and 16e, over the Atlantic Ocean in Figure 16d, and over

the Pacific Ocean in Figure 16e. Note that wind filtering/viscous dissipation of the GWs in Figure 16 between

z = 124 and 200 km causes mainly the southwestward‐propagating GWs to survive at z = 200 km (compare with

Figure 12). Such dissipation may significantly affect the background wind there.

Movie S12 shows the large‐scale LBFs at z = 110 km (vectors) for 11–14 January. Green lines show LBF

magnitudes of 10 and 20 m/s/h at z = 110 km. At a given location, the LBFs rotate clockwise twice per day. This

rotation is caused by the strong semidiurnal tides in the MLT (see Section 4.3), which filter the secondary GWs

propagating upward from below. The location where the LBFs are maximummoves westward from Asia to North

America; however, the largest‐amplitude LBFs occur over Europe and Asia. The large‐scale GWs at z = 124 km

(T′, colors, in K) often have the largest amplitudes near the LBFs. Note that T′ exhibits a “checkerboard”

appearance at this altitude due to the constructive/destructive interference of GW packets from different sources.

4. Comparison of Data With Simulation Results

We now compare the GWs and winds in the MLT simulated by the HIAMCM with those observed by AIRS,

VIIRS/DNB, and meteor radars. These comparisons are important for validating the HIAMCM and the physical
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Figure 16. Row 1:−ρ−1∂(ρu′w′)/∂z and−ρ−1∂(ρv′w′)/∂z (vectors, in m/s/h) at z= 110 km at 0 UT on 12 January 2016. The momentum fluxes are calculated for GWs

with λH < 2,001 km from the HIAMCM, and are running‐mean averaged over 800 km× 800 km and Δz= 3 km. Green lines show LBFmagnitudes of 10 and 20m/s/h at

z = 110 km. The downward red arrows in the lower left‐hand corners show 35 m/s/h. T′ (colors, in K) are shown at z = 124 km at the same time for GWs with

2,001 < λH < 4,447 km from the HIAMCM. Row 2–5: Same as row 1 except at 12.25, 12.5, 12.75, and 13.0 January, respectively.
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processes contained therein, including the all‐important transfer of momentum and energy throughout the Earth's

atmosphere via MSVC of GWs.

4.1. Comparison of AIRS GWs With the Simulated GWs in the Stratosphere

We now compare the HIAMCM GWs in the entrance, core and exit regions of the polar vortex jet with those

measured by AIRS (Eckermann et al., 2019; Gong et al., 2012; Hoffmann & Alexander, 2009). Temperature

perturbations are retrieved from AIRS using a 4th order polynomial detrending in the cross‐track direction (which

is approximately zonally) at each altitude, and are interpolated onto a 0.5° grid in latitude and longitude. The left

column of Figure 17 shows horizontal slices of T′ from the HIAMCM at various altitudes from z= 42–51 km and

at various times on 13 January. GWs are seen over Europe in the core of the major vortex jet north of 50°N, and

from orographic forcing over the Alps and Carpathian Mountains (mainly south of 50°N) in Figure 17a. GWs are

seen over the eastern CONUS and Atlantic Ocean in the entrance of the major vortex jet (Figure 17d), in the

entrance region of the minor vortex jet at 120–140°E and 40–60°N and in the core of the minor vortex jet at 140–

170°E and 60–80°N (Figure 17g), and in the exit region of the major vortex jet (Figure 17j).

We now take into account the sensitivity of AIRS in observing the temperature perturbations T′ of GWs with

horizontal/vertical wavelengths of λH and λz, respectively. Ern et al. (2017) found that for medium‐scale GWs

with λH ≤ 600 km and λz ≥ 20 km, the AIRS sensitivity function for T′ is ≥0.7 (their Figure S3 in Supporting

Information S1). Here, the sensitivity function specifies the percentage of the actual GW temperature pertur-

bation, denoted T′GW, that AIRS can observe; for example, a sensitivity function of 100% denotes that the AIRS T′

equals T′GW, while 50% denotes that the AIRS T′ is only 0.5T′GW. We assume that if AIRS were to “observe”

the HIAMCM GWs, that it would mainly observe those GWs having an AIRS sensitivity function of ≥70%.

We apply the following AIRS observational filter to the HIAMCM data. We first remove the HIAMCM GWs

with |λz| < 20 km via Fourier filtering. We then interpolate T′ onto an equally spaced horizontal grid using the

formalism from Appendix B of Vadas and Becker (2018), remove GWs with λH > 600 km via Fourier filtering,

then interpolate back to the longitude/latitude grid. The results are shown in the middle column of Figure 17.

Primary GWs from the core of the major jet and orographic forcing (Figure 17b), the entrance region of the major

jet (Figure 17e), the entrance/core regions of the minor jet (Figure 17h), and the exit region of the major jet

(Figure 17k) are seen.

The right column in Figure 17 shows the AIRS T′ at the same altitudes and times. Comparing with the middle

column, good agreement is seen between the horizontal wavelengths, structure, and amplitudes of the observa-

tionally filtered HIAMCMGWs and the observed GWs, especially the first two rows. Some differences exist, for

example, for the high‐latitude GWs generated in the core of the minor vortex jet at 140–160°E and 65–75°N.

These GWs are seen in the HIAMCM results (Figure 17g) and in the AIRS data (Figure 17i) but have very small

amplitudes in the observationally filtered HIAMCM results (Figure 17h). This discrepancy likely occurs because

the simulated background wind (which equals the MERRA‐2 wind at this altitude) is different from the actual

background wind, such that these HIAMCM GWs have |λz| < 20 km and are therefore nearly entirely removed

after applying the observational filter to the HIAMCM results in Figure 17g. Such a discrepancy between the

MERRA‐2 and actual winds at z∼ 40 km likely occurs in regions where meteorology balloon wind measurements

(incorporated into the MERRA‐2 reanalysis) are relatively scarce, such as likely occurs in northern Asia. Thus the

simulated (and observationally filtered) GWs are only as good as the background reanalysis used to nudge the

HIAMCM.

4.2. Comparison of VIIRS/DNB GWs With the Simulated GWs in the MLT

We now compare the simulated GWs with those observed by the nadir‐viewing Visible Infrared Imaging

Radiometer Suite (VIIRS) Day/Night Band (DNB) sensor onboard the Suomi NPP, which is operated by the

National Oceanic and Atmospheric Administration (NOAA). Suomi NPP was launched on 28 October 2011, and

flies at z= 834 km in a sun‐synchronous polar orbit. The DNB radiometer was designed for detection of very faint

nocturnal signals, for example, lunar reflectance of clouds and the surface, with a 505–890 nm band pass (Miller

et al., 2013). The images contain a 3,000 km swath width with global coverage. These observations are dominated

by the OH airglow from excited hydroxyl (Miller et al., 2012), which peaks near z ∼ 87 km and has a vertical full

width at half maximum of ∼8 km (e.g., Sheese et al., 2014). These observations have been utilized to study small

to medium‐scale GWs worldwide (Miller et al., 2015), including GWs from deep convection (Azeem et al., 2015;
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Figure 17. HIAMCM T′ (colors, in K) on 13 January 2016 (a, b): 1 UT at z= 42 km. (d, e): 6 UT at z= 51 km. (g, h): 18 UT at z= 42 km. (j, k): 19 UT at z= 42 km. The

left column shows T′ from the HIAMCM. The middle column is the same as the left column except observationally filtered to remove GWs with |λz| < 20 km and

λH < 600 km. The right column shows T′ observed by AIRS at 1.1 UT (c), 6.1 UT (f), 17.6 UT (i), and 19.2 UT (l). The colors are oversaturated in column 1 to better see

the GWs in columns 2 and 3.
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Lai et al., 2017; Miller et al., 2018; Xu et al., 2019; Yue et al., 2014, 2019). Because of contamination from city

lights, only GWs over clouds, unpopulated areas and the ocean are visible in VIIRS/DNB. Because VIIRS/DNB

is also sensitive to clouds, we use the M15 band IR image, which detect clouds, to determine which waves in the

VIIRS/DNB are GWs.

Figures 18a and 18b shows the VIIRS/DNB visible and M15 band IR images, respectively, at 22:06 UT on 13

January 2016 over western Russia at 35–75°E and 50–70°N. White (gray) arrows show a large (small) region

contaminated by city lights. The white dash‐dot trapezoid in Figure 18a shows the region where the data has

relatively low contamination from city lights. Small and medium‐scale GWs with arc‐like ring structures are seen

in the VIIRS/DNB image in Figure 18a. The black arrows point to the visible medium‐scale arc‐like GWs. We

estimate a possible center for these medium‐scale GWs by fitting a circle to the phase lines “visually.” A dash line

shows equi‐distances of 1,200 km from 39°E and 56°N. Interestingly, this inferred ring center of 39°E and 56°N is

Figure 18. (a) VIIRS/DNB (×1010 (in Watts/cm2/steradian)) at 22:06 UT on 13 January 2016 over western Russia. (b) Same

as (a), but the IR map from the M15 band showing tropospheric clouds (in Watts/m2/steradian/μm). (c) Same as (a), but

filtered to retain GWs with 100 < λH < 400 km. (d) T′ from the HIAMCM with 200 < λH < 400 km. Here we apply a

weighted Gaussian to T′with a full width‐half max of 8 km at z= 87 km.We then apply a 400 km × 400 km running mean to

the image and subtract it from the image to remove GWs with λH > 400 km. Black arrows show small and medium‐scale

GWs visible by VIIRS/DNB, white (gray) arrows show a large (small) region contaminated by city lights. The white dash‐dot

trapezoid in (a), (c and d) shows the region with relatively low contamination from city lights. The dashed line shows equi‐

distances of 1,200 km from 39°E and 56°N. All arrows and dash lines (when shown) appear at the same location in each

panel. The colors are oversaturated in (c) to better see the arc‐like GWs.
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quite close to the location of the event #1 LBF, 35°E and 60°N, which was the source of the event #1 secondary

GWs identified in V23 (see Section 3.1). Figure 18c shows the same VIIRS/DNB observations as in Figure 18a,

but filtered to retain GWs with 100 < λH < 400 km. The medium‐scale GWs with arc‐like structures are indicated

with black arrows, and are located within the white dash‐dot trapezoid. Note that these arrows and the black dash

lines are the same as in Figure 18a.

We apply a weighted Gaussian to the HIAMCM T′with a full width‐half maximum of 8 km at z= 87 km.We then

apply a 400 km × 400 km running mean to the image and subtract this from the image to remove GWs with

λH > 400 km. Figure 18d shows the result. A complex mix of concentric and arc‐like GWs are seen that are

centered on eastern Europe. The black arrows, black dash line and white dash‐dot trapezoid are in the same

locations as in Figures 18a and 18c. Good agreement between the horizontal wavelengths and inferred ring centers

of the simulated and observed GWs is seen within the region of relatively low city light contamination (white

dash‐dot trapezoids). Note that the simulated GWs in Figure 18d are secondary GWs from the dissipation of

primary GWs generated/amplified by the core of the major polar vortex jet.

4.3. Comparison of Meteor Radar Wind With the Simulated Wind

We now compare the hourly simulated horizontal wind in the MLT with the horizontal wind measured by the

meteor radar in Andenes, Norway and Collm, Germany at z ∼ 80 − 100 km (Jacobi et al., 2007; Stober

et al., 2012) during this 4‐day period. The method used to determine these winds are detailed in Stober

et al. (2017). This is a very stringent test of model fidelity since most studies that compare models with meteor

radar winds use model climatology data which average significantly (e.g., weeks or months) over space and/or

time (e.g., Hindley et al., 2022).

Figures 19a and 19b shows keograms of the zonal wind u and meridional wind vmeasured by the meteor radar at

Andenes, Norway (13.0°E, 69.1°N). The largest visible wave is the semi‐diurnal tide, as expected. Figure 19k

shows the corresponding spectral power, |ũ|2 and |ṽ|2, averaged from z= 78− 98 km for u and v from Figures 19a

and 19b, where ũ and ṽ are the 2D Fourier transforms of u and v, respectively, at a given z. GWs with periods of

τr∼ 2− 11 hr are seen, with the power increasing rapidly with wave period. Figures 19e and 19f show u′ and v′ for

a subset of the GWs, that is, those having τr < 7 hr (obtained via Fourier filtering), and Figures 19i and 19j show

blow‐ups of the GWs from Figures 19e and 19f during 12.5–14.5 January. GWs with τr∼ 3− 7 hr are seen having

downgoing and upgoing phases in time.

Figures 19c and 19d shows the HIAMCM u and v at Andenes and Figure 19n shows the corresponding spectral

power averaged from z= 78− 98 km. Here, we apply a 600 km× 600 km horizontal running mean smoothing to u

and v (which is the approximate field‐of‐view (FOV) of the meteor radar) in order to better‐compare the simulated

wind with the observations. Similar to the radar measurements, the semi‐diurnal tide has the largest amplitude in

Figures 19c and 19d. The simulated GWs in Figure 19n have τr∼ 2− 11 hr with a similar spectral shape as for the

observed GWs in Figure 19k. Figures 19g and 19h show the simulated GWs with τr < 7 hr, and Figures 19l and

19m show blow‐ups of the GWs from Figures 19g and 19h during 12.5–14.5 January. These GWs have downward

and upward phases in time, similar to the meteor radar observations. In general, the simulated GWs have similar

characteristics (τr and λz) as the observed GWs. Since the simulated upward and downward‐propagating GWs in

the MLT are secondary and higher‐order GWs generated/amplified by (i.e., from) the polar vortex jet, Figure 19

strongly suggests that the meteor radar observed upward and downward‐propagating secondary and higher‐order

GWs from the polar vortex jet.

In general, the amplitudes of the simulated GWs and simulated semi‐diurnal tide are somewhat larger than the

observed values in Figure 19. This can occur for several reasons. First, the 600 km × 600 km running mean

smoothing we applied to the HIAMCMwinds do not duplicate the complicated process used to obtain the meteor

radar winds (see Stober et al., 2017). Second, the GW‐tidal interactions resolved by the HIAMCM may differ

from the real atmosphere, thereby causing somewhat too strong tidal and GW wind amplitudes. (For discussions

of GW‐tidal interactions, see Senf and Achatz (2011), Becker (2017), Becker and Oberheide (2023).)

The corresponding results at Collm, Germany (13.0°E, 51.3°N) are shown in Figure 20. The spectra of the

observed and simulated GWs are similar. Additionally the observed and simulated GWs have downward and

upward phase lines in time, indicating the likely presence of upward and downward‐propagating GWs,
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respectively. Note the lack of the diurnal tide in the model results (compare Figures 19n and 20n), although this

tide has a significantly smaller amplitude than that of the semi‐diurnal tide (see Figures 19k and 20k).

5. Conclusions and Discussion

In this paper, we modeled the GWs during 11–14 January 2016 from the ground to the thermosphere with the

HIAMCM. Since no geomagnetic forcing was included, all simulated GWs were generated by multi‐step vertical

coupling (MSVC) of the primary GW sources in the troposphere and stratosphere. We found that the entrance,

core and exit regions of the polar vortex jet generated primary GWs in the stratosphere and that these generation

regions could be identified from MKS formalism. We found that in general, these primary GWs and those from

the troposphere broke/dissipated at z ∼ 70 − 80 km or farther below, whereby the atmosphere generated upward

and downward‐propagating secondary GWs in response. Since most of the secondary GWs had large periods and

therefore small ascent angles to the horizontal, they propagated large distances horizontally. Upon reaching the

MLT, these GWs spanned a large latitudinal range of 20–90°N. These secondary GWs broke/dissipated at

z ∼ 100− 110 km, whereby the atmosphere generated upward and downward‐propagating medium to large‐scale

higher‐order GWs. In the mid thermosphere, higher‐order medium‐scale GWs with concentric ring and arc‐like

structures were prevalent over the entrance, core and exit regions of the major and minor polar vortex jet cores.

These higher‐order GWs spanned 10 − 90°N. Those with the largest amplitudes generally propagated against the

background wind.

We found thatmanymedium to large‐scale higher‐order GWs generated over Europe andAsia propagated over the

Arctic region then southward over the CONUS to ∼15 − 20°N daily at ∼14 − 24 UT (∼9 − 16 LT) due to the

favorable northward background wind component over the CONUS during that time. Such GWs could be acci-

dently “misidentified” as being generated by auroral activity because of their southward propagation direction over

the CONUS around LT noon, their horizontal wavelengths, and their apparent source location in the Arctic region.

We also found that large‐scale GWs with T′ ∼ 20 − 40 K, λH ∼ 3,000 km, cH ∼ 650 m/s and τr ∼ 1.3 hr were

generated at mid to high latitudes at z ∼ 100 − 110 km. These GWs propagated southwestward at z = 200 km at

∼8–16 LT where the background wind (mainly from the diurnal tide) was northeastward. These GWs may have

been generated by the LBFs created by the dissipation of secondary GWs from below. These LBFs exhibited

semidiurnal variability due to the strong semi‐diurnal tides in the MLT. These large‐scale GWs may be related to

the large‐scale wintertime GWs observed by ICON‐MIGHTI (Cullens et al., 2022; Triplett et al., 2023). Indeed,

Cullens et al. (2022) found that the monthly zonal‐mean perturbations in the zonal wind at z = 200 km peaked at

June–July and December–January, with the December–January GW peak increasing with increasing latitude in

the northern hemisphere winter.

We also found that the mean potential energy density PE increased up to z ∼ 70 km, decreased at z ∼ 70–80 km

where the primary GWs dissipated, increased at z ∼ 80–110 km from the secondary GWs, and then decreased at

z ∼ 110 km where the secondary GWs dissipated. The PE then decreased at z= 110–350 km. These model results

are similar to observations, which found an increase of the PE in the stratosphere and lower mesosphere, then a

decrease in the mesosphere (Chu et al., 2022; Liu et al., 2019; Lu et al., 2015). Additionally, Chu et al. (2022)

recently found a second peak in the PE at z ≃ 113 km, with a decrease in the PE at z > 113 km (their Figure 3a),

similar to our model result. However, because their Figure 3a does not extend above z> 115 km, we cannot verify

if the PE continues to decrease at z > 115 km. Future measurements to higher altitudes are necessary to confirm

this model result.

Finally, we compared our model results with multiple observations. We found good agreement of the horizontal

wavelengths, structure, and amplitudes between the simulated primary GWs from the entrance, core and exit

regions of the polar vortex jet with those observed by AIRS. We also found good agreement between the

simulated secondary GWs with those observed by the Rayleigh lidar at ALOMAR.We observed concentric GWs

Figure 19. Keograms of u (a) and v (b) measured by the meteor radar at Andenes, Norway (13.0°E, 69.1°N) during 11–15 January 2016 (colors, in m/s). Keograms of u

(c) and v (d) from the HIAMCM averaged horizontally over 600 km× 600 km at Andenes. Keograms of u′ (e) and v′ (f) for observed GWswith τr < 7 hr from (a) and (b).

Keograms of u′ (g) and v′ (h) for HIAMCMGWs with τr < 7 hr from (c) and (d). (i, j, l, m): Blow‐ups of the GWs in the black dash boxes in (e–h), respectively, during

12.5–14.5 January. (k): Logarithm of the spectral power |ũ|2 (solid line) and |ṽ|2 (dash line) averaged from z= 78− 98 km for observed u and v from (a and b). (n): Same

as (k) but for HIAMCM u and v from (c and d).
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Figure 21. ACE‐FTS temperature (dashed lines, first row and first five profiles from second row) and SOFIE temperature (dashed lines, all but first five profiles in

second row and all of third row). The HIAMCM temperatures are shown as solid lines. Each profile is labeled with the longitude (in degrees E), latitude (in degrees N)

and daynumber. Each profile is shifted to the right for clarity, with a double shift occurring between the ACE‐FTS and SOPHIE profiles in the second row.
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over eastern Europe from VIIRS/DNB observations with an inferred center at 39°E and 56°N. For the scales

resolvable by the HIAMCM and within the region with relatively low contamination from city lights, we found

good agreement between the horizontal wavelengths and inferred ring centers of the simulated and observed

GWs. Finally, we found reasonable agreement between the simulated winds in the MLT with those observed by

meteor radars in Europe. In particular, we showed that the meteor radar likely observed upward and downward‐

propagating secondary and higher‐order GWs from the polar vortex jet. We conclude that the polar vortex jet is an

important source of primary GWs, giving rise to higher‐order GWs with medium to large horizontal scales in the

northern winter thermosphere via MSVC.

Appendix A: Comparison of ACE‐FTS, SOFIE and Model Temperatures

In this appendix, we compare the model temperatures with those measured by the Atmospheric Chemistry

Experiment Fourier Transform Spectrometer (ACE‐FTS) (Bernath et al., 2005) and Solar Occultation For Ice

Experiment (SOFIE) (Gordley et al., 2009; Russell et al., 2009). We utilize ACE‐FTS version 4.1 and SOFIE

version 1.3 data, which have vertical resolutions in the mesosphere of 2 − 2.5 km (Boone et al., 2020) and 1.6 km

(Marshall et al., 2011), respectively. ACE‐FTS retrieves temperature from z = 18 − 125 km (García‐Comas

et al., 2014; Sica et al., 2008). SOFIE retrieves temperature from z= 15− 102 km (Hervig et al., 2016). We show

ACE‐FTS temperatures below 105 km, and SOFIE temperatures below 95 km. Figure 21 shows the ACE‐FTS

temperature (dashed lines, first row and first five profiles from second row) and SOFIE temperature (dashed

lines, all but first five profiles in the second row and all of third row). The HIAMCM temperatures are shown as

solid lines. Each profile is labeled with longitude (in degrees E), latitude (in degrees N) and daynumber. We see

reasonable agreement between the simulated and SOFIE temperatures. The ACE‐FTS temperatures agree less

well with the simulated temperatures at z > 70 km.

Data Availability Statement

MERRA‐2 reanalysis data is available in English for download at https://gmao.gsfc.nasa.gov/reanalysis/

MERRA‐2/data_access/. VIIRS/DNB and M15 data are available at https://ladsweb.modaps.eosdis.nasa.gov/

archive/allData/5200/. AIRS full‐resolution temperature retrieval data are accessible at https://datapub.fz‐juelich.

de/slcs/airs/gravity_waves. ACE‐FTS is onboard SCISAT, and is a Canadian‐led mission mainly supported by

the Canadian Space Agency. ACE‐FTS data are available at https://earth.esa.int/eogateway/catalog/scisat‐1‐ace‐

fts‐and‐maestro. SOFIE data are available at https://sofie.gats‐inc.com/. The model data shown in this paper will

be available at the time of publication at https://www.cora.nwra.com/vadas/Vadas‐etal‐JGR‐2024‐polarvortex‐

thermosphere‐files/.
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