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• Main point #1: The upward and downward inertia GWs over ALOMAR are secondary GWs7

created by the breaking/dissipation of primary GWs from the polar vortex8

• Main point #2: The primary GWs are created from imbalance of polar vortex and are9

amplified below the wind maximum where the vertical wind shear is large10

• Main point #3: The primary and secondary GWs from the polar vortex simulated by the11

nudged HIAMCM agree well with lidar and AIRS observations12
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Plain Language Summary13

Atmospheric gravity waves (GWs) are buoyancy driven perturbations in the Earth’s atmo-14

sphere that can be created by various processes. GW breaking is similar to the breaking of an15

ocean wave when it overturns. A breaking GW imparts momentum to the atmosphere, which16

can create secondary GWs. We report on the long-period GWs observed by lidar over ALOMAR17

in northern Norway during 12-14 January 2016. We find that these GWs were secondary GWs18

created by the breaking of primary GWs, which in turn were generated by an imbalance of the19

polar vortex. We simulated this event with a GW-resolving global circulation model and directly20

compared the model results to ALOMAR lidar and AIRS satellite data. After we found that the21

model results agreed very well with these data, we investigated the simulated dynamics, which22

led to the interpretation about the origin of the observed ALOMAR GWs. This is the first23

model/data comparison study to show that GWs generated by the polar vortex are important24

to explain GWs observed in the Earth’s winter mesosphere. This study also highlights the im-25

portance of the complicated process dubbed ”multi-step vertical coupling” (MSVC), according26

to which secondary, not primary, are often observed in the wintertime mesosphere.27

S. L. Vadas, NWRA, 3380 S. Mitchell Lane, Boulder, CO 80301, USA. (vasha@cora.nwra.com)

1Northwest Research Associates, Boulder,
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Abstract.28

We analyze the gravity waves (GWs) observed by a Rayleigh lidar at the29

Arctic Lidar Observatory for Middle Atmosphere Research (ALOMAR) (16.08◦30

E, 69.38◦ N) in Norway at z ∼ 20 − 85 km on 12-14 January 2016. These31

GWs propagate upward and downward away from zknee = 57 and 64 km32

at a horizontally-displaced location with periods τr ∼ 5−10 h and vertical33

wavelengths λz ∼ 9−20 km. Because the hodographs are distorted, we in-34
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troduce an alternative method to determine the GW parameters. We find35

that these GWs are medium to large-scale, and propagate north/northwestward36

with intrinsic horizontal phase speeds of ∼ 35−65m/s. Since the GW pa-37

rameters are similar above and below zknee, these are secondary GWs cre-38

ated by local body forces (LBFs) south/southeast of ALOMAR. We use the39

nudged HIAMCM (HIgh Altitude Mechanistic general Circulation Model)40

to model these events. Remarkably, the model reproduces similar GW struc-41

tures over ALOMAR, with zknee = 58 and 66 km. The event #1 GWs42

are created by a LBF at ∼ 35◦E, ∼ 60◦N and z ∼ 58 km. This LBF43

is created by the breaking and dissipation of primary GWs generated and44

amplified by the imbalance of the polar night jet below the wind maximum;45

the primary GWs for this event are created at z ∼ 25− 35 km at 49− 53◦46

N. We also find that the HIAMCM GWs agree well with those observed by47

the Atmospheric InfraRed Sounder (AIRS) satellite, and that those AIRS48

GWs south and north of ∼ 50◦N over Europe are mainly mountain waves49

and GWs from the polar vortex, respectively.50
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1. Introduction

Atmospheric gravity waves (GWs) are created from many processes in the lower atmo-51

sphere, including wind flow over topography [Watanabe et al., 2006; Plougonven et al.,52

2008; Alexander and Teitelbaum, 2007, 2011; Sato et al., 2012; Smith et al., 2013; Wal-53

terscheid et al., 2016; Hoffmann et al., 2013, 2016; Fritts et al., 2016, 2021; Walterscheid54

et al., 2016; Vadas and Becker , 2019; Becker and Vadas , 2020; Lund et al., 2020; Hindley55

et al., 2021], deep convection [Taylor and Hapgood , 1988; Fovell et al., 1992; Alexander56

et al., 1995; Holton and Alexander , 1999; Pandya, 1999; Piani et al., 2000; Walterscheid57

et al., 2001; Lane et al., 2001, 2003; Beres et al., 2002; Horinouchi et al., 2002; Song et al.,58

2003;Yue et al., 2009;Vadas et al., 2009a, b; Liu et al., 2014; Stephan and Alexander , 2015;59

Holt et al., 2017; Heale et al., 2019], geostrophic adjustment of the tropospheric jet [Fritts60

and Luo, 1992; Luo and Fritts , 1993; Vadas and Fritts , 2001; Watanabe et al., 2008], and61

“spontaneous emission” from the polar vortex [O’Sullivan and Dunkerton, 1995; Yoshiki62

and Sato, 2000; Yoshiki et al., 2004; Zülicke and Peters , 2006, 2008; Sato and Yoshiki ,63

2008; Alexander et al., 2011; Chen et al., 2013; Plougonven and Zhang , 2014; Shibuya et al.,64

2017; Dörnbrack et al., 2018; Gassmann, 2019; Becker et al., 2022]. The amplitude of an65

upward-propagating GW increases approximately exponentially with height until the GW66

nears a critical level, breaks, or dissipates directly from molecular viscosity [Hines , 1960;67

Pitteway and Hines , 1963; Fritts and Alexander , 2003; Vadas , 2007]. (This increase is68

exactly exponential if the background wind and density scale height H are constant in al-69

titude.) Upon breaking and dissipating, a GW packet deposits its energy and momentum70

into the background atmosphere, which creates a local body force (LBF) and heating that71
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excites a new set of GWs called secondary GWs [Vadas et al., 2003, 2018; Vadas and Liu,72

2009, 2013; Becker and Vadas , 2018; Vadas and Becker , 2018; Heale et al., 2020]. If the73

primary wave packet is isolated when breaking and/or dissipating, the excited secondary74

GWs have horizontal wavelengths ranging from ∼ λH/4 to several times the horizontal75

extent of the primary wave packet, where λH is the predominant horizontal wavelength76

of the primary GW packet. If, however, there is significant constructive/destructive in-77

terference between several wave packets from different sources at the breaking location,78

then the horizontal extent of the LBFs and heatings can be significantly smaller than λH79

of the primary GWs [Vadas and Crowley , 2010; Vadas and Becker , 2018, 2019]. These80

smaller-sized forces/heatings excite secondary GWs with significantly smaller horizontal81

wavelengths than λH of the primary GWs.82

GW breaking also excites smaller-scale secondary GWs created by the non-linear in-83

teractions of the breaking process [Satomura and Sato, 1999; Chun and Kim, 2008; Lane84

et al., 2003; Snively and Pasko, 2003; Lund et al., 2020; Heale et al., 2020]. Although most85

of these GWs have small horizontal phase speeds and are reabsorbed near the breaking86

region (and therefore contribute to the LBFs discussed above), some may propagate out87

of this region to higher altitudes [Heale et al., 2020; Fritts et al., 2021].88

The temperature perturbations (as a function of z and time) of the secondary GWs89

excited by a LBF create a striking wave structure for a ground-observer at a horizontally-90

displaced location. These structures are dubbed “fishbone structures” [Vadas et al., 2018],91

and are created because the secondary GW spectrum is rich, with different spectral com-92

ponents propagating at different speeds and ascent angles away from the LBF. (A GW’s93

propagation angle with respect to the zenith in an isothermal windless background is94
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ζ = cos−1(τB/τIr), where τIr is the GW intrinsic period and τB is the buoyancy period95

[Vadas et al., 2009b]; thus high (low)-frequency GWs have steep (shallow) ascent an-96

gles.) A fishbone structure is asymmetric in z about the “knee” altitude zknee, which is97

the altitude of the horizontally-displaced LBF. This asymmetry consists of hot and cold98

GW phases meeting at zknee whereby T ′ = 0. These secondary GWs consist of upward99

(downward)-propagating GWs having downgoing (upgoing) phases in time above (be-100

low) zknee, respectively, in a z − t plot. (In this paper, upgoing/downgoing refers to the101

movement of a GW’s phase in a z − t plot, while upward/downward refers to the group102

velocity direction (i.e., propagation direction) of a GW.) In an isothermal, constant-wind103

atmosphere, the secondary GWs at the same distance above and below zknee at a given104

time have the same horizontal wavelength λH , vertical wavelength λz, observed period τr,105

propagation direction, and density-scaled amplitude (e.g.
√
ρT ′, where T ′ is the temper-106

ature perturbation and ρ is the background density). This fishbone structure is visible at107

any location except perpendicular to the LBF direction [Vadas et al., 2003, 2018].108

Two fishbone structures containing secondary GWs were identified in wintertime lidar109

data at McMurdo on 18 June 2014 and 29 June 2011 with zknee = 43 and 52 km, respec-110

tively [Vadas et al., 2018]. These were inertia GWs with periods of τr ∼ 6 − 10 hrs and111

|λz| ∼ 6 − 14 km. Additionally, fishbone structures containing medium to large-scale in-112

ertia GWs were identified in simulation data with zknee = 35−60 km at McMurdo [Fig. 5113

of Vadas and Becker , 2018]. These latter GWs had the same density-scaled amplitudes,114

λH , λz, τr, and propagation direction above and below zknee, and were therefore identified115

as secondary GWs. The LBF which excited these GWs was created from the breaking of116

primary GWs from below [Fig. 18-22 of Vadas and Becker , 2018].117
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While the McMurdo study of Vadas et al. [2018] contains the only published cases118

of secondary GWs in fishbone structures that we are aware of, there have been other119

high latitude lidar studies where upward and downward-propagating inertia GWs have120

been observed. Baumgarten et al. [2015] and Strelnikova et al. [2020] observed persis-121

tent inertia GWs at ALOMAR in the stratosphere and mesosphere having upgoing and122

downgoing phases in time, indicating the possible presence of downward and upward-123

propagating secondary GWs, respectively. Kaifler et al. [2017] observed upward and124

downward-propagating inertia GWs at z ∼ 50 km on 6 December 2015 using a Rayleigh125

lidar in Finland (Fig. 8 of that work). They wrote “Remarkably, upward [upgoing]126

phase progression waves are found below 50 km and downward [downgoing] phase pro-127

gression waves above. [...] Vertical wavelengths of downward [downgoing] and upward128

[upgoing] phase progression waves at ∼ 50 km altitude are in the same range (10-12 km,129

Fig.8f)”. They also found that the wave periods were similar above and below z ∼ 50130

km, τr ∼ 7 − 8 h (Fig. 8e of that work), and that the GWs with upgoing phases were131

downward-propagating GWs. These downward GWs could not have been reflected waves,132

because reflection occurs when m→ 0 or |λz| → ∞ whereby the phase lines become ver-133

tical, which was not observed. Here, m = 2π/λz. These GWs may have been secondary134

GWs created by a horizontally-displaced LBF at z ∼ 50 km.135

In fact, inertia GWs are often observed in the wintertime high latitude stratosphere and136

mesosphere. These observations have occurred over McMurdo [Chen et al., 2013, 2016;137

Chen and Chu, 2017; Zhao et al., 2017], Syowa Station [Shibuya et al., 2017], ALOMAR138

[Baumgarten et al., 2015; Strelnikova et al., 2020], Kühlungsborn Germany [Strelnikova139

et al., 2021], Alaska [Nicolls et al., 2010; Li et al., 2021], and at the Andes Lidar Obser-140
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vatory [Huang et al., 2017]. Such inertia GWs could be secondary or higher-order GWs141

from orographic forcing [Becker and Vadas , 2018; Vadas and Becker , 2018].142

Are there other sources for wintertime inertia GWs? Bossert et al. [2020] analyzed the143

temperature perturbations in AIRS over Europe during January 2016. Although mountain144

waves (MWs) were visible at midlatitudes (e.g., over the Alps), their study suggested that145

the high-latitude GWs at z ∼ 30 − 45 km may have been created by the stratospheric146

polar vortex. Dörnbrack [2021] disputed this interpretation, instead arguing that these147

high-latitude waves were trailing MWs from the Alps due to the blended nature of the148

phase lines at z ∼ 40 km. A recent modeling paper using the HIAMCM showed that149

the polar vortex created inertia GWs during January 2016 [Becker et al., 2022, hereafter150

B22]. That study showed that these GWs were amplified by the transfer of kinetic energy151

from the large-scale flow to the GWs in a process found to be strongest where the vertical152

shear of the horizontal wind (hereafter vertical wind shear) was maximum in the middle153

stratosphere. This amplification process typically occurs at the outer edge of the polar154

vortex below the altitude where the horizontal wind is the largest. This region allows for155

the greatest extraction of energy from the mean flow into the generated GWs. B22 also156

showed that there was a persistent GW hot spot over Europe during January 2016, and157

that the HIAMCM results agreed well with AIRS data during that month.158

In this paper, we investigate the GWs in the fishbone structures observed by a Rayleigh159

lidar over ALOMAR on 12-14 January 2016. In Section 2, we review the GW disper-160

sion and polarization relations. We analyze the GWs observed by the ALOMAR lidar161

in Section 3. Since the hodographs are distorted, we develop an alternative method to162

determine the GW intrinsic parameters using the GW dispersion and polarization rela-163
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tions. In Section 4, we model these events using the nudged HIAMCM, and compare164

the results with lidar and AIRS data. Because good agreement is obtained, we analyze165

the HIAMCM results to determine the multi-step vertical coupling that created the GWs166

over ALOMAR. Section 5 contains our conclusions. Appendix A calculates the fishbone167

structure for multiple LBFs, and Appendix B compares the GWs in the HIAMCM and168

AIRS over the Atlantic Ocean during this time period.169

2. Parameters and Phase/Amplitude Relationships of a GW

2.1. Gravity Wave Dispersion and Polarization Relations

The general fluid equations are fully compressible, and include GWs and acoustic waves170

(AWs). Several approximations are commonly employed if |λz| is not too large, such as171

the Boussinesq and anelastic approximations. Earth’s rotation is included for inertia172

GWs with intrinsic periods τIr > 4 h at mid and high latitudes by employing the f -173

plane approximation, where the latitude is assumed fixed. If the background atmosphere174

is locally-constant and the perturbations are linear, analytic solutions can be obtained.175

These are the GW dispersion and polarization relations, which govern how the wavenum-176

ber, amplitude and phase of a GW changes as it propagates. The general non-dissipative177

relations were derived by Hines [1960] (dispersion relation) and Vadas [2013] (polarization178

relations). These expressions are also applicable to a GW in the thermosphere below the179

altitude where molecular viscosity begins to significantly damp it [Vadas , 2007].180

The altitude where molecular viscosity becomes important for significantly damping a181

GW depends sensitively on λz and the intrinsic horizontal phase speed, cIH = ∂ωIr/∂kH ,182

where ωIr is the intrinsic frequency and kH = 2π/λH [Vadas , 2007]. This damping becomes183
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significant when the following expression is satisfied:184

λ3zωIr

8π3H(1 + Pr−1)
∼ ν(z) (1)

[Eq.(9) of Vadas and Liu, 2009], where ν(z) = µ/ρ is the kinematic viscosity, µ is the185

molecular viscosity, ρ is the background density, Pr is the Prandtl number, and H is186

the density scale height. In the thermosphere, Pr ≃ 0.62 [Banks and Kockarts , 1973b;187

Vadas and Crowley , 2017]. Small-λz GWs are damped near the turbopause at z ∼ 107188

km. Because ν increases exponentially in z, every GW is eventually damped by viscosity,189

wherein the changes of its wavenumber, amplitude and phase are described by the viscous190

dispersion and polarization relations [e.g., Vadas and Fritts , 2005; Vadas and Nicolls ,191

2012].192

The compressible, f -plane, non-dissipative dispersion relation for GWs and AWs is193

ω4
Ir − [f 2 + c2s(k

2 + 1/4H2)]ω2
Ir + c2s[k

2
HN

2
B + f 2(m2 + 1/4H2)] = 0 (2)

[Hines , 1960]. Here, ωIr = 2π/τIr is the intrinsic frequency:194

ωIr = ωr − (kU + lV ), (3)

ωr = 2π/τr is the ground-based frequency, U and V are the zonal and meridional compo-195

nents of the background wind, respectively, k, l, and m are the zonal, meridional and ver-196

tical wavenumbers, respectively, kH =
√
k2 + l2 = 2π/λH , m = 2π/λz, k

2 = k2 + l2 +m2,197

H = −ρ/(dρ/dz) is the density scale height, NB =
√
γ − 1 g/cs is the buoyancy frequency,198

cs =
√
γgH is the sound speed, f = 2Ω sin θ, Ω = 2π/24 hr is Earth’s rotation rate, θ is199

the latitude, g = 9.8(RE/(RE+z))
2 is the acceleration due to gravity and RE = 6.371×106200

m is Earth’s radius. Note that m < 0 (m > 0) for an upward (downward)-propagating201

GW, assuming ωIr > 0 without loss of generality. In addition, γ = 1 + r/Cv = Cp/Cv,202
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r = (8308/XMW)m2s−2K−1, XMW is the mean molecular weight, and Cv (Cp) is the mean203

specific heat at constant volume (pressure). If the dominant molecule(s) is diatomic204

(monatomic), γ = 1.4 (γ = 1.667). Simple empirical expressions for XMW and γ are205

XMW =
1

2
(XMW0 − XMW1)

(
1− tanh

(
s− a

∆a

))
+XMW1 (4)

γ =
1

2
(γ0 − γ1)

(
1− tanh

(
s− b

∆b

))
+ γ1, (5)

respectively, where s = − ln(ρ) (ρ has units of g/m3), XMW0 = 28.9, XMW1 = 16, a = 14.9,206

∆a = 4.2, γ0 = 1.4, γ1 = 1.667, b = 15.1 and ∆b = 4.0 [Eqs. (3-4) of Vadas , 2007].207

The GW dispersion relation is obtained from the smaller root from Eq. (2):208

ω2
Ir =

a

2

[
1−

√
1− 4b/a2

]
, (6)

where209

a = [f 2 + c2s(k
2 + 1/4H2)], (7)

b = c2s[k
2
HN

2
B + f 2(m2 + 1/4H2)] (8)

[Eqs. (31), (33), (34) of Vadas , 2013]. If a GW propagates much slower than cs210

(ωIr/
√
k2 + 1/4H2 ≪ cs), Eq. (6) reduces to the usual anelastic GW dispersion rela-211

tion:212

ω2
Ir =

k2HN
2
B + f 2(m2 + 1/4H2)

m2 + k2H + 1/4H2
(9)

[Marks and Eckermann, 1995]. Then λH = 2π/kH can be determined via213

k2H =
(ω2

Ir − f 2)(m2 + 1/4H2)

N2
B − ω2

Ir

. (10)

Assuming plane wave solutions of the form214

(e−z/2Hu′)(x, y, z, t) = ei(ωrt−kx−ly−mz)( ˜e−z/2Hu′)(k, l,m), (11)
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where the widetilde “ ˜ ” denotes taking the Fourier transform of all factors within the215

parentheses in space and time, the compressible GW polarization relations are216

v̂ =
ilωIr − fk

ikωIr + fl
û (12)

ŵ =
−ωIr(m− i

2H
+ i

γH
)(ω2

Ir − f 2)(kωIr + if l)

(N2
B − ω2

Ir)(k
2ω2

Ir + f 2l2)
û, (13)

T̂ =
N2

B(im− 1
2H

)− ω2

Ir

γH
(1− γ)

gωIr(m− i
2H

+ i
γH

)
ŵ, (14)

ŵ =
−(m− i

2H
+ i

γH
)(ω2

Ir − f 2)

(N2
B − ω2

Ir)kH
ûH (15)

[Eqs. (B3), (B8) and (B11) of Vadas , 2013] and [Eq.(42) of Vadas et al., 2018]. Here, the217

“hatted” quantities are the Fourier transforms of the density-scaled perturbations:218

û = ( ˜e−z/2Hu′), v̂ = ( ˜e−z/2Hv′), ûH = ( ˜e−z/2Hu′H), (16)

ŵ = ( ˜e−z/2Hw′), T̂ = ( ˜e−z/2HT ′/T ), (17)

where u′, v′ and w′ are the GW zonal, meridional and vertical velocity perturbations,219

respectively, u′H =
√
(u′)2 + (v′)2, T ′ is the temperature perturbation, and T is the back-220

ground temperature. If we assume the sign convection ei(−ωrt+kx+ly+mz) instead of the221

RHS of Eq. (11), then one must replace i by −i in Eqs. (12)-(15) to obtain the cor-222

responding polarization relations. (Note that the chosen sign convention does not affect223

the physically-observed atmospheric perturbations.) Eqs. (12)-(15) yield the phase and224

amplitude relationships between u′, v′, w′, u′H and T ′. For example,225

T̂ = (α + iβ)ŵ = A exp(iζ)ŵ, (18)

where A =
√
α2 + β2 and ζ = tan−1(β/α). Then the phase shift between T̂ and ŵ is ζ226

and the amplitude ratio is A. If |λz| ≪ 4πH, then u′, v′, w′, u′H and T ′ can be substituted227

in for û, v̂, ŵ, ûH and T̂ , respectively, in Eqs. (12)-(15).228
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2.2. Hodograph solutions for a gravity wave

Multiplying Eq. (12) by its complex conjugate yields229

(
l2ω2

Ir + f 2k2
)
|û|2 −

(
k2ω2

Ir + f 2l2
)
|v̂|2 = 0, (19)

where “∗” denotes the complex conjugate and |û|2 = ûû∗, for example. We define the GW230

propagation direction in the horizontal plane counter-clockwise from east as ψ. Then231

k = kH cosψ, l = kH sinψ. (20)

Plugging Eq. (20) into Eq. (19), we get232


1 +

(
ωIr

f

)2

tan2 ψ


 |û|2 −



(
ωIr

f

)2

+ tan2 ψ


 |v̂|2 = 0. (21)

We rotate to a coordinate system parallel to the GW propagation direction so that û‖ and233

û⊥ are the parallel (long axis) and perpendicular (short axis) components of the horizontal234

wind perturbations, respectively. Setting ψ = 0 in this system, Eq. (21) becomes235

|û‖|2 =
(
ωIr

f

)2

|û⊥|2. (22)

If |λz| ≪ 4πH, û‖ = u′‖ and û⊥ = u′⊥ so that236

|u′‖|2 =
(
ωIr

f

)2

|u′⊥|2. (23)

Eq. (23) shows that the ratio of the parallel to the perpendicular lengths of the ellipse237

formed by plotting u′ versus v′ for a GW yields ωIr/f via the hodograph method, as is well238

known [e.g., Sawyer , 1961; Cot and Barat , 1986; Wang and Geller , 2003; Zhang et al.,239

2004; Chen et al., 2013; Baumgarten et al., 2015; Strelnikova et al., 2020]. Additionally,240

because the GW propagation direction is parallel to the long axis of the ellipse, ψ is241

determined from the hodograph except for a 180◦ ambiguity. This ambiguity is eliminated242
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by using the phase shift between T ′ and u′ (or v′) [e.g., Chen et al., 2013; Baumgarten243

et al., 2015]. λH is then determined from the GW dispersion relation when λz is measured.244

3. Observations and Analysis of Fishbone Structure GWs at ALOMAR

3.1. RMR Lidar observations at ALOMAR

We make use of temperature and wind data acquired with the Doppler Rayleigh-Mie-245

Raman (RMR) lidar installed at the Arctic Lidar Observatory for Middle Atmosphere246

Research (ALOMAR), located in northern Norway at 69.38◦ N, 16.08◦ E. This lidar mea-247

sures temperatures and winds during daytime and nighttime [e.g., von Zahn et al., 2000;248

Schöch et al., 2008; Fiedler et al., 2011; Baumgarten et al., 2015]. Two lasers emit pulses249

in two different directions with a zenith distance angle of 20◦. The azimuths for the north250

and east viewing telescopes are 0◦ and 90◦, respectively. The backscattered photons are251

collected by two receiving telescopes. One single detection system is used for recording252

the backscattered light (among others) at wavelengths of 355 nm and 532 nm, where253

the latter is further analyzed with a Doppler Iodine Spectrometer [Baumgarten, 2010].254

These backscattered signals are used to calculate the temperature profiles [Hauchecorne255

and Chanin, 1980]. The wind is measured in the zonal and meridional directions given256

by the pointing of the two outgoing beams and the viewing direction of the telescopes.257

From the measured Doppler-shift, the horizontal wind is calculated assuming negligible258

contribution from the vertical wind.259

The temperature profiles are available up to 90 km during the nighttime and 70 km260

during the daytime. The (oversampled) data is available with a resolution of 5 min and261

150 m. This data allows for the detection of waves down to periods of 1 hour and vertical262

wavelengths of 1 km. We interpolate over missing data or data that have values which263
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significantly deviate from the mean. We do not use data below 25 km due to uncertainties264

introduced by the stratospheric aerosol layer and the presence of polar stratospheric clouds265

[Baumgarten, 2010; Langenbach et al., 2019].266

3.2. Extraction of fishbone structures from the lidar data

Fig. 1a shows a time-height cross section of the scaled temperature perturbation,267

T ′ exp(−z/14km), and Fig. 1b shows the background mean temperature, T , from the268

lidar at ALOMAR on 12-14 January 2016. Here, we use Fourier filtering to obtain the269

perturbations, which have 1 ≤ τr ≤ 11 h so that the semi-diurnal and diurnal tides are270

removed and |λz| ≥ 1 km. Note that τr ≥ 1 h and |λz| ≥ 1 km are consistent with the re-271

quirement for extracting waves from the lidar data (see Sec. 3.1). Because exp(−z/14km)272

is roughly the square root of the background density (since H ∼ 7 km), multipying T ′
273

by this factor causes the amplitudes of the upward and downward-propagating GWs in274

the fishbone structures to be the same if T , U and V are constant, and therefore enables275

easier identification of these structures. Fig. 1c-d show the scaled zonal and meridional276

wind perturbations, u′ exp(−z/14km) and v′ exp(−z/14km), respectively. Two fishbone277

structures are observed in Fig. 1: events #1 and 2 (black arrows). Note that these278

structures are not as “clean” as in Vadas et al. [2018] because of constructive/destructive279

interference of the main fishbone GWs with “contaminant” GWs. (As we find in Sec. 4280

and Appendix A, these contaminant GWs are secondary GWs from neighboring LBFs.)281

Fig. 2a-b show T ′ exp(−z/14km) for GWs with upgoing and downgoing phases in282

time, respectively, obtained by taking the Fourier transform of Fig. 1a. Upgoing phase283

lines (suggesting downward-propagating GWs) are only visible below z ∼ 60 km and 66284

km during events #1 and #2, respectively. There is a corresponding decrease or dip in285
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amplitude for the downgoing phase lines (suggesting upward-propagating GWs) in Fig. 2b286

at z ∼ 60 km and 66 km during events #1 and #2, respectively. These results suggest287

that in-situ upward and downward-propagating GWs are generated at these altitudes.288

We determine zknee as follows. We first locate the altitude range where the amplitudes289

of the filtered upgoing phase lines (downward GWs) in Fig. 2a become quite small. This290

is the altitude range where the downward secondary GWs are created. During event #1,291

this altitude range is estimated to be z ∼ 54 − 60 km from Fig. 2a. We outline this292

downward-GW generation region with a pink dash rectangle in Fig. 2a, and duplicate293

this rectangle in Fig. 1a. We now use the fact that T ′ = 0 for the secondary GWs at294

zknee, which is the altitude of a (horizontally-displaced) LBF [Vadas et al., 2003, 2018].295

We then estimate the average altitude within the GW generation region (pink rectangle)296

where the hot and cold upgoing and downgoing phase lines meet in Fig. 1a, and define297

this altitude to be zknee. Examining the upgoing and downgoing phase lines within the298

event #1 pink rectangle in Fig. 1a, we estimate an average altitude where the hot and299

cold phase lines meet of z ∼ 57 km; therefore we set zknee = 57 km for event #1.300

For event #2, the amplitude of the upgoing phase lines are quite small at z ∼ 60 − 65301

km (event #2 pink dash rectangle) in Fig. 2a. Examining this same altitude range in302

Fig. 1a, we estimate an average altitude where the hot and cold phase lines meet of303

z ∼ 64 km; therefore we set zknee = 64 km for event #2. The arrows in Fig. 2a point304

directly at zknee. Note that constructive/destructive interference with secondary GWs305

from neighboring LBFs makes it more difficult to determine zknee for the main fishbone306

structures (see Appendix A). Additionally, saturation of the primary GWs smears T ′ at307

zknee , thereby making it more difficult to determine zknee of the secondary GWs. We308
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overplot in Fig. 2 the knee altitudes zknee = 57 km before 13.7 January and zknee = 64309

km after 13.7 January (dashed line). As a consistency check, we note that nearly all of310

the scaled amplitudes for GWs with downgoing phases decrease near the dashed line in311

Fig. 2b after 13.2 January. (Here, 13.2 January refers to ∼5 UT on 13 January.)312

Note that the event #1 (#2) GWs with downgoing phases (suggesting upward-313

propagating GWs) in Fig. 2b are damped at z ∼ 65 − 70 km (z ∼ 72 − 78 km); this314

damping must be caused by wave breaking that is induced by amplitude growth (instead315

of refraction by the background wind) since λz is relatively constant during the damping.316

Boundaries that enclose relatively “clean” fishbone structures from Figs. 1-2 are as317

follows. Event #1 is chosen to be at 45 < z < 75 km on 13.1-13.6 January, and event318

#2 is chosen to be at 48 < z < 80 km on 13.7-14.2 January. Fig. 2c shows those GWs319

with downgoing (upgoing) phases above (below) the dashed line for the chosen time and320

altitude boundaries. Fishbone structures are seen during events #1 and 2. Note that the321

hot-cold phases do not always line up due to the presence of contaminant waves.322

The second and third rows of Fig. 2 show the corresponding results for u′ and v′. Note323

that large-amplitude GWs not part of the fishbone structure propagate upward from below324

through event #1 in Fig. 2e (purple arrow). Therefore, we do not show the GWs with325

downgoing phase lines above zknee during event #1 for u′ in Fig. 2f.326

3.3. Estimation of the intrinsic parameters of the lidar GWs from the

hodograph method

Fig. 3a-b show the PSD (power spectral density) of T ′ from Fig. 2c, [T̃ ′]2, above and327

below the knee, respectively, calculated within the time and altitude boundaries for event328

#1. Here we show the PSD of T ′ instead of u′H because we have complete T ′ data above329
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and below zknee for both events (see 3rd column of Fig. 2). The peak values are |τr| ∼ 5−8330

h and |λz| ∼ 10−20 km. Since |τr| and |λz| are similar above and below zknee, these GWs331

are likely secondary GWs from a horizontally-displaced LBF at zknee = 57 km. We fit 2D332

Gaussian functions to the PSD to obtain best-fit values below zknee for |λz| and |τr|; the333

results are shown in Table 1.334

Fig. 3c shows the lidar perturbations u′, v′ and (g/NB)T
′/T as functions of time335

at z = 54 km via setting NB = 0.02 rad/s and g = 9.8(RE/(RE + z))2 = 9.6m/s2.336

Figs. 3d-e show temporal and altitudinal hodographs, respectively. The hodographs337

rotate counter-clockwise in time and altitude, thereby implying that the GWs below zknee338

propagate downward in time. These hodographs are distorted ellipses due to the presence339

of contaminant GWs which create “checkerboard” patterns in T ′ at 45 < z < 57 km and340

at 13.1-13.6 January in Fig. 2c,f,i. These contaminant GWs are likely secondary GWs341

from neighboring LBFs (see Sec. 4).342

We roughly estimate u′‖ ∼ 21m/s, u′⊥ ∼ 4m/s, and u′ ∼ 17m/s from Fig. 3d, where343

u′ is the total zonal velocity perturbation (i.e., the projection of the hodograph onto the344

u′ axis). Using Eqs. (10) and (23), |λz| = 15 km and 2π/f = 12.8 h, we estimate345

τIr = 2π/ωIr ∼ 2.4 h and λH = 421 km. Using Eq. (20), ψ = cos−1(u′/u′‖), which yields346

northwest or southeast propagation directions of ψ ∼ 144◦ or −36◦.347

Fig. 4a shows the wind from NASA’s Modern-Era Retrospective analysis for Research348

and Applications, Version 2 (MERRA-2) reanalysis data [Gelaro et al., 2017] on 13.0349

January at z = 48 km, which is the height where the polar night jet has a maximum speed350

of Utot = 133m/s, where Utot =
√
U

2
+ V

2
. The jet is strong over the Atlantic Ocean351

and northern Europe. We overplot the vortex edge (white line) using the streamfunction352
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method of Harvey et al. [2002]. The vortex edge roughly follows the poleward flank of the353

wind maximum. Fig. 4b-c show the horizontal wind at z = 54 and 58 km. Below zknee354

during event #1, the wind is mainly eastward at ALOMAR (asterisk). If the event #1355

GWs propagated northwestward (southeastward), they would have propagated mainly356

against (with) the wind, which would have resulted in τIr < |τr| (τIr > |τr|) from the357

Doppler shift. Since τIr < |τr|, the event #1 GWs must have propagated northwestward.358

Fig. 3f-j and Table 1 show the corresponding results for event #2. Since |τr| and359

|λz| are similar above and below zknee, these GWs are likely secondary GWs. While the360

hodograph in Fig. 3j rotates counter-clockwise in z, the hodograph in Fig. 3i rotates361

both clockwise and counter-clockwise in time due to the presence of contaminant GWs362

(see Figs. 3h-j and 2c,f,i), thereby yielding an ambiguous result. We roughly estimate363

u′‖ ∼ 7m/s, u′⊥ ∼ 4m/s, and u′ ∼ 3m/s. Using Eq. (23), we estimate τIr = 2π/ωIr ∼ 7.3364

h and ψ = 115◦ or −65◦.365

Fig. 4d shows the wind on 13.5 January at z = 48 km, the height where the polar366

vortex has a maximum speed of Utot = 156m/s, and Fig. 4e-f show the wind at z = 54367

and 64 km. Below zknee during event #2, the wind is mainly eastward at ALOMAR.368

If the event #2 GWs propagated northward or southward, they would have propagated369

approximately perpendicular to the wind direction, so that τIr ≃ τr. Because T ′ peaks370

before u′ in Fig. 3h, we show in Sec. 3.4 that these GWs propagated northward.371

3.4. Alternative method to determine the intrinsic parameters of lidar GWs

The hodograph method used in Sec. 3.3 is the usual way to determine the intrinsic372

parameters of inertia GWs from lidar data. However, because of contamination from373

other GWs, we were only able to obtain rough estimates of these parameters. We now374
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present an alternative method to obtain the best-fit intrinsic GW parameters and 1−sigma375

errors using the GW polarization and dispersion relations.376

To motivate this method, Fig. 5a shows u′, v′, (g/NB)T
′/T as functions of time at a fixed377

altitude for a possible event #1 GW that is downward and northwestward-propagating378

with u′H = 7m/s, λH = 310 km, τIr = 2 h and ψ = 150◦, and Fig. 5b shows the379

corresponding hodograph in time. Here we use the GW polarization relations given by380

Eqs. (12)-(14) with γ = 1.4, NB = 0.02 rad/s, H = 7 km, g = 9.8(RE/(RE + z))2 =381

9.6m/s2, and m > 0 (because the GW is downward-propagating). We calculate ωIr from382

Eq. (3) using k and l from Eq. (20) and U and V from MERRA-2 at z = 54 km, and383

ensured that it equaled ωIr from Eq. (6). (Note that U and V from MERRA-2 are384

similar to the mean wind measured by the lidar at this altitude.) In Fig. 5a, u′ and v′ are385

approximately ∼ 180◦ out of phase because the GW propagates northward (l > 0) and386

westward (k < 0). Additionally, the T ′ peak precedes the u′ peak by ∼ 90◦.387

We employ the mid-frequency approximation for GWs whereby NB ≫ ωIr ≫ f , and388

assume that |λz| ≪ 4πH. Then Eqs. (13) and Eq. (14) become389

T ′

T
≃ −imωIr

gk
u′. (24)

If a GW propagates downward and eastward, then m > 0 and k > 0 so that T ′/T ∝ −iu′.390

Since x, y, and z are constants, u′ ∝ u′0 exp(iωrt) from Eq. (11), where u′0 is the amplitude391

of u′. Then, T ′/T ∝ u′0 exp(iωr(t − π/(2ωr)), since i = exp(iπ/2). Therefore T ′ peaks392

90◦ after u′ for a downward and eastward-propagating GW in this background wind. But393

if the GW propagates downward and westward, then T ′/T ∝ u′0 exp(iωr(t + π/(2ωr))394

causing T ′ to peak 90◦ before u′, as seen in Fig. 5a.395
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Fig. 5c-d shows the analogous results for a possible event #2 GW that propagates396

downward and northwestward with λH = 1360 km, τIr = 7 h, and ψ = 110◦. As for the397

previous case, T ′ peaks ∼ 90◦ before u′. Note that the hodograph in Fig. 5d is rounder398

than in Fig. 5b because τIr is larger.399

While the hodograph of a monochromatic GW is a “perfect” ellipse (e.g., Fig. 5b,d), the400

hodographs of the lidar GWs are distorted ellipses due to contaminant GWs having similar401

τr and λz (see Fig. 3d-e,i-j). We now determine the best-fit intrinsic GW parameters, τIr,402

λH and ψ, and corresponding 1-sigma errors from u′(t), v′(t), T ′(t) at a given altitude403

and location via searching parameter space for GWs consistent with the data and with404

the GW f -plane compressible dispersion and polarization relations for specified values of405

U , V , T , γ, H, NB, g and f .406

We perform 4 nested loops through specified ranges of values for λH , λz, τr and ψ. Here,407

λH ranges from λH = 100 to 3000 km and ψ ranges from −180◦ to 180◦. Additionally, |λz|408

ranges from λz−σλz
to λz+σλz

and |τr| ranges from τr−στr to τr+στr where λz and τr are409

the best-fit values of λz and τr and σλz
and στr are the errors in these values from the PSD410

(see Table 1). In addition, τr ranges over negative and positive values, and m = 2π/λz is411

negative (positive) for an upward (downward)-propagating GW. Within these loops, we412

set ωr = 2π/τr and kH = 2π/λH, determine k and l from Eq. (20), and calculate ωIr from413

Eq. (3). We then calculate ωIr independently from Eq. (6) (or Eq. (9) if |λz| ≪ 4πH); if414

these ωIr values agree to within a small prescribed tolerance, we know this GW could have415

propagated in this atmosphere. We then check if the theoretical ratio of the maximum416

value of u′ to the maximum value of v′ (and/or the maximum values of (g/NB)T
′/T and w′)417

from Eqs. (12)-(14) is within the specified tolerance range for the observed ratio of these418
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maximum values (e.g., from Fig. 3c,h). We calculate the former ratio by setting u′(t) at419

a given altitude and location to be u′(t) = u′0 exp(iωrt), calculate v
′(t) from Eq. (12) then420

calculate max(u′)/max(v′), where max() denotes the maximum value. Several amplitude421

ratios can be used to better-constrain the resulting GW parameters if the contaminant422

GWs have relatively small amplitudes. We also calculate the phase of T ′ minus that of423

u′, divide by |ωr|, and require this angle to be within a specified tolerance range from the424

observations. If the ratio(s) and phase shift(s) are within the specified tolerances, then425

this solution agrees with the observations and is saved as a viable solution.426

Finally, we create histograms of the number of viable GW solutions as functions of λH ,427

τIr, cH , cIH , and ψ. Gaussian functions are then fitted to these histograms to obtain428

best-fit values with 1−sigma errors. Here, the intrinsic horizontal phase speed is429

cIH = ωIr/kH = cH − UH , (25)

where UH = (kU + lV )/kH . By definition, cIH ≥ 0 because the GW would have been430

absorbed by a critical level if it had reached zero from a positive value.431

We now perform this analysis for events #1 and #2. From Fig. 3c,h, we estimate432

u′0/v
′
0 = 1.5 to 2.2 for event #1 and u′0/v

′
0 = 0.5 to 0.7 for event #2, where u′0 (v′0)433

is the amplitude of u′ (v′). For both, we require T ′ to lead u′ by 20◦ to 160◦ from434

Fig. 3c,h. We setm > 0 since these GWs are downward-propagating. We allow τr to range435

over positive and negative values to allow for the possibility that upward-propagating436

GWs have upgoing phase lines in time (see below). The background wind (U, V ) and437

temperature T are obtained from MERRA-2 at ALOMAR on 13.25 January at z = 54438

km and on 14.0 January at z = 55 km for events #1 and #2, respectively. In addition,439
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we set γ = 1.4, H = 7 km, g = 9.8(RE/(RE + z))2, NB = 0.02 rad/s, cs =
√
γgH,440

f = 2Ω sin θ, Ω = 2π/(24h), and θ = 69.38◦.441

Fig. 6 shows the number of (viable) GW solutions for events #1 and #2 as functions442

of λH , τIr, cH , cIH , ψ, u
′
0/v

′
0, u

′
0/[(g/NB)T

′
0/T ], v

′
0/[(g/NB)T

′
0/T ], and the angular phase443

shift between T ′ and u′, where T ′
0 is the amplitude of T ′. Both events contain medium444

to large-scale GWs, although the GWs in event #1 are mainly medium-scale, medium-445

frequency GWs with λH = 250 to 800 km and τIr = 2 − 4 h, while the GWs in event446

#2 are mainly large-scale, medium to low-frequency GWs with λH = 800− 1700 km and447

τIr = 6.5 − 8 h. The GWs propagate northwestward during event #1, and northward448

during event #2. Note that the GWs in both events have cIH = 35 − 65m/s. We fit 1D449

Gaussian functions to these histograms. The best-fit parameters with 1-sigma errors are450

given in columns 4-8 in Table 1.451

We now check that the upgoing phase lines (in time) below zknee correspond to452

downward-propagating GWs. If an upward-propagating GW propagates against the back-453

ground wind (i.e., UH < 0), then its phase lines can be upgoing (not downgoing) in time454

in a z − t plot if the GW is swept downstream in the same direction as the wind; this455

occurs if cH < 0 (and τr < 0) [see text surrounding Eq. (60) in Vadas et al., 2018], which456

can only occur if UH < 0 and |UH | > cIH from Eq. (25). From Fig. 6c, cH > 0 for all457

of the viable GW solutions. Therefore, the upgoing phase lines below zknee correspond458

to downward-propagating GWs during both events. We conclude that events #1 and #2459

were secondary GWs created from LBFs located southeast/south of ALOMAR at z ∼ 57460

and 64 km prior to 13.0 and 13.7 January, respectively.461
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4. Modeling the Primary and Higher-Order Gravity Waves over Europe on

12-14 January 2016

4.1. Description of the HIgh Altitude Mechanistic general Circulation Model

with Specified Dynamics

The HIAMCM is a high-resolution, GW-resolving, global circulation model [Becker and462

Vadas , 2020, hereafter BV20]. It is based on a standard spectral dynamical core with a463

terrain-following hybrid vertical coordinate, and a correction for non-hydrostratic dynam-464

ics. Molecular viscosity, thermal diffusivity, and ion drag are included in the thermosphere465

so that a sponge layer is not needed or used there. The HIAMCM explicitly simulates466

momentum and energy deposition from GWs, including their spatial and temporal inter-467

mittency. This momentum and energy deposition occurs because resolved GW packets468

that become dynamically unstable are damped by the subgrid-scale turbulent diffusion469

(vertical and horizontal). Note that subgrid-scale diffusion is necessary for creating the470

wave-mean flow interactions, as is evident from the Wentzel-Kramers-Brillouin (WKB)471

solution for GWs damped by diffusion [e.g., Lindzen, 1981; Becker , 2012]. Further infor-472

mation is available in BV20.473

In this study, we employ a model version similar to BV20, except we nudge the large-474

scale winds and temperatures from MERRA-2 reanalysis data (global down to λH = 2000475

km) into the HIAMCM at z = 0 − 70 km in spectral space [B22]. The data used in476

this study is identical to that from B22. Because the MERRA-2 data is 3-hourly, we477

linearly-extrapolate the nudging for each model time step. We do not nudge scales having478

λH < 2000 km; hence, GWs are generated self-consistently in the HIAMCM (e.g., by479

wind flow over orography, imbalance of the polar night jet, etc.). The horizontal grid480

spacing is ∼ 52 km, and the effective horizontal resolution corresponds to λH = 156 km.481
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The vertical grid spacing varies from ∼ 500 m below 70 km to ∼ 10 km at the highest482

altitudes, thereby allowing for the simulation of GWs with λz ≥ 1 km below 70 km. GW483

perturbations with λH ≤ 2000 km are extracted from the model output by interpolating484

the model data to constant height surfaces, then applying a spectral decomposition which485

only retains horizontal wavenumbers larger than 20 (corresponding to λH ≤ 2000 km).486

4.2. Modeled secondary gravity waves over ALOMAR, and comparison with

lidar observations

Fig. 7a shows T ′ exp(−z/14 km) as a function of time on 12-14 January 2016 at ALO-487

MAR from the HIAMCM. Fig. 7b shows the same perturbations, but filtered (via Fourier488

transform) to retain GWs with τr ≤ 11 hr and |λz| ≥ 1 km in order to remove the semi-489

diurnal and diurnal tides and to compare directly with the lidar observations. We see two490

GW fishbone structures with zknee ∼ 56− 58 km on January 13-13.6 and zknee ∼ 65− 67491

km on January 13.7-14.3. Boundaries that enclose relatively “clean” structures are chosen492

as follows. Event #1 occurs at 45 < z < 68 km on 12.9-13.7 January, and event #2 occurs493

at 40 < z < 85 km on 13.7-14.3 January. Using the method described in Sec. 3.2, we es-494

timate average knee altitudes of zknee = 58 and 66 km for events #1 and #2, respectively.495

The fishbone structures in Fig. 7b are contaminated with other GWs having upgoing496

and downgoing phases in time that appear to emanate from similar altitudes. As we497

show below, these are secondary GWs from neighboring LBFs which causes some of the498

GWs to have upgoing (downgoing) phase lines a few km above (below) the dashed line.499

(Appendix A shows how multiple body forces affect the fishbone structure.) Fig. 7c-d500

shows the GWs with upgoing and downgoing phases in time. Note that the GWs with501
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upgoing phases are mainly concentrated below the dashed lines, indicating that downward502

propagating GWs are generated in the region of the dashed line.503

Fig. 8a shows a blow up of Fig. 7b. The GWs in the fishbone structures have τr ∼ 4−9504

h and |λz| ∼ 10 − 25 km. Fig. 8c shows the HIAMCM GWs with downgoing (upgoing)505

phases in time above (below) the dashed line in Fig. 7b. As for the lidar data, the hot-506

cold phases do not always line up because of constructive/destructive interference of the507

secondary GWs with contaminant GWs. We now compare the HIAMCM GWs with the508

ALOMAR lidar GWs. Fig. 8b shows T ′ exp(−z/14 km) for the ALOMAR lidar GWs from509

Fig. 1a. Remarkably, the amplitudes, location and times of the GWs are quite similar to510

the HIAMCM GWs in Fig. 8a during both events. Fig. 8d shows the ALOMAR lidar511

GWs with downgoing (upgoing) phases in time above (below) the dashed line in Fig. 2.512

The altitudes and parameters of the upward and downward-propagating secondary GWs513

are quite similar to the HIAMCM GWs from Fig. 8c. Note that the upward-propagating514

event #2 GWs are weaker in the HIAMCM than in the lidar data. This weakening may515

be due to the fact that the large-scale wind in the HIAMCM is only weakly nudged above516

40 km and is not nudged above 70 km (see Fig. 1 in B22), and may therefore diverge517

from the actual atmospheric wind at these altitudes.518

4.3. Comparison of the HIAMCM GWs with AIRS observations

We now compare the GWs in the HIAMCM with those extracted from the Atmospheric519

InfraRed Sounder (AIRS) data [Hoffmann and Alexander , 2009; Gong et al., 2012; Ecker-520

mann et al., 2019]. Temperature perturbations are retrieved from AIRS using a 4th order521

polynomial detrending zonally at each altitude, and are interpolated onto a 0.5◦ grid in522

latitude and longitude. The left column of Fig. 9 shows horizontal slices of T ′ from the HI-523
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AMCM at various altitudes of z = 36−48 km and at various times during 12-14 January.524

Medium-scale MWs with λH ≃ 250 km are seen around ∼ 40− 50◦ N over the Alps and525

Carpathian Mountains at z = 36− 48 km at ∼ 4− 20◦E and ∼ 25− 35◦ E, respectively.526

Due to the orientation of the phase lines, these MWs mainly propagate zonally. In addi-527

tion, high-latitude, larger-λH GWs are seen at ∼ −10◦ to 50◦ E and ∼ 50− 70◦ N which528

propagate northwestward or southeastward. These high-latitude GWs are quite prevalent529

over Scandanavia, northern Europe, UK, and northwestern Russia. It was speculated by530

Bossert et al. [2020] that similar high-latitude GWs on 12 January 2016 were generated531

by the polar vortex; this hypothesis was confirmed for an event on 11 January 2016 [B22].532

We apply an AIRS observational filter to the HIAMCM data. Ern et al. [2017] found533

that for medium-scale GWs with λH ≤ 600 km and λz ≥ 24 km, the sensitivity function534

is ≥ 0.8 [their Fig. S3 in Supporting Information]. Therefore, we remove HIAMCM GWs535

with |λz| < 24 km via Fourier filtering. The middle column of Fig. 9 shows the result. As536

expected, many of the GWs seen in the left column are absent here. The right column537

shows the AIRS T ′ at the same altitudes and times. In general, the parameters of the GWs538

(λH , orientation of the phase lines, location and amplitudes) in the observationally-filtered539

HIAMCM data agree very well with those in the AIRS data.540

Fig. 9 provides an excellent validation of the horizontal structure of the GWs simulated541

by the HIAMCM at z = 36 − 48 km over Europe on 12-14 January 2016. In Appendix542

B we show that the HIAMCM GWs also compare well with those from AIRS over the543

Atlantic Ocean during this time period. The validation of the HIAMCM GWs with those544

from the ALOMAR lidar and AIRS provides the necessary justification to use this model545

to determine the source of the secondary GWs observed over ALOMAR.546
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4.4. X-Structure of the secondary GWs during event #1

Fig. 10a shows T ′
√
ρ/ρ0 as a function of latitude and z at 15.7◦ E at 07 UT on547

13 January from the HIAMCM. The colors are over-saturated to better-illuminate the548

secondary GWs. The upward and downward-propagating secondary GWs over ALOMAR549

at 69.2◦ N (turquoise line) are part of a faint secondary GW “X”-structure centered at550

z = 55 − 60 km and 58 − 62◦ N. These phase lines have a checkerboard appearance due551

to the constructive/destructive interference of the secondary GWs with other GWs. The552

dominant positive phase lines of the X-structure GWs are outlined with dashed lines,553

as we confirm in Fig. 11d. Importantly, primary GWs from below dissipate where the554

secondary GWs are generated, at z ∼ 50 − 55 km at 55 − 62◦ N near the edge of the555

vortex (white line). The amplitudes of the secondary GWs are much smaller than those556

of the primary GWs, as is typical for secondary GWs generated by a LBF created by the557

breaking/dissipation of primary GWs [Vadas et al., 2018]. Fig. 10b shows a blow-up of558

the primary GWs at 22 UT on 12 January, just prior to event #1. These primary GWs559

are part of a different X-structure centered at z = 25− 35 km and 49 − 53◦ N (dash-dot560

lines). The upward primary GWs break/dissipate at z ∼ 50 − 55 km and 55 − 62◦ N,561

which creates the LBF that generates the event #1 secondary GWs.562

We now extract the X-structure of the secondary GWs. Fig. 11a is the same as Fig. 10a,563

but with different altitude ranges and color scales to emphasize the secondary GWs.564

Fig. 11b shows the northward/upward and southward/downward-propagating GWs from565

Fig. 11a. The primary GWs that dissipate at z ∼ 50−55 km and at 55−62◦ N propagate566

upward/northward from z ∼ 25− 35 km and ∼ 50◦ N. Note that in the HIAMCM, wave567

damping is caused by the diffusion scheme. For the primary GWs in Fig. 11b, enhanced568
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diffusion coefficients are triggered by the amplitude growth and reduced static stability569

due to dT/dz < 0 in the mesosphere (since |λz| is virtually unchanged where the GWs570

dissipate).571

Fig. 11c shows the southward/upward and northward/downward-propagating GWs ob-572

tained from Fig. 11a. Fig. 11d shows the extracted X-structure of the secondary GWs,573

which is obtained by retaining southward/upward and northward/downward propagating574

GWs for z > zknee south of θcen and for z < zknee north of θcen, and by retaining north-575

ward/upward and southward/downward propagating GWs for z > zknee north of θcen and576

for z < zknee south of θcen. Here, zknee = 58 km and θcen = 60◦ N. The dashed lines (which577

are the same as in Fig. 10a) overlay well with the X-structure of the secondary GWs.578

These secondary GWs have much smaller amplitudes than the primary GWs, as expected.579

Note that the upward/northward primary GWs contaminate the extracted X-structure of580

the secondary GWs (saturated colors in the lower left corner of Fig. 11d). Comparing581

Figs. 11b-c with Fig. 9, the GWs in the HIAMCM and in AIRS at 50− 60◦ N are mainly582

upward/northward primary GWs, because the downward/southward secondary GWs in583

this region have much smaller amplitudes.584

4.5. Verification and parameters of the secondary GWs

We now verify that the HIAMCM fishbone structure GWs in Fig. 8 are secondary GWs585

(i.e., that they have the same parameters and propagation directions above and below586

zknee). We transform T ′ onto a 2D Cartesian grid that is perpendicular to a line from587

the center of Earth to its surface at 24.7◦ E and 53.2◦ N [Vadas and Becker , 2018, their588

Appendix B]. The coordinates on this 2D plane are (x′′, y′′). Fig. 12a-b shows horizontal589

slices of T ′ for GWs with 450 < λH < 2000 km at z = 54 km (below zknee) and at z = 62590
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km (above zknee) at 2 UT on 13 January during event #1. GWs with λH ∼ 500−1500 km591

are seen above and below zknee near ALOMAR (asterisk). The orientation of their phase592

lines indicate that they propagate northwest or southeastward. These are the secondary593

GWs in the fishbone structure. We draw a line perpendicular to these phase fronts that594

passes through ALOMAR, and place a triangle at θcen = 60◦ N in Fig. 12a-b. This595

triangle is the estimated location of the LBF which generated these event #1 GWs. Since596

secondary GWs generated by a LBF primarily radiate upward and downward, in and597

against the direction of the LBF, they constitute 4 distinct “headlights” of GWs (if the598

background wind is negligible) [Vadas et al., 2003]. Therefore, the northwestward or599

southeastward propagation directions of the secondary GWs is consistent with either a600

northwestward or a southeastward LBF.601

Fig. 12d-e show keograms of T ′ as functions of x′′ below and above zknee at y′′ = 1500602

km, and Fig. 12g-h show keograms as functions of y′′ below and above zknee at x
′′ = −500603

km. This location, (x′′, y′′) = (−500, 1500) km, is somewhat south of ALOMAR. The GWs604

propagate northwestward over ALOMAR during event #1 (dashed lines), with similar x′′605

and y′′ phase speeds below and above zknee of cx ∼ −40.5m/s and cy ∼ 23.1m/s. Here,606

cx = ωr/k = λx/τr and cy = ωr/l = λy/τr are the phase speeds in the x” and y′′ directions,607

respectively. From Eq. (20),608

tanψ = l/k = cx/cy. (26)

Therefore, the estimated propagation direction of these GWs is ψ ∼ 150◦ (counter-609

clockwise from east). The horizontal phase speed of a GW is [e.g., Eqs. (13)-(14) of610
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Vadas and Becker , 2018]611

cH =
ωr

kH
=

1√
(k/ωr)2 + (l/ωr)2

=
1√

1/c2x + 1/c2y
. (27)

Therefore, cH ∼ 20m/s. From Fig. 12d-e and Fig. 12g-h, τr ∼ 8 h above and below612

zknee, which yields λH = cH/τr ∼ 580 km. These event#1 parameters, λH ∼ 580 km,613

τr ∼ 8 h, cH ∼ 20m/s, and ψ ∼ 150◦, agree very well with the values deduced from the614

lidar observations (see Table 1). Therefore, we conclude that the HIAMCM is able to615

simulate the event #1 GWs very well. Because the GW parameters are similar above616

and below zknee, we conclude that the event #1 GWs are secondary GWs, and that617

they are created by a northwestward or a southeastward LBF that is located southeast618

of ALOMAR at ∼ 35◦E and ∼ 60◦N. The turquoise arrow in Fig. 12a-b shows the619

approximate propagation direction of the secondary GWs.620

Fig. 12c shows a horizontal slice of T ′ at 22 UT on 13 January for the event #2 GWs621

with 450 < λH < 2000 km at z = 71 km. The map has a disorganized checkerboard622

appearance, which occurs when there is significant constructive/destructive interference623

between multiple wave packets. There is a small wave packet south of ALOMAR with624

λH ∼ 800 − 1000 km. Corresponding keograms as functions of x′′ and y′′ are shown in625

Fig. 12f,i above zknee. Although it is difficult to locate this packet in the noisy keograms,626

the event #2 GWs may propagate northward with cx ∼ −2.67m/s and cy ∼ 31.8m/s627

(dashed-dotted lines), which yield ψ ∼ 95◦ and cH ∼ 2.7m/s. Although ψ and λH agree628

well with the values in Table 1, cH is too small. This discrepancy is likely due to the629

difficulty of locating the GW packet without additional filtering, which is beyond the630

scope of this paper. For the rest of this paper, we focus on the event #1 GWs.631
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4.6. Parameters of the primary GWs that created event #1

We now determine the parameters of the primary GWs that created event #1. Fig. 13a-632

b show horizontal slices of T ′ for GWs with 200 < λH < 400 km at 22 UT on 12 January at633

z = 45 and 55 km. A GW packet with λH ∼ 400 km propagates northwest or southeast-634

ward at the approximate location of the LBF (triangle). This packet is not seen northwest635

of the LBF because the primary GWs break and dissipate there, near the edge of the polar636

vortex (white line). Note that the lines of constant phase are roughly parallel to the edge637

of the polar vortex. Fig. 13c and d shows keograms of the primary GWs just southeast638

of the LBF (turquoise lines). These GWs propagate slowly southeastward on 12 January639

and slowly northwestward on 13-13.5 January. We estimate ψ ∼ −60◦ and cH ∼ 1.2m/s640

on 12.0-13.0 January, and ψ ∼ 148◦ and cH ∼ 5.5m/s on 13.0 − 13.5 January. If the641

GWs on 12 January dissipate, a southeastward LBF is created with ψ ∼ −60◦, which642

would excite southeastward and northwestward propagating secondary GWs. Therefore,643

the propagation direction of this primary GW is consistent with the propagation direction644

of the observed event #1 secondary GWs (i.e., ψ = 150◦).645

Fig. 13e and f show keograms of the northern edge of the MWs generated by the Alps.646

The MWs propagate very slowly, and do not propagate north of y′′ = 0 (i.e., 53◦ N) on647

12 January. Therefore, these MWs could not have created the event #1 LBF.648

4.7. Source of the primary GWs that created event #1

Fig. 14a shows a global view of T ′ at 22 UT on 12 January at z = 20 km. MWs are649

seen over Europe and Greenland, and high-latitude GWs are seen over northern Europe650

and Siberia. We also see GWs in the jet exit region in the lower stratosphere east of651

Newfoundland over the western Atlantic Ocean. Fig. 14b shows T ′ at z = 42 km.652
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The high-latitude GWs over Norway, Sweden, northern Scotland and west of Ireland are653

aligned with the streamfunction and are located near the edge of the polar vortex.654

Fig. 15 shows horizontal slices of T ′ from z = 15 to 70 km at 2 UT on 13 January. At655

z = 15 and 20 km, MWs are present south of 50◦ N (e.g., over the Alps). Their phase lines656

are roughly perpendicular to the background wind, as indicated by the streamfunction.657

At z = 26 km, high-latitude GWs appear north of 50◦ N. These GWs are separated658

latitudinally from the MWs to the south, and are also observed north and east of the659

Alps over Norway and Scotland. At z = 42 km, the phase lines of the high-latitude GWs660

and the MWs appear to blend together at 52 − 55◦ N, thereby incorrectly implying that661

these high-latitude GWs (near the LBF) might be trailing MWs [Dörnbrack , 2021]. These662

high-latitude GWs also occur over Norway and Scotland, thereby countering the idea that663

these high-latitude GWs are trailing MWs. At z = 53 km, the high-latitude GWs and664

MWs are dissipating, as indicated by the relatively weak increase in their amplitudes from665

z = 42 km to 53 km (since the amplitude of a non-dissipating GW would have increased666

by exp(∆z/2H) = exp(11/14) = 2.2 in an isothermal, constant wind atmosphere). At667

z = 70 km, the high-latitude GWs and MWs have dissipated.668

Fig. 16 shows longitude-height slices of T ′
√
ρ/ρ0 at 22 UT on 12 January. At 45◦ N,669

MWs occur over the Alps and Carpathian Mountains. At 51◦ N, the MWs are mostly670

absent. Instead, GWs within X-structures are generated at z ∼ 25−35 km at 10−50◦ E.671

X-structure GWs are also generated at z ∼ 25− 35 km at 59◦ N, although the generation672

region is further east. At 69◦ N, GW generation is small.673

Fig. 17 shows latitude-height slices of T ′
√
ρ/ρ0 at 22 UT on 12 January. GWs within674

X-structures are generated at z ∼ 25−45 km and 50−60◦ N for 40◦ W to 50◦ E, including675
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at 25◦ W and 40◦ W over the Atlantic Ocean. The generation regions are close to the676

edge of the stratospheric polar vortex, ∼ 5− 10 km below the wind maximum where the677

vertical wind shear is large. Note that there is minimal GW generation near the edge of678

the polar vortex at 100◦ E because the vortex is weak there, although MWs are generated679

over the Plateau of Tibet at ∼ 40◦ N. Therefore, we conjecture that the X-structure GWs680

at 40 − 50◦ E are generated by imbalance of the stratospheric polar night jet; we verify681

this conjecture in Sec. 4.8. In general, the X-structure GWs dissipate at z ∼ 50− 65 km,682

which is a few to ∼ 20 km above the altitude where the wind speed in the polar night jet683

is maximum.684

4.8. MKS and MPC formalism: Primary and secondary GWs from the polar

vortex

B22 derived the mesoscale kinetic energy source (MKS), which describes the rate at685

which GWs extract kinetic energy from the geostrophic flow. They found that the MKS686

is positive in regions where GWs are generated or amplified, which can occur when GWs687

are generated by an imbalance of the polar night jet, or when GWs from another source688

propagate from below into a shear region. They also derived the mesoscale potential689

energy flux convergence (MPC), which is a 3D generalization (in spherical geometry) of690

the usual vertical potential energy flux convergence. This energy flux convergence is the691

main contributor to the energy deposition of GWs in the single column picture [e.g.,692

Becker , 2017]. B22 found that GWs are generated by imbalance of the stratospheric693

polar night jet, and that these GWs are amplified by the jet in regions where MKS> 0694

and MPC< 0, as long as the region is free of dissipating GWs that propagated upward695
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from below. In the case of energy deposition by dissipating GWs from below, MKS< 0696

and MPC> 0.697

Fig. 18a-b shows the MKS and MPC in the stratosphere averaged from z = 30−50 km698

and 21-24 UT on 12 January. South of 50◦ N, MWs are partly reamplified by the polar699

night jet. The alternating pattern of MPC south of ∼ 50◦ N is indicative of individual MW700

packets with finite horizontal extent, thereby causing minus/plus-patterns of horizontal701

potential energy flux convergence in the direction these waves propagate intrinsically (i.e.,702

westward). The reamplification of the MWs extends as far north as ∼ 52◦ N at 0 − 20◦703

E. North of 50◦, primary high-latitude GWs are generated by the polar night jet where704

MKS> 0 and MPC< 0; this occurs over a broad region at 20− 40◦ E and 50− 55◦ N.705

The generation region for the high-latitude GWs can also be seen in Fig. 19c-d, which706

shows the density-weighted MKS and MPC averaged at 52 − 60◦ N and 21-24 UT. This707

generation region occurs at z = 25 − 50 km at 15 − 50◦ E. We also show the mesoscale708

vertical potential energy flux density (PEFD) in Fig. 19, which is positive (negative) for709

upward (downward)-propagating GWs [e.g., BV18]. The PEFD in Fig. 19c-d is positive at710

z = 25−50 km at 10−50◦ E, and increases from 0.1 to 0.5−0.7 at z = 20−45 km at 15−50◦711

E. This behavior confirms that the high-latitude GWs are generated at z > 20 km. Above712

z ∼ 50 km, however, MKS< 0, MPC> 0 and the PEFD decreases in altitude, thereby713

indicating that these high-latitude GWs are dissipating and are depositing momentum714

and energy into the atmosphere. Importantly, there is a small GW generation region at715

z ∼ 58−60 km and 32−38◦ E where MKS> 0 and MPC< 0 in Fig. 19c-d; this generation716

region is co-located with the event #1 LBF (labeled “B”).717
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Fig. 18c-d shows the MKS and MPC in the lower mesosphere averaged from z =718

55−60 km and 21-24 on 12 January. Negative MKS and positive MPC over the Alps and719

Carpathian Mountains indicate strong MW dissipation. North of 52◦ N, GW generation720

occurs over southern Sweden and at 32−38◦ E and 54−60◦ N. This latter region overlaps721

with the event #1 LBF (“B”). We also show in Fig. 18c-d the horizontal body forces722

vectors at z = 57 km and 57.75◦N at 24, 30, and 36◦E averaged from 22-23 UT. The forces723

at these locations are southeastward with average amplitudes of ∼ 150 − 250m/s/day.724

Thus the primary GWs created by the polar vortex were propagating southeastward when725

they dissipated, which agrees with the keograms in Figs. 13c,d.726

Fig. 20a-b shows the zonal and meridional components of the GW drag (GWD) av-727

eraged over z = 30 − 50 km and 22-23 UT on 12 January. South of 50◦ N, dissipating728

MWs create a westward drag with a weak northward component. North of 50◦, however,729

the drag is southward with a weak eastward component. Fig. 20c-d shows the zonal and730

meridional components of the GWD averaged from z = 55 − 60 km and 22-23 UT. The731

drag is southeastward at 20 − 40◦ E and 55 − 60◦ N (see Figs. 18c,d and 19c-d), which732

agrees well with the location of the event # 1 LBF (“B”).733

We thus conclude that the primary high-latitude GWs which led to event #1 were734

created and amplified by the polar night jet. Upon dissipation, they created multiple735

southeastward LBFs at 20 − 40◦ E and 55 − 60◦ N, one of which excited the event #1736

secondary GWs observed over ALOMAR.737

4.9. MKS and MPC formalism: Mountain waves at mid-latitudes

Fig. 19a shows the density weighted MKS averaged from 44−50◦ N and 21-24 UT on 12738

January. MW signatures are seen at 0−15◦ E (Alps), 23−32◦ E (Carpathian Mountains)739
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and 36− 50◦ E (Caucasus Mountains). The positive to negative MPC seen for each MW740

signal in Fig. 19b results as follows. There is a westward potential energy flux upstream of741

the mountainous region because the intrinsic group velocity of the MWs is predominantly742

westward, which causes the energy flux to emerge eastward of the mountain range and743

to converge further westward. These MWs dissipate at z ∼ 40 − 50 km. Additionally,744

there is a region of negative PEFD at 5− 15◦ E farther to the north in Fig. 19c-d, which745

indicates downward-propagating GWs. These are likely downward-propagating secondary746

GWs from MW breaking.747

5. Conclusions

In this paper, we analyzed the GWs within two fishbone structures observed by a748

Rayleigh lidar in the stratosphere and lower mesosphere above ALOMAR in northern749

Norway during 12-14 January 2016. These structures were located at z ∼ 40 − 85 km750

on ∼ 13.1 − 13.6 January and 13.7 − 14.2 January with zknee = 57 and 64 km, respec-751

tively. Because the hodographs were significantly distorted due to contamination from752

secondary GWs from neighboring LBFs, we introduced an alternative method to extract753

the predominant GW parameters from the data. This method involves solving the GW754

polarization and dispersion relations for the observed vertical wavelengths and wave pe-755

riods, and constraining the results with the observed amplitude ratios and phase shifts.756

We found that the event #1 GWs propagated northwestward, were medium-scale and757

medium-frequency, and had ψ = (135 ± 8)◦, λH = 477 ± 280 km, τIr = 2.8 ± 0.9 h,758

τr = 6.7± 1.7 h, cH = 20.0± 9.5m/s, and cIH = 48.2± 9.4m/s. We found that the event759

#2 GWs propagated northward, were large-scale inertia GWs, and had ψ = (91 ± 8)◦,760

λH = 1472 ± 228 km, τIr = 7.6 ± 0.6 h, τr = 8.3 ± 2.0 h, cH = 57.9 ± 16.6m/s, and761
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cIH = 52.1 ± 10.3m/s. Because the GW parameters and propagation directions were762

similar above and below zknee, and because we found that the GWs with upgoing phases763

in time below zknee were downward-propagating, we concluded that these GWs were sec-764

ondary GWs created by local body forces (LBFs) southeast and south of ALOMAR at765

z = 57 and 64 km, respectively.766

To determine the source of the primary GWs which created the LBFs, we modeled these767

events using the high-resolution, GW-resolving HIAMCM with the large-scale wind and768

temperature nudged to MERRA-2 reanalysis in spectral space. Remarkably, we found769

that the HIAMCM simulated similar fishbone structures at similar times and altitudes,770

with zknee = 58 and 66 km for events #1 and #2, respectively. To further validate the771

model, we compared the HIAMCM GWs with those observed by the AIRS satellite over772

Europe and the Atlantic Ocean during these events, and found that they agreed quite773

well. This agreement justified our use of the HIAMCM to determine the cause of the774

observed events over ALOMAR.775

We found that the event #1 GWs (modeled by the HIAMCM) were part of an “X”776

structure in latitude and altitude at 15.7◦ E, with a center at z = 58 km and 60◦ N. Using777

keograms, we found that the GW parameters and propagation directions above and below778

zknee were nearly the same. Therefore, we concluded that these GWs were secondary GWs779

created by a LBF, and that the LBF was located at z = 58 km, 35◦ E and 60◦ N. We780

found that these secondary GWs had λH ∼ 580 km, τr ∼ 8 h, cH ∼ 20m/s, and ψ ∼ 150◦,781

which agreed very well with the values deduced from the lidar observations.782

We then investigated the wave dynamics which led to the event #1 LBF. We found783

that primary GWs propagated upward from below and dissipated at z ∼ 50− 55 km and784
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55 − 62◦ N, thereby creating this LBF. These primary GWs were part of a different X-785

structure generated/amplified at z ∼ 25−35 km at 49−53◦ N. Because this source region786

was located near the edge of the polar vortex where the vertical wind shear was large787

(below the altitude of the wind maximum), and because this region was separate from the788

MWs at midlatitudes, we postulated that these GWs were created by the imbalance of the789

stratospheric polar night jet and were amplified by the jet in regions where the vertical790

wind shear was large. To test this conjecture, we examined the mesoscale kinetic energy791

source (MKS), which describes the rate at which GWs extract kinetic energy from the792

geostrophic mean flow, as well as the mesoscale potential energy flux convergence (MPC),793

because GWs are amplified by the jet in regions where the vertical wind shear is large794

such that MKS> 0 and MPC< 0. We found that north of ∼ 50◦ N at 15−50◦ E, primary795

GWs were generated at z = 25− 50 km by the polar night jet, and then dissipated above796

z ∼ 50 km. We also found a small GW generation region above this dissipation region797

at z ∼ 58− 60 km and 30− 40◦ E which contained LBFs (including the event #1 LBF).798

We therefore concluded that these LBFs generated the secondary inertia GWs observed799

over ALOMAR, and that these LBFs were generated by the breaking and dissipation of800

primary GWs. In turn, these primary GWs were generated by the imbalance of the polar801

night jet and were amplified by the vertical wind shear in the jet below the wind maximum802

near the vortex edge.803

Because the secondary GWs in events #1 and 2 have relatively small horizontal phase804

speeds, they are not expected to survive the large background winds in the mesosphere-805

lower-thermosphere (MLT) region and propagate into the thermosphere. Indeed, the806

secondary GWs observed over ALOMAR are seen to dissipate at z ∼ 65−70 km (z ∼ 70−807
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80km) during events #1 (#2) (see middle column of Fig. 2). These GWs likely undergo808

wave breaking, since λz does not decrease significantly during dissipation. These processes809

likely generate tertiary GWs. A companion paper explores these higher-order GWs to810

z ∼ 400 km on 12-14 January by analyzing the HIAMCM data and comparing with data.811

That study will enable a more-complete and accurate picture of how momentum and812

energy are transferred via multi-step vertical coupling from the polar vortex and other813

lower atmosphere sources into GWs and variability in the rarefied thermosphere.814

6. Open Research

MERRA-2 reanalysis data was used to nudge the HIAMCM, and is available in English815
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Appendix A: Secondary Gravity Waves Excited by Local Body Forces

In Sec. 4.6, we found that although the primary GW packet which created event #1837

was fairly coherent near its breaking level, its amplitude and propagation direction varied838

somewhat at 50− 60◦ N (see Fig. 13a-b), thereby resulting in body force vectors having839

different amplitudes and directions (black arrows in Fig. 20c-d). Therefore, instead of a840

single large LBF being created where the primary GW packet broke, many neighboring841

LBFs having different amplitudes and directions at somewhat different altitudes, locations842

and times were created. Previous studies found that many adjacent LBFs are common843

in the wintertime stratosphere and mesosphere in regions of GW breaking [Vadas and844

Becker , 2018, their Figs. 21-22], [Vadas and Becker , 2019, their Figs. 8-9].845

In this appendix, we model the secondary GWs excited by multiple idealized neighboring846

LBFs. We solve the linear, f -plane compressible fluid equations for an idealized Gaussian847

LBF that begins at 12.7 January, is located at 35◦ E, 60◦N and zknee = 57 km, and848

has a full width of DH = 4.5σx = 4.5σy = 500 km, a full depth of Dz = 4.5σz = 12849

km, a full duration of χ = 2.6 h, and a direction of ψ = 315◦. We assume that the850
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background atmosphere has T = T0 = 231 K, NB = 0.02 rad/s and ρ = ρ0 exp(−z/H)851

with H = 6.9 km. The total horizontal force is FF [RHS of Eq.(1) in Vadas , 2013], where852

F depends on space and F depends on time. The solutions were calculated in that work853

for F = [1 − cos(2πnt/χ)]/χ for 0 ≤ t ≤ χ and F = 0 otherwise, where n is an integer854

[Eq.38 of Vadas , 2013]. Here we choose n = 1, and assume a Gaussian for the LBF of855

F = Fxî+ Fy ĵ = A(cosψî+ sinψĵ) exp

[
−(x− x0)

2

2σ2
x

− (y − y0)
2

2σ2
y

− (z − z0)
2

2σ2
z

]
. (A1)

Here A is the amplitude of F (in m/s), and the center of the force is at (x0, y0, z0). We856

choose (x0, y0) to be the estimated event #1 LBF location of 35◦ E and 60◦N, and evaluate857

the solutions at ALOMAR (i.e., at x = −888 km and y = 1000 km in this coordinate858

system). In order that the secondary GWs have similar amplitudes as those observed by859

the lidar (i.e., Fig. 8), we choose A = 2000m/s, which yields an average acceleration in860

the vicinity of the LBF of A/(4χ) ∼ 0.053m/s2 or ∼ 192m/s/h. This acceleration is861

significantly larger than the average accelerations there (black arrows in Fig. 20c-d).862

Fig. 21a shows T ′ exp(−z/14 km) as a function of altitude and time at the location863

of ALOMAR for a single LBF. A fishbone structure is apparent, which contains upward864

and downward-propagating secondary GWs. Fig. 21b shows the corresponding result for865

two neighboring LBFs; the first LBF is the same as in Fig. 21a, while a second LBF866

has the same amplitude, but occurs 1 h earlier, and is 500 km west, 200 km north, and867

4 km higher than the first LBF. Although the main fishbone structure is still apparent,868

a weak checkerboard appearance occurs from constructive/destructive interference of the869

secondary GWs from both LBFs. This appearance makes it more difficult to determine870

zknee and to identify the GW parameters from the corresponding hodographs.871
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Appendix B: Comparison of HIAMCM GWs with AIRS GWs over the

Atlantic Ocean

In order to further validate the HIAMCM, we compare the GWs in the HIAMCM with872

those from AIRS over the Atlantic Ocean during this time period. The left column in873

Fig. 22 shows T ′ for the HIAMCM GWs at z = 36 km and at various times from 15 UT874

on 12 January to 3 UT on 14 January. MWs over southern Greenland and GWs generated875

by the polar vortex with phase lines aligned with the streamfunction (grey lines in left876

column) are seen. Additionally, GWs generated by the imbalance of the tropospheric jet877

in the jet exit region east of Newfoundland are seen. This latter source occurs where the878

streamfunction at z = 12 km expands (grey lines in middle column).879

The middle column of Fig. 22 shows the observationally-filtered HIAMCM T ′ for GWs880

with |λz| ≥ 24 km. In general, the large-λz MWs and GWs from the polar vortex have881

small amplitudes. For the MWs over Greenland, this is likely because the polar night jet882

is displaced south of Greenland (see Fig. 4a), which limits the growth of |λz|. For the883

GWs excited by the polar vortex, this is likely because 1) the wind in the polar vortex is884

weaker over the Atlantic Ocean than over northern Europe, thereby limiting the growth885

of |λz|, and 2) the vertical wind shear is smaller over the Atlantic Ocean, which limits886

the amplification of the polar vortex-generated GWs (see Fig. 17a-b). The right column887

of Fig. 22 shows the AIRS T ′. In general, very good agreement is seen between the888

observationally-filtered HIAMCM GWs and the AIRS GWs.889
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Schöch, A., G. Baumgarten, and J. Fiedler (2008), Polar middle atmosphere temperature1095

climatology from rayleigh lidar measurements at alomar (69◦ n), Annales Geophysicae,1096

26, doi:10.5194/angeo-26-1681-2008.1097

Shibuya, R., K. Sato, M. Tsutsumi, T. Sato, Y. Tomikawa, K. Nishimura, and M. Kohma1098

(2017), Quasi-12h inertia-gravity waves in the lower mesosphere observed by the1099

pansy radar at syowa station (39.6e, 69.0s), Atmos. Chem. Phys., 17, 6455–6476, doi:1100

10.5194/acp-17-6455-2017.1101

Smith, S., S. Vadas, W. Baggaley, G. Hernandez, and J. Baumgardner (2013), Gravity1102

wave coupling between the mesosphere and thermosphere over new zealand, J. Geo-1103

phys. Res., 118, 2694–2707, doi:10.1002/jgra.50263.1104

Snively, J. B., and V. P. Pasko (2003), Breaking of thunderstorm-generated gravity waves1105

as a source of short-period ducted waves at mesopause altitudes, Geophys. Res. Lett.,1106

30(24), 2254, doi:10.1029/2003GL018436.1107

Song, I.-S., H.-Y. Chun, and P. Lane (2003), Generation mechanisms of convectively1108

forced internal gravity waves and their propagation to the stratosphere, J. Atmos. Sci.,1109

60, 1960–1980.1110

Stephan, C., and M. J. Alexander (2015), Realistic simulations of atmospheric gravity1111

waves over the continental u.s. using precipitation radar data, J. Adv.Model. Earth1112

Syst., 7, 823835, doi:10.1002/2014MS000396.1113

Strelnikova, I., G. Baumgarten, and F.-J. Lübken (2020), Advanced hodograph-based1114
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Table 1. Alternative Method: Intrinsic Parameters of Secondary GWs over ALOMAR

PSD of T ′ Parameters using GW Dispersion and Polarization Relations

Event |λz| (km) |τr| (h) λH (km) τIr (h) cH (m/s) cIH (m/s) ψ(deg)

# 1 15.3± 4.7 6.7± 1.7 477.2± 279.5 2.8± 0.9 20.0± 9.5 48.2± 9.4 134.7± 8.1

# 2 12.3± 3.5 8.3± 2.0 1471.5± 227.7 7.6± 0.6 57.9± 16.6 52.1± 10.3 90.9± 7.9
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Figure 1. Lidar observations at the ALOMAR on 12-14 January 2016. (a) Scaled

temperature perturbations, T ′ exp(−z/14km) (colors, in K). The pink dash rectangles

show the altitude ranges where the downward GWs are generated during events #1 and

#2 (see text). (b) Background temperature, T (in K). (c) Scaled zonal wind pertur-

bations, u′ exp(−z/14km) (colors, in m/s). (d) Scaled meridional wind perturbations,

v′ exp(−z/14km) (colors, in m/s). The perturbations are filtered to retain GWs with

1 < τr < 11 h and |λz| ≥ 1 km. The black arrows point at zknee for events #1 and #2.

The colors are oversaturated to better see the GWs at 45 < z < 80 km.
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Figure 2. Lidar observations at ALOMAR on 12-14 January. (a) T ′ exp(−z/14km)

(colors, in K) for GWs with upgoing phases in time. The pink dash rectangles are the

same as in Fig. 1a. (b) Same as (a) for GWs with downgoing phases in time. (c) Same

as (a-b) but for GWs having upgoing (downgoing) phases below (above) zknee during the

time and altitude boundaries for each event (see text). The dashed lines show zknee = 57

km before 13.7 January and zknee = 64 km after 13.7 January. Rows 2-3: Same as the first

row but for u′ exp(−z/14km) and v′ exp(−z/14km), respectively (in m/s). The colors are

oversaturated to better see the GWs at 45 < z < 80 km.
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Figure 3. Lidar observations at ALOMAR on 13-14 January. (a)-(e): Event # 1.

(a),(b) PSD of T ′ from Fig. 2c, |T ′|2, above and below zknee = 57 km, respectively, within

the event boundaries (colors). (c) u′ (solid), v′ (dashed), and (g/NB)T
′/T (dashed-dotted)

(in m/s) at z = 54 km. (d) u′ versus v′ for 13.3-13.6 January (triangle at 13.3 Jan) at

z = 54 km. (e) u′ versus v′ for z = 45 − 57 km on Jan 13.4 (triangle at z = 45 km).

(f)-(j): Same as (a)-(e) but for event # 2 with zknee = 64 km with the following changes:

(h): z = 55 km. (i): u′ versus v′ for 13.7-14.2 January (triangle at 13.7 Jan) at z = 55

km. (j): u′ versus v′ for z = 48− 64 km on Jan 13.8 (triangle at z = 48 km).
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Figure 4. Horizontal wind from MERRA-2 reanalysis (vectors, in m/s). The colors

show the magnitude of the horizontal wind, Utot (in m/s). (a-c): January 13.0. a) z = 48

km. b) z = 54 km. c) z = 58 km. (d-f): January 13.5. d) z = 48 km. e) z = 54 km.

f) z = 64 km. The red arrows show an eastward wind vector with Utot = 100m/s. The

green asterisks show ALOMAR. The white lines show the vortex edge.
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Figure 5. Theoretical solutions to the GW polarization and dispersion relations for

monochromatic GWs. (a) u′ (solid line), v′ (dashed line), and (g/NB)T
′/T (dashed-dotted

line) (in m/s) for a possible event #1 GW with λH = 310 km, λz = 11 km, τr = 7 h,

τIr = 2 h and ψ = 150◦. (b) Hodograph of u′ versus v′ in time. (c-d): Same as (a-b), but

for a possible event #2 GW with λH = 1360 km, λz = 11 km, τr = 6 h, τIr = 7 h and

ψ = 110◦. The background wind is obtained from MERRA-2 reanalysis at the location of

ALOMAR. Row 1: (U, V ) = (50, 38)m/s at z = 54 km at 6 UT on 13 January. Row 2:

(U, V ) = (59, 27)m/s at z = 55 km at 0 UT on 14 January.
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Figure 6. Number of viable GW solutions to the f -plane compressible polarization

and dispersion relations for ALOMAR lidar events #1 (solid line) and #2 (dashed line)

as functions of a) λH , b) τIr, c) cH , d) cIH , e) ψ, f) u′0/v
′
0, g) u′0/[(g/NB)T

′
0/T ], h)

v′0/[(g/NB)T
′
0/T ], i) phase (T ′)−phase (u′).
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Figure 7. a) Scaled temperature perturbations, T ′ exp(−z/14 km) (colors, in K), from

the nudged HIAMCM on 12-14 January over ALOMAR. b) Same as a) but filtered to

retain GWs with τr ≤ 11 hr and |λz| ≥ 1 km. c) GWs from (b) with upgoing phases

in time. d) GWs from (b) with downgoing phases in time. The dashed lines show zknee

during the time and altitude boundaries for events #1 and #2 (see text). The colors are

oversaturated in a) to better see the GWs at 45 < z < 80 km.
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Figure 8. Scaled temperature perturbations, T ′ exp(−z/14km) (colors, in K) on 12-14

January 2016. The left column shows the HIAMCM data, while the right column shows

the ALOMAR lidar data. Row 1: All GWs. Row 2: GWs with downgoing (upgoing)

phases in time above (below) zknee during events #1 and #2.
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Figure 9. T ′ (colors, in K). Row 1: 23 UT on Jan 12 at z = 36 km. Row 2: 1 UT

on Jan 13 at z = 42 km. Row 3: 11 UT on Jan 13 at z = 48 km. Row 4: 0 UT on Jan

14 at z = 42 km. The left column shows the HIAMCM GWs and large-scale horizontal

streamfunction (grey lines) at the same times and altitudes. The middle column is the

same as the left column except 1) filtered to remove GWs with |λz| < 24 km, and 2) the

stream function is shown at z = 12 km. The right column shows the AIRS GWs. Labels

show the MWs and high-latitude (“HL”) GWs. The green asterisks and triangles show

ALOMAR and the event #1 LBF. The colors are oversaturated in column 1 to better see

the GWs in column 2.
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Figure 10. a) T ′
√
ρ/ρ0 (colors, in K) as a function of latitude at 15.7◦ E at 07 UT

on 13 January 2016 from the HIAMCM during event #1, where ρ0 = 1241 g/m3. The

dash lines highlight secondary GW phase lines. The solid black lines show Utot (in m/s).

b) Same as in a) but at 22 UT on 12 January with a larger color scale and for different

latitude and altitude ranges to better see the primary GWs. The dash-dot lines highlight

primary GW phase lines. Labels show MWs, primary and secondary GWs, as well as

generation (“gen”) and dissipation (“diss”) regions. The turquoise line shows ALOMAR,

and the white lines show the edge of the polar vortex. The colors are oversaturated to

better see the GWs.
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Figure 11. T ′
√
ρ/ρ0 from the HIAMCM (colors, in K) as a function of latitude at

07 UT on 13 January at 15.7◦ E during event #1, where ρ0 = 1241 g/m3. a) Total

solution. b) Northward/upward and southward/downward GWs. c) Southward/upward

and northward/downward GWs. d) Extracted X-structure of the secondary GWs in event

#1. The center of the structure is at zknee = 58 km and θcen = 60◦ N. Upward/northward

primary GWs contaminate the structure at 40− 60◦ N and z = 20 − 60 km in d). Dash

lines show the secondary GW phase lines, and are the same as in Fig. 10a. The turquoise

lines show ALOMAR. The colors are oversaturated to better see the secondary GWs.
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Figure 12. T ′ (colors, in K) from the HIAMCM for 450 < λH < 2000 km on a 2D

Cartesian grid with coordinates (x′′, y′′) parallel to the Earth’s surface at 24.7◦ E and

53.2◦ N (x′′ = y′′ = 0). Left to right columns show z = 54, 62 and 71 km, respectively.

a-c) Horizontal slices at 2, 2 and 22 UT on 13 January, respectively. ALOMAR (“AO”,

asterisks), the northern edge of the Alps at 8◦ E, 48◦N (squares), and the event #1 LBF

at 35◦ E, 60◦N (“LBF”, triangles) are shown. Turquoise arrows show the approximate

propagation direction of the downward (“dw”) and upward (“up”) event #1 GWs and and

white lines show the vortex edge in a-b). Dotted lines show 0 to 60◦ E in 20◦ increments

and 50−70◦ N in 10◦ increments. d-f) Keograms of x′′ versus time at y′′ = 1500 km. g-i):

Keograms of y′′ versus time at x′′ = −500 km. Dash (dash-dot) lines indicate event #1

(#2) GWs. ALOMAR is shown by the turquoise lines. cx and cy are listed (in m/s). The

colors are over-saturated to see the secondary GWs.
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Figure 13. T ′ (colors, in K) from the HIAMCM for 200 < λH < 400 km on a 2D

Cartesian grid (with coordinates (x′′, y′′) parallel to Earth’s surface at 24.7◦ E and 53.2◦

N (x′′ = y′′ = 0). Horizontal slices at (a) z = 45 km and (b) z = 55 km at 22 UT on 12

January. The asterisks, squares, triangles, dotted lines, and white lines are the same as

in Fig. 12a-b. The propagating and dissipating (“diss”) MWs and GWs from the polar

vortex (“PolVor”) are labeled. c) x′′ versus time at y′′ = 700 km. d): y′′ versus time at

x′′ = 500 km. e) x′′ versus time at y′′ = 0 km. f): y′′ versus time at x′′ = −1000 km.

Dashed lines indicate the phase lines of the GWs of interest. cx and cy are listed (in m/s).

The LBF is shown in (c-d) (turquoise lines). The longitude and latitude of the LBF are

shown in e)-f), respectively (turquoise lines).
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Figure 14. Global view of T ′ (colors, in K) and the large-scale horizontal streamfunction

(grey lines) from the HIAMCM at 22 UT on 12 January. (a) z = 20 km. (b) z = 42 km.

The purple asterisks and triangles show ALOMAR and the event #1 LBF at 35◦ E and

60◦ N, respectively. The white lines show the vortex edge.
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Figure 15. T ′ (colors, in K) and the large-scale horizontal streamfunction (grey lines)

from the HIAMCM at 2 UT on 13 January. (a) z = 15 km. (b) z = 20 km. (c) z = 26

km. (d) z = 42 km. (e) z = 53 km. (f) z = 70 km. The asterisks show ALOMAR and

the triangles show the event #1 LBF at 35◦ E and 60◦ N. Labels show propagating and

dissipating (“diss”) MWs and high-latitude (“HL”) GWs. The vortex edge is shown as

white lines in a)-e).
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Figure 16. T ′
√
ρ/ρ0 (colors, in K) at 22 UT on 12 January from the HIAMCM, where

ρ0 = 1241 g/m3. (a) 45.2◦ N. (b) 51.2◦ N. (c) 59.2◦ N. The purple triangle shows the event

#1 LBF and the dashed turquoise line shows the longitude of ALOMAR. (d) 69.2◦ N.

The turquoise line shows ALOMAR and the small purple triangle shows longitude of the

event #1 LBF. Black lines show Utot (in m/s). White lines at the lower boundary show

the height of the Earth’s surface (in km) times 5. Labels show MWs and GWs generated

by the polar vortex (“PolVor”). The colors are oversaturated to better see the GWs at

z > 15 km.

D R A F T October 27, 2022, 4:49pm D R A F T



VADAS ET AL.: SECONDARY GWS OVER ALOMAR X - 77

Figure 17. T ′
√
ρ/ρ0 (colors, in K) at 22 UT on 12 January from the HIAMCM, where

ρ0 = 1241 g/m3. (a) 39.7◦ W. (b) 24.7◦ W. (c) 15.8◦ E. The turquoise line shows ALOMAR

and the small purple triangle shows the latitude of the event #1 LBF. (d) 35.3◦ E. The

dashed turquoise line shows the latitude of ALOMAR and the purple triangle shows the

event #1 LBF. (e) 50.3◦ E. (f) 100◦ E. Black lines show Utot (in m/s). White lines at the

lower boundary show the height of the Earth’s surface (in km) times 5. White lines show

the vortex edge. The colors are over-saturated to better see the GWs at z > 15 km.
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Figure 18. (a) Horizontal plot of the mesoscale kinetic energy source (MKS, colors,

in m2/s2/h) averaged from z = 30 − 50 km and 21 − 24 UT on 12 January for GW

perturbations with λH < 1350 km. White contours show the correspondingly averaged

horizontal streamfunction with intervals of 5×107m2/s. Grey lines show 0◦, 20◦ and 40◦E

and 40◦, 50◦ and 60◦N, as labeled. (b) Same as (a), but for the mesoscale potential energy

flux convergence (MPC) (colors, in m2/s2/h). (c),(d) Same as (a),(b), but averaged from

z = 55 − 60 km. Black arrows show the horizontal body force (momentum deposition)

vectors averaged from 22-23 UT at z = 57 km and 57.75◦N for 24◦, 30◦ and 36◦E. ALO-

MAR and the event #1 LBF are labeled in green as “A” and “B”, respectively. The black

arrows in the upper left of panels c)-d) show 250m/s/day vectors.

D R A F T October 27, 2022, 4:49pm D R A F T



VADAS ET AL.: SECONDARY GWS OVER ALOMAR X - 79

Figure 19. (a) Density weighted mesoscale kinetic energy source (ρ MKS/ρ0, colors, in

m2s−2h−1) and mesoscale vertical potential energy flux density (PEFD, black contours in

Wm−2) as functions of longitude and altitude for perturbations with λH < 1350 km. Fields

are averaged from 44 − 50◦N and 21-24 UT on January 12. PEFD corresponds to p′w′,

where p′ and w′ are the pressure and vertical velocity perturbations in the z−coordinate

system. ρ0 is the average density at z = 12 km. (b) Same as (a), but for the mesoscale

potential energy flux convergence (ρMPC/ρ0, colors, in m2/s2/h). (c),(d) Same as (a),(b),

but averaged from 52− 60◦N. The event #1 LBF is labeled in green as “B”, respectively,

in c-d).
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Figure 20. (a) Zonal GW drag (GWDx) and (b) meridional GW drag (GWDy)

(colors, in m/s/d) averaged from z = 30 − 50 km and 22 − 23 UT on 12 January for

perturbations with λH < 1350 km. White contours show the correspondingly averaged

horizontal streamfunction with interval of 5× 107m2/s. Grey lines show 0◦, 20◦ and 40◦E

and 40◦, 50◦ and 60◦N, as labeled. (c),(d) Same as (a),(b), but averaged from z = 55−60

km. Black arrows are the same as in Fig. 18. ALOMAR and the event #1 LBF are

labeled in green as “A” and “B”, respectively.
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Figure 21. Theoretical fully compressible f−plane solutions of the secondary GWs

excited by LBFs in an isothermal, windless atmosphere (see text). a) Height-time cross-

section of T ′ exp(−z/14km) (colors, in K) at ALOMAR (i.e., at x = −888 km and y =

1000 km) created from a LBF centered at zknee = 57 km, 35◦ E and 60◦ N. b) Same as a),

but for two neighboring LBFs. (x0, y0) is at the estimated event #1 LBF location of 35◦

E and 60◦N. Note that the color scale is the same as in Fig. 8.
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Figure 22. T ′ (colors, in K) at z = 36 km over the Atlantic Ocean. Row 1: 15 UT on

Jan 12. Row 2: 4 UT on Jan 13. Row 3: 14 UT on Jan 13. Row 4: 3 UT on Jan 14. The

left column shows the HIAMCM GWs and large-scale horizontal streamfunction at the

same times and altitude (grey lines). The middle column is the same as the left column

except 1) filtered to remove GWs with |λz| < 24 km, and 2) the stream function is shown

at z = 12 km. The right column shows the AIRS GWs. Labels show the GWs generated

by the tropospheric jet east of Newfoundland (“TpJet”).
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