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Abstract: The impact of a temperature mesosphere inversion on the vertical propagation of gravity 1

waves has been investigated using OH airglow images and ground-based Rayleigh lidar measure- 2

ments carried out on December 2017 at the Haute-Provence Observatory (OHP, France, 44N). These 3

measurements provide complementary information that allows the vertical propagation of gravity 4

waves to be followed. An intense Mesospheric Inversion Layer (MIL) observed near 60 km with the 5

lidar disappeared in the middle of the night offering a unique opportunity to evaluate its impact on 6

gravity wave (GW) propagation observed above the inversion with airglow cameras. With these two 7

instruments, a wave with 150 min period has been observed, and was also identified in meteorological 8

analyses. The gravity waves potential energy vertical profile shows clearly the GW energy lost below 9

the inversion altitude and a large increase of gravity waves energy above the inversion in OH airglow 10

images with waves exhibiting higher frequency. The MIL are known to causes instabilities at its top 11

part and this is probably the reason of enhanced gravity waves observed above. 12

Keywords: Nightglow; Gravity wave; Temperature inversion 13

1. Introduction 14

Atmospheric gravity waves (AGW) play significant roles in the dynamics of the 15

atmosphere. Their ability to transport energy from the lower atmosphere to the Mesosphere 16

Lower Thermosphere (MLT) has been widely studied [1–3]. Without dissipation, AGW 17

energies increase exponentially with altitude following the scale height of the atmospheric 18

density. Such waves are generated in the troposphere through different processes including 19

thunderstorm [4], convection, wind flow over mountain, and propagate vertically and 20

horizontally [5–8]. Waves generated in the troposphere propagating up to the thermosphere 21

have been mostly associated with tsunami [9]. In practice, most of AGWs are filtered while 22

breaking in the MLT. During their vertical propagation, waves interact with the mean flow 23

through momentum transfer and energy dissipation when waves break [2,10], especially 24

in the mesosphere. These waves contribute significantly to the large-scale atmospheric 25

circulation and the 3D dynamic fields of temperature and wind. Potential energy of gravity 26

waves derived with lidar data have shown such energy reduction above 60-70 km [11]. Also, 27

these interactions frequently induce MILs which can last for a few days with temperature 28

differences of a few tens degrees [12]. 29

Wave properties from the troposphere up to the mesosphere cannot be observed with 30

a single instrument. Rayleigh lidar measurements of temperature with high temporal 31

resolutions are commonly used to conduct gravity wave studies in the stratosphere and 32

mesosphere [13,14]. However, in the mesosphere, signal to noise ratio decrease rapidly 33

with altitude and does not allow to calculate spectral analyses of small scale waves from 34

statistical noise [15]. While the variance of the backscattered signal can provide a global 35

information on wave activity higher up [11], information is still limited to 70 km depending 36

on the lidar capabilities. It is well known that AGW induce airglow fluctuations of the 37

hydroxyl OH Meinel bands layer around 87 km with a half-width of 8 km [16]. These 38
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fluctuations can be observed using CCD imagers operating in the near infrared wavelength 39

region [17–19] as well as in the short wave infrared (SWIR) band [20,21] using InGaAs 40

imaging systems. 41

Combined lidar temperature and airglow observations allows the observation of AGW 42

at different altitudes during their propagation. Several studies have previously used the 43

synergy between these two instruments to study gravity waves events using mesospheric 44

OH airglow image measurements and ground-based lidar data [22,23]. 45

While gravity waves generate MILs during several days, the wave propagation 46

through this type of structure has not yet been described. It is therefore interesting to 47

better document how troposphere and thermosphere are coupled and to what extent char- 48

acteristics of gravity waves propagating from below remain similar in the thermosphere 49

and can provide information about their sources. A strong westerly stratospheric jet can 50

produce a filtering of westerly gravity wave drag, resulting in an enhanced easterly drag 51

in the mesosphere and a polar downwelling and associated anomalous warming of the 52

upper mesosphere [24,25]. This situation is favourable to the MIL formation. The sharp 53

mesospheric wind gradient may be a source of dynamical instabilities and generation of 54

secondary gravity waves [26]. The state of the polar vortex plays a role in the modulation 55

of GW activity and formation of MILs. For instance, the cooling of the lower mesosphere 56

after a Sudden Stratospheric Warming event promotes the propagation of GWs and the 57

formation of MILs in the upper mesospheric polar region [27]. 58

In order to study gravity waves propagation through the atmosphere, a SWIR imaging 59

system to measure the nightglow radiation emitted by OH at an altitude of 87 km was 60

operated next to a ground-based Rayleigh lidar operating routinely, and providing 2D 61

temperature profile as a function of altitude and time since 1979. During this campaign, 62

a MIL inducing a large temperature disturbance was present around 65 km altitude and 63

disappeared during the continuous instrumental operation around midnight, providing 64

a unique opportunity to study the AGW propagation through a disturbed mesosphere. 65

Such investigations were already simulated by Fritts et al. [28] or Fritts et al. [29] using a 66

numerical model. Observations conducted during this night were analyzed to confirm and 67

document some findings of these theoretical works. 68

In this study, we describe the impact of a MIL on AGW propagation by comparing 69

gravity wave activity from 25 to 65 km altitude using Rayleigh lidar and meteorological 70

analyses with OH layer observations at 87 km. Section 2 describes the different datasets 71

used in this study. Section 3 presents the gravity wave analyses while section 4 describes the 72

impact of the MIL on the vertical GW propagation. Finally, section 5 provides discussions 73

and conclusions. 74

2. Description of the campaign and the instruments 75

The observation campaign was carried out at the OHP in the south of France during 76

the night of 12 to 13 December 2017. The campaign has been performed in the frame of the 77

European ARISE (Atmospheric dynamics Research InfraStructure In Europe) framework 78

[30]. This project intends to set up a network of instruments to investigate the atmospheric 79

dynamic and mainly the vertical coupling between ground anomalies up to the lower ther- 80

mosphere. The infra-structure is composed of a dense network of infrasound instruments 81

that are intend to be assimilated to provide wind constrains, and prototype stations having 82

several collocated instruments including lidars, microwave spectrometers, and radars that 83

provide complementary information about waves at different scales. 84

The good atmospheric transparency experienced during the night of December 12 to 85

13 allowed to conduct the best optical observations. The presence of a strong mesospheric 86

inversion layer during the first part of the night and its rapid extinction at midnight offer a 87

unique opportunity to study its impact on wave propagation. 88
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2.1. Lidar measurements 89

Lidars can provide vertical temperature and density profiles using Rayleigh scattering 90

as demonstrated by Hauchecorne and Chanin [31]. Observations are based on the backscat- 91

tering light collected with large ground-based telescopes and generated by pulse lasers 92

emitted vertically from the ground. This technique is now well established [32] and the 93

integration of successive laser shots over several hours allows to derive temperature from 94

30 to 80-90 km. Continuous measurements have been performed within the Network for 95

the Detection of Stratospheric Changes (NDSC) during more than 4 decades to monitor 96

temperature changes [33,34]. 97

Such continuous measurements have been performed in the frame of the international 98

Network of the Detection of Atmospheric Composition Changes-NDACC [35] and in the 99

frame of the Atmospheric dynamics Research InfraStructure in Europe-ARISE [30]. The 100

good vertical resolution and small time integration over periods of several minutes allow 101

to derive time and vertical temperature fluctuations induced by the propagation of gravity 102

waves [15]. 103

However, spectral fluctuations in the mesosphere are constrained and limited to waves 104

with periods around several minutes (typical 10-15 min) with vertical resolution typically 105

10-100 m electronics to keep a signal/noise ratio larger than wave amplitudes. Figure 1 106

shows the 2D temperature profile during the night of December 12-13, 2017 above OHP. 107

Detailed spectral wave information cannot be obtained in the mesosphere. To avoid this 108

range limitation due to smaller signal/noise ratio, a new method has been developed to 109

access the potential energy of gravity waves based on the analysis of the 2D variability [11]. 110

Figure 1. 2D Temperature profile measured by the OHP Rayleigh lidar during the night of the
December 12-13, 2017

2.2. The airglow camera 111

The airglow camera is based on a thermoelectrically cooled InGaAs detector (640x512 112

pixels, pitch 25 µm) was used during the observation campaign. The spectral bandwidth 113

of the camera ranges from 0.9 to 1.7 µm. This bandwidth corresponds to the vibrationnal 114

transitions ∆ν = 2 and 3 of the OH Meinel band system. The integration time used is 400 115

ms with a framerate of 0.5 second. Thus, for a whole night, we acquire about 50,000 images. 116

Obviously, such a frame rate is not useful for this study, however it was chosen initially 117

to investigate the impact of infrasound on OH radiation [20]. A 12.5 mm focal lens was 118
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mounted on the camera, leading to a field of view (FOV) of 32x27 which allows us to 119

observe a 111x89 km area at the OH layer altitude (∼87 km) for a zenith observation. 120

The instantaneous field of view of 2 mrad lead to a spatial resolution of 174 meters at 121

the altitude of the OH layer. The camera is radiometrically calibrated in a low light 122

level laboratory developed at Onera, allowing absolute integrated radiance measurements 123

(in photons/s/m2/sr). After the campaign the acquired raw images are radiometrically 124

corrected (dark current, dome effect, and unwarped giving all the informations to retrieve 125

wave parameters for ours studies. Figure 2 shows an image acquired during the campaign. 126

Figure 2. Corrected image of the OH radiation at altitude 87 km acquired during the night of the
12th-13th December 2017 [20]. The radiance scale is in ph/s/m2/sr. North is at the top of the image,
west on the left.

2.3. European meteorological analyses (ERA5 data) 127

Products extracted from the European meteorological re-analysis include many vari- 128

ables such as wind speed, temperature and atmospheric pressure dedicated for meteoro- 129

logical applications but are also a reference for any atmospheric researches. An important 130

advantage of re-analyses is that they are generally available worldwide and provide a 131

realistic mean atmospheric evolution thanks to all the global assimilated observations. Over 132

the decades, re-analyses were regularly improved providing a wider vertical range and 133

greater resolutions in time and space. 134

Within the Copernican Climate Change Service (C3S), the ECMWF (European Centre 135

for Medium-Range Weather Forecasts) is producing the ERA5 reanalysis which, when 136

completed, will provide a detailed record of the global atmosphere, land surface and ocean 137

waves from 1950 onwards. Unlike its predecessor ERA-Interim, ERA5 has hourly resolution 138

and wind speed data are available free of charge at 100 m height and up to the maximum 139

altitude of 79 km, which is important for our study. The horizontal resolution is about 31 140

km, which is better than ERA-Interim. A clear wave structure (Figure 3) is reported on the 141

observations night, showing that ECMWF is now able to capture gravity waves with long 142

wavelengths. 143
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Figure 3. Horizontal field of anomaly temperature extracted from ERA5 re-analysis during the night
of the December 12-13, 2017 at 18 h UT over Western Europe around 49 km altitude.

3. Gravity wave analyses 144

3.1. Vertical propagation analysis using ERA5 data, Rayleigh lidar and OH airglow observations 145

In order to determine the frequency content of temperature fluctuations, Fourier 146

transforms are applied on observations to characterize the activity of gravity waves either 147

as a function of time or altitude. Before applying the Fourier transform, the signals are 148

pre-processed. For each temperature perturbation we remove linear trends and multiply by 149

a Hanning window (α = 0,1) so that the edges are set to zero. Fourier transform is applied 150

to temperature perturbations at each altitude, and spectra are averaged to improve signal 151

to noise ratio. 152

The mean Fourier spectra for the temperature lidar data is calculated for two altitude 153

domains, [21-32] and [32-42] km in summing all 10 individual spectra for each time series 154

(Figure 4). These 10 individual spectra are computed from time series for 10 heights 155

within the two height ranges. In order to determine confidence level, noise is calculated by 156

generating a white Gaussian noise for each lidar levels with the similar standard deviations 157

than lidar uncertainties. Nevertheless, the noise depends on the level of the lidar signals 158

that decreases with altitude. So such Fourier analysis cannot be performed above around 159

the stratopause (50 km) because signal/noise ratio is too small to show significant power 160

due to atmospheric waves. 161
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Figure 4. Mean Fourier spectrum of lidar data for altitude range [21-32] km in blue and [32-42] km in
red. The black dashed line give the 0.95 confidence level.

Significant peaks are identified at periods in the intervals 40-90 and 100-300 min. The 162

periods under 10 min are associated with noise. The Brunt-Väisälä frequency is calculated 163

by the following equation : 164

N2 =
g
T

(
dT
dz

+ Γ
)

(1)

g=9,81 m.s-1 is the gravitational acceleration, T the temperature, Γ the atmospheric lapse 165

rate and z the altitude. 166

Because airglow images cover a 111x89 km region at the OH layer altitude, observation 167

of large-scale gravity waves is not possible using only individual images. So, in order 168

to study waves with wavelengths exceeding the field of view of the image, a keogram 169

analysis is performed by considering the central columns of each image (54,000 columns) 170

and placing them side-by-side to form a single image (Figure 5). This analysis can be 171

performed in both directions (with also the central row) generating respectively a north- 172

south keogram, and an east-west keogram. The result presents the wave field during the 173

night. On the figure, we can observe wave systems with short and quite long periods. 174

Figure 5. North-South keogram for the night of December 12-13, 2017 composed from a series of OH
images. The grey scale is in ph/s/m2/sr.
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Fourier transform is applied on the North-South keogram in order to analyze the wave 175

frequency content of the night. The data are pre-processed in summing each individual 176

Fourier transforms of each row of the keograms in order to determine the low frequencies 177

present throughout the night. 178

Figure 6. Mean fourier spectrum of the entire night for the two keograms. The black dash line is the
-5/3 power law. L is the radiance unit measured on the OH images (ph/s/m2/sr.).

In the Fourier transform of keograms (Figure 6), a peak around 150 min period is 179

detected. Spectra show that the energy increases until the Brunt-Väisälä period (around 180

5 min at the OH layer altitude) following the -5/3 power law, stabilizes until 20 min and 181

finally increases until 150 min. The increases in energy up to the Brunt-Väisälä period 182

may be due to the creation of turbulence caused by the MIL. The stabilization from the 183

Brunt-Väisälä period up to 30 min is probably due to the trapping of small-scale gravity 184

waves by the MIL, as opposed to the periods after 30 min where the slope is again positive. 185

This suggests a free propagation of large-scale gravity waves. 186

The frequency characteristics reported by keograms are observed parameters. To 187

determine the intrinsic frequencies, the following Doppler relation between intrinsic and 188

observed periods is used: 189

ω̂ = ωobs − ku− lv (2)

ω̂ is the intrinsic frequency, ωobs the observed frequency, k and l are respectively the zonal 190

and meridional wavenumbers and u, v are respectively the mean zonal and meridional 191

wind speeds at the OH layer altitude. 192
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Figure 7. Temporal phase evolution of the 150 min wave extracted from the East-West keogram, the
red line is the linear fit.

The local wind speed is estimated with the Horizontal Wind Model (HWM07) [36] 193

to include the tidal component. The HWM07 model has a non-negligible error at high 194

altitude. The main error on the wind speed at these altitudes comes from the tides. We will 195

therefore assume an error of 20 m/s for the meridional and zonal wind speed. This number 196

corresponds to the average tidal range in the upper atmosphere [37–41]. To estimate the 197

zonal and meridional wavenumbers for the long periods, keograms were filtered with a 198

third-order bandpass filter between 130 and 170 min to isolate the 150 min period. Then, 199

the temporal evolution of the 150 min wave phase (Figure 7 blue curve) using a sine fit 200

was estimated. Once the phase of the wave is calculated, a slope which corresponds to the 201

phase velocity of the wave was measured and then we calculated the wavelength using the 202

intrinsic period. For the determination of the meridional and zonal wavelengths we use 203

respectively the North-South and the East-West keograms. For example, the slope of the 204

linear fit for the East-West keogram is 4.04 ± 0.5 km/min. A meridional wavelength of 605 205

km, and a zonal wavelength of 848 km were determined. 206

The intrinsic frequency can be deduced from the wavelength estimate using equation 207

(2). The vertical wavenumber is then calculated using the dispersion relation (3) and the 208

group velocity from equations (4). These equations are derived from linear gravity wave 209

theory [42]. 210

m2 =
K2
(

N2 − ω̂2
)

(
ω̂2 − f 2

) − 1
4H2s

(3)

Hs is the scale height (7 km). 211

(
cgx, cgy, cgz

)
=

[
k
(

N2 − ω̂2
)

, l
(

N2 − ω̂2
)

, m
(

ω̂2 − f 2
)]

ω̂
(

K2 + m2 + 1
4H2

) (4)

With K =
√

k2 + l2 and f the Coriolis parameter. The computed intrinsic parameters 212

and the corresponding errors are compiled in table 1. 213



9 of 18

ω (min) ω̂ (min) λx (km) λy (km) λh (km) Vh (m/s) λv (km) c g(m/s) θ (deg)
150 243 ± 40 605 ± 76 848 ± 224 492 ± 100 33 ± 10 14 ± 5 32 ± 13 135

Table 1. Intrinsic parameters of the 150 min wave. From left to right, the observed period, the intrinsic
period, the zonal wavelength, the meridional wavelength, the horizontal wavelength, the intrinsic
horizontal phase speed, the vertical wavelength, the group velocity and the direction of propagation.

The direction of propagation (θ in table 1) was estimated using the inclination of 214

the phases evolution of the wave taken from the two filtered keograms. θ is measured 215

anticlockwise from East. It can be observed that the intrinsic period obtained is included in 216

the period band where we observe a significant energy in the lidar fourier spectrum for the 217

32 - 42 km altitude band (Figure 4). It can be concluded that large-scale gravity waves are 218

well transmitted through the MIL. 219

Wave activity are also extracted from the ERA5 dataset extrapolated for this night 220

over an area centered on France with the following spatial extent : -10 to 15 of longitude 221

and 35 to 60 of latitude. The average temperature is calculated by summing hourly values 222

and subtracting the result from each map to determine the temperature anomalies. The 223

Fourier transform results for each map are averaged in time and altitude to obtain the 224

mean spectrum. In order to increase the resolution of the average spectrum, the maps are 225

centered in a matrix of 1101*1101 zero-filled pixels and an apodization window is applied 226

to reduce discontinuities. 227

Figure 8. Left : Average 2D Fourier spectrum of ERA 5 temperature fields for the altitude range
26-36 km (left) and 42-48 km (right) for the time range [18 p.m. 03 a.m.]. The white cross represents
the wavenumbers estimated using the OH keograms. The cross are the estimated errors on the
wavenumbers, calculated directly from the error on the slope of the linear fit (Figure 7).

The horizontal wavenumbers deduced from ERA5 (Figure 8) in the altitude domain 228

26-36 km and 42-48 km are in good agreement with the OH data at 87 km altitude where the 229

wavelengths of the wave were estimated using the keograms (white cross on the figures). 230

If we assume that the lidar and ERA5 data below 87 km altitude observe the same wave, 231

we can therefore conclude that this large-scale wave propagated at least up to 87 km the 232

altitude of the OH layer despite the presence of the MIL. These results are consistent with 233

the findings of Fritts et al. [28]. 234

4. Impact of the MIL on the vertical gravity wave propagation 235

4.1. Lidar data analysis 236

During the campaign, the continuous lidar measurements allow to derive the vertical 237

temperature profile from 6 pm to 3 am with a temporal resolution of one minute and 238

a vertical resolution of 0.150 km. This allows to observe the occurence of a strong MIL 239

around 65 km at the beginning of the night which partially disappears around midnight 240
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(Figure 9a) . This behavior is also noticeable on the square Brunt-Väisälä frequency profiles 241

deduced from the lidar temperature profiles which show convective instabilities occured at 242

50 km and even more pronounced at 68 km where N2 is negative (Figure 9b). To obtain 243

the N2 profile, each lidar temperature profile has been averaged by using a 4.5 km sliding- 244

average window. The same way, a sliding-average was applied to the potential temperature 245

(Window length = 3 km) to reduce noise at high altitude. One observe negative values 246

during the whole period when the MIL is present turning to positive values afterward 247

leading to a relatively higher stability after midnight. These negative values during the 248

first part of the night are due to the strong negative temperature gradient caused by the 249

MIL (Figure 9b). The largest values are located at the top part of the MIL (Figure 9c). It has 250

been shown from numerical simulation that large-amplitude GWs encountering the MIL 251

are trapped and achieve large amplitudes and shears within the MIL [28]. 252

Figure 9. a) Rayleigh lidar temperature profiles. The blue curve represents the average temperature
for each altitude before midnight and the red curve is the average temperature after midnight [20]. b)
Square Brunt-Väisälä frequency profile during the night of December 12, 2017 at the Haute-Provence
observatory. White dots show negative values. c) Mean Square Brunt-Väisälä frequency profile before
midnight in blue and after midnight in red. The 0 value is indicated by the dotted black vertical line.

MILs are characterized by a negative atmospheric lapse rate value ( Γ = −∂T/∂z) in 253

contrast to the positive value usually observed between the stratopause and mesopause. 254

Its persistence can be explained by the heating of the turbulent layers generated by the 255

continuous breaking of gravity waves above the secondary minimum of temperature [12]. 256

Indeed, a MIL appears to be a signature of wave breaking in the mesosphere and some 257

studies have shown that statistically, MILs occur most often in winter [43]. The amplitude 258

of the inversions is directly associated with the amplitude of the planetary waves, to such 259

an extent that large inversions develop during planetary wave amplification episodes. Sassi 260

et al. [44] suggests that gravity waves play an indirect role in the formation of inversions 261

because their breaking occurs above the range of altitudes where the inversions are located. 262

The mesospheric inversion is also observed on the ERA5 data interpolated above the 263

OHP location (Figure 10, right). The MIL appears on the model at the same altitude than 264

Lidar (around 60 km) with a similar temporal behavior. The MIL amplitude is, however, 265

smoother than the measured data by a factor of around 10. 266
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Figure 10. Left : 2D temperature profile during the night of the December 12, 2017 from the ERA5
data. Right : Temperature profile at 20 h UT in blue and 02 h UT in red from the ERA5 data.

In order to estimate gravity wave activity and its vertical evolution, a method based on 267

the variance of the lidar signal [11] is applied, where the altitude evolution of the potential 268

energy Ep per unit mass (J/Kg) is computed : 269

Ep =
1
2

g2

N2

(
T
′

T

)2

(5)

T
′

is the temperature perturbation induced by gravity waves and T the night averaged 270

temperature. Calculating temperature fluctuations involves smoothing each individual 271

temperature profile and subtracting them from the average night profile [11]. 272

These estimates were calculated using lidar signals for the time periods before and 273

after midnight (Figure 11) according to the mesospheric inversion appearance. We notice 274

that the loss of wave energy does not occur at the same altitudes during and after the MIL. 275

The calculated potential energy shows a decrease from 50 to 58 km, respectively when 276

mesospheric inversion was on, and not significantly observed when it disappeared. The 277

waves lose energy may have contributed to the formation of the MIL and to maintain 278

it during several hours. Before midnight, the potential energy density increase from 58 279

to 64 km and seems to increase again above 64 km. The latter increase may be due to 280

the generation of secondary GWs within the inversion that propagate up to the lower 281

thermosphere [26]. The MIL is a favourable region for the breaking of upward propagating 282

GWs. As shown by Hauchecorne et al. [12], the positive temperature gradient within the 283

MIL leads to an increase in the amplitude of GWs and a decrease in their wavelength, 284

which leads to dynamical instabilities, GW breaking and the generation of secondary 285

GWs. We have noticed that potential energy increases slightly from 40 to 45 km after 286

midnight probably associated with the reinforcement of the wind observed at this altitude 287

in meteorological analyses. This increase of wave activity could have induced the strong 288

breaking above between 50 - 58 km and the MIL. 289
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Figure 11. Evolution of potential energy with altitude before midnight (blue curve) and afterwards
(red curve). The shaded areas are the associated errors [11].

In order to analyze the frequency content of temperature disturbances at the place and 290

time when the potential energy is decreasing, Fourier spectrum is investigated using the 291

same method as described in section 3.1 (Figure 4) but this time dividing the time domain 292

into two parts, during and after midnight (Figure 12). Individual lidar temperature profiles 293

were filtered with a low-pass filter with a 1/800 m cut-off frequency in order to reduce 294

noise. The average night profile is filtered in the same way with a 1/4 km cut-off frequency 295

and this average profile is subtracted from each individual profile. 296

We notice that small periods have a lot of energy in each case, exceeding the 99% 297

confidence level. For the altitude range [42 - 48] km (Figure 12a), there are several peaks 298

between 2 and 3.5 min for the spectrum after midnight (no inversion), which is consistent 299

with turbulence generated by the decrease of the potential energy curve. Conversely, for 300

the altitude range [50 - 58] km (Figure 12b), there is a 4 min period in the spectrum during 301

the inversion which is consistent with turbulence generated by the MIL. These peaks could 302

be due to the breaking of gravity waves, causing turbulence. 303
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Figure 12. a) Mean Fourier spectra of lidar data before and after midnight for the altitude range [42 -
48] km. b) Mean Fourier spectra of lidar data before and after midnight for the altitude range [50 - 58]
km.

It is also interesting to analyze the impact of gravity wave on the wind behavior. As 304

gravity waves interact with the mean flow during a drop in potential energy, the local wind 305

speed is impacted as shown in Figure 13a. Indeed, the ERA5 data shows a progressive 306

descent of the local maximum wind speed during the night, this phenomenon is clearly 307

visible by looking at the divergence of the wind speed. The air has to descend into the 308

inversion to create adiabatic warming, so convergence is expected above the inversion 309

and divergence below, as shown in Figure 13b. Figure 13c shows the vertical wind speed 310

(w expressed in Pa.s-1) divided by the pressure (p). Before midnight, the positive vertical 311

speed around 50 km altitude (w/p < 0) and the negative vertical speed above around 65 312

km altitude (w/p > 0) contribute to create the MIL. Adiabatic cooling occurs below and 313

adiabatic heating above, which increases the vertical gradient of temperature (dT/dz > 0). 314

The opposite after midnight will contribute to the disappearance of the MIL [12]. 315
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Figure 13. a) Meridional wind speed in m.s-1 from ERA5 data. b) Divergence of wind speed in s-1

from ERA5 data. c) Vertical wind speed (in Pa.s-1 divided by pressure (in Pa))

4.2. OH airglow images analysis 316

To investigate wave evolution above the mesospheric inversion layer, the OH obser- 317

vations are analyzed. The camera acquired images from 20h45 UT till 05 h UT with two 318

frames per second. Figure 2 shows an example of a corrected image acquired during the 319

night. The analysis of these separated images consist in the determination of the temporal 320

evolution of the radiance during the whole night. In order to improve signal to noise ratio, 321

a matrix of five by five pixels is selected at the center of each image and averaged to provide 322

the mean OH radiance temporal profile. A Morlet wavelet analysis is applied to this time 323

series (Figure 14). 324

Figure 14. Contour plot of the wavelet analysis of the temporal OH radiance profile. The white
dashed lines represent the cone of influence which delimits the real periods of the discontinuities.

We note the appearance of periods between 5 and 15 min after midnight, which 325

intensify at the end of the night. This is probably due to the presence of the MIL before 326

midnight which prevents the small-scale gravity waves from reaching the OH layer. This 327

behavior might be also observed with a keogram analysis as perform in section 3.1. A 328

Fourier transform to the North-South keogram was performed in order to analyze the 329

frequency content of the night with signals separated in the two periods (Figure 15). If we 330

compare before and after midnight, there is a fairly clear difference in energy between 0.4 331

and 3 min in Figure 15 which can be explained by the possible generation of turbulence 332

with high wavenumber caused by the breaking waves. Indeed, the MIL is most probably 333

causing this breaking process. The second half of the night has more energy between 5 and 334

20 min. Indeed, gravity waves reach the OH layer more easily in the absence of the MIL. 335

However, this analysis concerns only a small part of each image. A more accurate way to 336
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do the analysis is to calculate the two-dimensional unambiguous horizontal wavenumber 337

spectra for the two parts of the night. To do this, the images must be pre-processed as 338

described in Coble et al. [45]. To reduce the spectral distortion, the normalized images are 339

prewhitened spatially by using a filter whose coefficients are given in Coble et al. [45] and a 340

2-D Hanning window (α = 0,5) is applied to the data before computing the spectrum. For 341

the calculation, we use a cube of 450 images with a temporal resolution of 30 sec for each 342

part of the night. 343

Figure 15. Mean Fourier spectrum for the two parts of the night (before and after midnight).

The unambiguous horizontal wavenumber spectra show the energy distribution of 344

gravity waves as a function of the direction of propagation as well as zonal and meridional 345

wavenumbers (Figure 16). The preferred direction of propagation of gravity waves during 346

the night is southeast. The spectrum of the first part of the night has more energy in high 347

wavenumbers than the spectrum of the second part of the night, these short wavelengths 348

can propagate in any direction and may result from non-linear interactions caused by the 349

MIL and can generate turbulence. It can be noted that the spectrum of the second part of 350

the night has more energy in the low wavenumbers, it can be deduced that these waves 351

can propagate freely due to the disappearance of the MIL. By measuring the horizontal 352

wavelength and phase velocity of these waves directly on the raw images, we obtain the 5 353

and 15 min periods as in the wavelet analysis. 354

Figure 16. Left : Unambiguous horizontal wavenumber spectra (UHWS) from the OH images of
the first part of the night, before midnight. Right : UHWS of the second part of the night, after
midnight. The color bar in the 2-D spectrums is in logarithmic scale and representing the square of
the magnitude (cyc/m)2. White dashed lines shows the position of the zero wavenumbers.
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5. Conclusions and discussion 355

The objective of the study was to use a varied set of tools and observations to analyze 356

gravity wave propagation through the perturbed mesosphere during a MIL. 357

This study is a first attempt to use the opportunity of the MIL occurrence to better 358

understand the impact of the background atmosphere on the vertical propagation of gravity 359

waves. The previous specific studies of Fritts et al. [28,29] using numerical simulations 360

provide a detailed theoretical background that helps to appreciate verifications using the 361

observations. Despite the fact that these two studies use only short periods for gravity 362

waves (from 417 to 509 sec), we can note some common conclusions. The theoretical 363

study shows an increased transmission for long wavelengths as well as the creation of 364

turbulence due to the breaking of gravity waves in the MIL. Our study has shown that long 365

wavelengths are weakly impacted by the MIL compared to short wavelengths (∼ 10%), as 366

shown in Figure 16. We also note the presence of energy in the short wavelengths above the 367

inversion (87 km) as shown in Figure 16, which suggests additional local wave generation 368

may be induced by turbulence process. Finally, the potential energy of gravity waves is 369

reduced threefold below the inversion (∼ 55 km) but is increased 15 times more at the 370

inversion level (∼ 60 km), which shows the importance of wave regeneration (Figure 11). 371

OH spectrum of gravity waves at 87 km (Figure 6), show some enhanced periods 372

like one at 150 minutes which is also included in the energy band of the spectrum in 373

the mid-stratosphere (Figure 4). Using HWM07 model to compute the local wind, GW 374

horizontal wavelength of several hundred kilometers were determined. Note that wind 375

estimation did not allow accurate intrinsic waves characteristics while tides are not well 376

represented in the HWM07 model by a factor of 2. Furthermore, such a large scale waves 377

are also observed in the stratosphere in ERA5 meteorological analyses. The mesospheric 378

inversion observed in lidar data, corresponding to a nearly undetectable anomaly on ERA5, 379

is associated with gravity wave energy dissipation just below the MIL by a factor of nearly 380

10 and regenerating instabilities above with a similar energy amount. During the period 381

when the MIL is not observed, wave energy dissipation occurs at lower altitude (40-50 km) 382

by a factor of 5 probably due to enhanced wind at this altitude, causing MIL disappearance 383

and then gravity waves propagate freely from 50 to 70 km with very small waves mean 384

flow interactions. At 87 km, OH images analysis shows that large scale gravity waves are 385

reduced during the period when MIL exist. This is in agreement with the potential energy 386

dissemination reported by the lidar observations, while the smaller scale gravity wave 387

observed at the same time were probably generated in the upper part of the MIL leading to 388

a cascade redistribution of wave energy. 389

This work concerns only one night of observations. We plan to carry out further 390

measurement campaigns in order to establish statistical results on the impact of a MIL on 391

gravity waves propagation. This work made it possible, on the one hand, to point out the 392

impact of a MIL on the propagation of gravity waves and, on the other hand, to follow 393

the propagation of one of them by associating the Rayleigh lidar, the airglow cameras and 394

the ERA5 re-analysis. The study also shows an approach for the determination of intrinsic 395

gravity wave parameters from keograms. 396
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