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Abstract

This paper presents the results of a campaign covering a week of observations around the July 2, 2019, total Chilean eclipse.

The eclipse occurred between 1922–2146 UTC, with complete sun disc obscuration happening at 2038–2040 UTC (1638–1640

LT) over the Andes Lidar Observatory (ALO) at (30.3$ˆ\circ$S,70.7$ˆ\circ$W). Observations were carried out using ALO in-

strumentation to observe eclipse–induced effects on the mesosphere and lower thermosphere region (MLT) (75–105 km altitude).

Several mesosphere-sounding sensors were utilized to collect data before, during, and after the eclipse, including a narrow-band

resonance-fluorescence 3D winds/temperature Na lidar with daytime observing capability, a meteor radar observing horizontal

winds continuously, a multi-color nightglow all-sky camera monitoring the OH(6,2), O$ 2$(0,1), O($ˆ1S$), and O($ˆ1D$) emis-

sions, and a mesosphere temperature mapper (MTM) observing the OH(6–2) brightness and rotational temperature. We have

also utilized TIMED/SABER temperatures and ionosonde measurements taken at the University of La Serena’s Juan Soldado

Observatory. We discuss the effects of the eclipse in the MLT, which can shed light on a sparse set of measurements during

this type of event. Our results point out several effects of eclipse–induced changes in the atmosphere below and above but not

directly within the MLT. These effects include an unusual fast, bow–shaped gravity wave structure in airglow images, MTM

brightness as well as in lidar temperature, strong zonal wind shears above 100 km, the occurrence of a sporadic E layer around

100 km, and finally variations in lidar temperature and density and the presence of a descending sporadic sodium layer near 98

km.
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Key Points:15

• Several eclipse–induced events are observed by mesosphere and lower thermo-16
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MTM brightness, lidar temperature and sodium density.20
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Abstract21

This paper presents the results of a campaign covering a week of observations around22

the July 2, 2019, total Chilean eclipse. The eclipse occurred between 1922–2146 UTC,23

with complete sun disc obscuration happening at 2038–2040 UTC (1638–1640 LT) over24

the Andes Lidar Observatory (ALO) at (30.3◦S,70.7◦W). Observations were carried out25

using ALO instrumentation to observe eclipse–induced effects on the mesosphere and26

lower thermosphere region (MLT) (75–105 km altitude). Several mesosphere-sounding27

sensors were utilized to collect data before, during, and after the eclipse, including28

a narrow-band resonance-fluorescence 3D winds/temperature Na lidar with daytime29

observing capability, a meteor radar observing horizontal winds continuously, a multi-30

color nightglow all-sky camera monitoring the OH(6,2), O2(0,1), O(1S), and O(1D) emis-31

sions, and a mesosphere temperature mapper (MTM) observing the OH(6–2) bright-32

ness and rotational temperature. To complement our dataset, we have also utilized33

TIMED/SABER temperatures and ionosonde electron density measurements taken at34

the University of La Serena’s Juan Soldado Observatory. We discuss the effects of the35

eclipse in the MLT, which can shed light on a sparse set of measurements during this36

type of event. Our results point out several effects of eclipse–induced changes in the37

atmosphere below and above but not directly within the MLT. These effects include38

an unusual fast, bow–shaped gravity wave structure in airglow images, MTM bright-39

ness as well as in lidar temperature, strong zonal wind shears above 100 km, the oc-40

currence of a sporadic E layer around 100 km, and finally variations in lidar temper-41

ature and density and the presence of a descending sporadic sodium layer near 98 km.42

1 Introduction43

Since Chimonas and Hines (1970a, 1970b) original prediction followed by math-44

ematical derivation of Chimonas (1974), extensive campaigns were undertaken to look45

for evidence of waves induced by solar eclipses all way from the troposphere to the46

ionosphere. This has been a difficult task, as pointed out by Eckermann et al. (2007),47

declaring that direct observational evidence for eclipse-generated waves and bow waves48

is yet to be seen.49

The effects of solar eclipses on the middle and upper atmospheric layers and in50

the ionosphere are well documented in the literature. It has been theorized that dur-51

ing a solar eclipse, the fast motion of the Moon’s shadow across the Earth should cause52

a wave in the upper atmosphere in a similar fashion to a bow wave developing in front53

of a boat (Chimonas & Hines, 1970a). However, in the atmosphere, the cold region in-54

side the shadow acts as a sinkhole that pulls the air ahead (Harding et al., 2018).55

Chimonas (1974) modeled that the supersonic motion of the Moon’s shadow across56

the Earth would generate a bow wave, a disturbance in the neutral atmosphere which57

would grow to an observable magnitude at ionospheric heights. Although the orig-58

inal focus was on the reduction in ozone heating in the stratosphere, models have sub-59

sequently shown that a significant large-scale wave is also expected to be seen in the60

thermosphere (e.g., Harding et al., 2018). Even if the generation of a large-scale wave61

in the upper atmosphere caused by a solar eclipse was predicted, experimental evi-62

dence remains sparse and comprises mostly indirect observations.63

Although the vast majority of eclipse studies focus on ionospheric effects (e.g.,64

Rishbeth, 1968; Rishbeth & Garriot, 1969; Le et al., 2009), the neutral atmospheric ef-65

fects are also believed to be significant (e.g., Ridley et al., 1984; Eckermann et al., 2007).66

For instance, the impact of solar eclipses on weather and meteorological conditions67

has been studied by Mohanakumar and Sankaranarayanan (1982). Also, the reduc-68

tion in radiative heating at all altitudes changes the temperature, wind, and compo-69

sition of the neutral atmosphere, with the most significant neutral response expected70

to occur in the thermosphere. The thermospheric response should cause additional71
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secondary ionospheric effects, in addition to the direct photochemical responses, through72

ion-neutral coupling and chemistry (e.g., Roble et al., 1986; Müller-Wodarg et al., 1998).73

This study presents observations gathered during a major solar eclipse passing74

over Chile on July 02, 2019, above the Andes Lidar Observatory location. The results75

show remarkable events associated with this total solar eclipse, such as the detection76

of a fast bow–shaped wave observed in the OH nightglow images from 2328 UTC to77

0014 UTC after the end of the eclipse, the appearance of a descending sporadic Na78

layer detected in lidar temperature and density, the evident bow wave-induced per-79

turbation on the detected sporadic Na layer, eclipse–induced zonal wind shears, and80

finally eclipse–induced sporadic E layer at about 100 km altitude. We present the re-81

sults of each of these effects and discuss their possible causes and sources in the vicin-82

ity of the mesosphere and lower thermosphere (MLT) region.83

2 Instrumentation84

The Andes Lidar Observatory (ALO), Chile, is a facility supported by the Na-85

tional Science Foundation of the United States since 2009. The facility is located over86

the Cerro Pachon Mountain, 60 miles away from La Serena, and sits at 2,300 meters87

above sea level. Optical observation conditions are optimum for more than two-thirds88

of the year as cloudiness and humidity are low, and city lights contamination is min-89

imized by the surrounding mountains.90

Plans for a campaign to observe the total Chilean Eclipse initiated one year early91

to allow time to install a new meteor radar system and deploy a Faraday filter per-92

mitting daytime lidar measurements of sodium density and mesospheric temperatures93

(e.g., Harrell et al., 2010). Fig. 1 depicts the totality path crossing the area over ALO.94

Figure 1. Eclipse path over the Andes Lidar Observatory. The red dot shows the location of the

observatory and the blue circle the field of view of the new meteor radar system.

Day and night observations were carried out during seven days around eclipse95

day. Lidar and meteor radar ran day and night continuously, while optical cameras96

operate from sunset to sunrise. In this paper, we focus on eclipse-associated events97
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in the MLT only, although measurements of the ionosphere were also taken and are98

available elsewhere (e.g., Bravo et al., 2020).99

2.1 Airglow All-sky Imager100

The ALO all-sky imager (ASI) is equipped with an Apogee Alta 6 CCD camera101

and a 30 mm fish-eye lens. It records several nightsky emissions over an 180◦ field of102

view allowed by fisheye and telecentric lens system. Apogee camera houses a Kodak103

KAF-1001 CCD sensor with a 1024 x 1024 array and 24 µm pixel pitch with a 24.6 x 24.6 mm2
104

active imaging area. High sensitivity is achieved by combining >72% QE @560nm, low105

noise readout electronics, and deep TE cooling down to -20◦C. The ASI interference106

filters permit to record images of the OH(6–2), O2(0,1), O(1S), and O(1D) nightglows107

emissions during moonless periods. Images are integrated on a continuous cycle ev-108

ery ∼45 seconds (75 seconds of the ionosphere redline emission), with each partic-109

ular filter position visited every 3.5 min. More ASI features and specifications are given110

in Vargas et al. (2020).111

2.2 Mesosphere Temperature Mapper112

The Utah State University mesosphere temperature mapper (MTM) measures the113

brightness and rotational temperature of the mesospheric hydroxyl molecule night-114

glow emission over a 90◦ field of view centered on the zenith. MTM measurements115

are used to determine the temperature perturbations induced by atmospheric grav-116

ity wave activity. Although the MTM image frame has 1024×1024 pixels produced by117

a back-illuminated CCD detector, an (8×8) binning operation reduces the MTM im-118

age size to 128×128 pixels to improve the signal-to-noise ratio. The CCD detector is119

mounted below a telecentric lens system and a set of narrow-band interference filters120

to measure the P1(2) and P1(4) lines of the OH(6,2) band at 840 and 846.5 nm, respec-121

tively, and the sky background intensity at 857 nm. Each emission is observed for 30122

sec followed by a background measurement, resulting in a 2 min cadence and a zenith123

pixel footprint of 0.9x0.9 km at 90 km altitude. Rotational temperatures are computed124

using the ratio method in Meriwether (1984), show precision of 0.5% and 1–2 K in bright-125

ness and rotational temperature measurements, respectively. Complete details of the126

MTM design and calibration can be found in Pendleton Jr. et al. (2000) and Taylor et127

al. (2001).128

2.3 Na wind/temperature Lidar129

The ALO lidar system is a narrow-band resonance-fluorescence Na lidar. The li-130

dar transmits a nominal power of 1.5 W via a source of coherent light locked at the131

Na resonance frequency at the D2a line, using the three-frequency technique (Krueger132

et al., 2015), where the central frequency (fo) is shifted by ±630 MHz to obtain the shifted133

frequencies f+ and f- in a sequence to produce the optical excitation of the mesospheric134

sodium layer around the Na D2a linewidth, enabling the production of an artificial135

beacon source. In May 2014, the system was upgraded by replacing the old Coher-136

ent Ring Dye Laser with a high-power amplified diode laser (TA-SHG from Toptica137

Photonics) as the master oscillator (A. Liu et al., 2016), and the receiver system was138

improved with a more efficient optical design (Smith & Chu, 2015). The upgraded sys-139

tem runs now in nearly uninterrupted nightly lidar operations with signals of over140

1000 counts per laser pulse from the Na layer at about 0.4–0.6 Wm2 power aperture141

product. These improvements result in a much more reliable and stable system with142

several times higher signals, making it possible to achieve many more nights of mea-143

surements with better data quality and higher resolutions.144

The lidar performs nightly measurements of temperature, line-of-sight (LOS) winds,145

and Na density profiles between 80 and 105 km, depending on the ratios among the146
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back-scattered signals at the three monitored frequencies. The ALO lidar system is147

equipped with four 75-cm diameter telescopes pointing toward zenith and 20◦ off-zenith148

to south and east directions. To derive the LOS winds and temperature, raw lidar pho-149

ton counts are typically processed at 60 sec (90 sec on some nights) integration time150

and 500-m range resolution, but the integration time for lidar scans varies between151

campaigns which depend on the signal-to-noise ratio retrieved from the photon re-152

turns. The root mean square (RMS) errors for temperature and LOS winds due to pho-153

ton noise are respectively 1.4 K and 1.1 m/s at the Na layer’s peak. These errors in-154

crease quickly beyond this altitude range and are 2.2 K and 2.0 m/s at 85 and 100 km.155

2.4 Meteor Radar156

The new ALO meteor radar was deployed in June 2019, just in time before the157

eclipse. The radar is an Enhanced Meteor Detection Radar built and installed by ATRAD158

Pty Ltd, Australia. The radar has a nominal peak power of 40 kW, higher that many159

meteor radars currently in operation. Combined with the quiet radio environment around160

ALO, this radar is able to routinely detect over 35,000 meteor echoes per day, com-161

pared to a few thousands up to 20,000 for other systems (Fritts et al., 2012; L. Liu et162

al., 2017). The location of the transmitter and receiving antennas are next to the ALO163

building, thus the radar measures neutral winds in the same volume as the lidar, but164

with a 24/7 coverage.165

2.5 Juan Soldado Observatory Ionosonde166

The ionosonde system is located the La Serena University’s Juan Soldado scien-167

tific facility (29.9◦S, 71.3◦W), Chile. The system, deployed approximately 10 km north168

of La Serena, is an IPS-42 ionosonde operated by Inter-University Center for Upper169

Atmosphere Physics (CInFAA), and is located about 60 miles from the ALO facility.170

A full description of the ionosonde can be found in Bravo et al. (2020). Also, a com-171

prehensive characterization of the eclipse’s effects in the ionosphere near ALO and172

other two observatories are thoroughly discussed in Bravo et al. (2020).173

2.6 TIMED/SABER174

TIMED (Thermosphere Ionosphere Mesosphere Energetics and Dynamic) mis-175

sion was launched in December 2001, and is still operating some of the instruments176

over 19 years later. SABER measurements of OH Meinel band emissions are a routine177

data product, including rotational temperature distributions (Marsh et al., 2006). We178

have retrieved measurements of the SABER (Sounding of the Atmosphere using Broad-179

band Emission Radiometry onboard of TIMED Explorer mission (Russell et al., 1999;180

Mlynczak, 1997; Yee et al., 1999) to further investigate eclipse–induced c the MLT.181

3 Mesosphere Measurements and Results182

3.1 Allsky imager measurements183

3.1.1 Bow Wave, scenario 1184

During the eclipse campaign, nightglow images were taken every night over the185

campaign. On the evening of July 02, observations began at 2300 UTC after the eclipse186

ended. Fig. 2 shows the occurrence of a spectacular and rare wave event displaying187

bow–shaped wavefronts traveling eastward at an apparent horizontal phase speed of188

104–243 m/s. Luckily, the wave entered the imager field of view (FOV) right after the189

observations began. Fig. 2 shows a sequence of time-difference images of the OH emis-190

sion where the contrast of the wave in the airglow brightness was the largest. The im-191

age sequence goes from left to right and top to bottom in time. The frames are dis-192
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torted due to the camera fisheye lens but permit better visual inspection of wave’s east-193

ward horizontal propagation. However, further wave feature analysis was carried out194

using dewarped image frames. Bow–shaped wavefronts are more discernible near the195

south-east edge in the image taken at 0007 UTC, a few minutes after the wave crossed196

the image’s zenith.197

2328 UTC 2332 UTC 2335 UTC 2339 UTC 2343 UTC

2346 UTC 2350 UTC 2353 UTC 2357 UTC 0000 UTC

0004 UTC 0007 UTC 0011 UTC 0014 UTC 0018 UTC

Figure 2. Sequence of time-difference OH airglow images showing the wavefronts of a fast,

bow–shaped gravity wave on Jul. –, 2019 traveling eastward. The time spans from 2328 UTC to

0018 UTC. The red-dashed line on the image of 0007 UTC shows the bow-shaped wavefront.

Calculation of features from dewarped frames reveals a wave with a horizon-198

tal wavelength of 150.0 km. By taking the vertical and horizontal lines of the sequence199

of dewarped image frames from 2328 UTC to 0018 UTC, we have built east-west (zonal)200

and north-south (meridional) keograms, allowing further analysis of the wave features.201

The resulting keograms are presented in Fig. 3, where the green-dotted lines delimit202

the bow wave structure. The zonal keogram show tilted wavefronts since the wave is203

traveling eastward, while the meridional keogram show roughly the instant the wave-204

fronts crossed the image zenith. From the tilt of the green-dotted lines in Fig. 7a, we205

infer that the wave structure traveled 512 km in ∼35 minutes, allowing to estimate an206

apparent horizontal phase speed of 243.0 m/s and apparent period of 10.3 minutes.207

The considerable phase speed of the wave (close to the sound speed of 270 m/s) is208

rarely seen over ALO, suggesting that the bow wave could have been excited by eclipse–209

induced cooling effects on the neutral or ionized atmosphere below or above the wave210

occurrence altitude.211

Considering an eastward wave propagation on top of a zonal wind of 20 m/s212

(Fig. 6), we estimate a bow wave intrinsic period of 11.2 minutes. Using the disper-213

sion relation and the linear gravity wave theory, we can calculate a bow wave verti-214

cal wavelength of 67 km and a vertical group velocity of 97.7 m/s (5.8 km/minute).215

For reference in the discussion section, we label the wave feature obtained utilizing216

the keograms as scenario 1 parameters.217
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Figure 3. (a) zonal and (b) meridional keograms built with OH airglow images taken on July

2–3, 2019. Green-dotted lines depict the wave fronts of the fast wave crossing the imager field of

view with apparent phase speed of 240 m/s.

3.2 Mesosphere temperature mapper measurements218

3.2.1 Bow Wave, scenario 2219

Fig. 4a presents the MTM measurements during three nights around the eclipse220

day. The OH(6,2) brightness is represented by the continuous black lines and the ro-221

tational temperature by blue lines. The vertical red lines in Fig. 4a represent the be-222

ginning, total obscuration, and ending of the eclipse event over ALO. Measurements223

taken on the evening of July 02, 2019, are presented in Fig. 4b. In the nights prior and224

after the eclipse, the rotational temperature decreases fast from >200 K at the begin-225

ning of observations to <180 K by 0200 UTC. Similarly, the OH brightness decreases226

from 11×104 counts to <6×104 counts by 0200 UTC. However, on the evening of July227

02, the temperature remains high (∼200 K) until 0400 UTC and then decreases to <180228

K rapidly, while the OH brightness remains high until 0200UTC and then decreases229

slowly, reaching <6×104 counts at 0400 UTC.230

In Fig. 4b, the red-dotted box indicates the occurrence of a large-amplitude os-231

cillation (15.4% peak-to-peak) in nightglow brightness. However, the rotational tem-232

perature oscillation shows an amplitude of 2.5 K (1.2% peak-to-peak). The OH bright-233

ness is more responsive of wave perturbations compared to that in rotational temper-234

ature because the OH photochemistry depends on various perturbed mesospheric con-235

stituents such as the atomic oxygen, molecular oxygen, and molecular nitrogen as well236

as the perturbed temperature (G. R. Swenson & Gardner, 1998; Vargas et al., 2007). This237
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Figure 4. Mesosphere Temperature Mapper. MTM rotational Temperature is warmer than the

night before and after the night following the eclipse. The red-dotted square indicates a strong

oscillation in the OH intensity caused by the fast, bow wave shown in the airglow images. The

vertical red lines in (a) indicate the beginning, total obscuration, and the end of the eclipse.

brightness response is large for waves of long vertical wavelength (>25 km) (Vargas,238

2019), which is the case for the bow–shaped wave, as shown in the discussion.239

The vertical, red-dashed arrows indicate the wave’s ridges and troughs. Notice240

the first wavefront crossing zenith instants before 0000 UTC. Notice in Fig. 2 the bow241

wave’s horizontal structure across the image zenith at 0000 UTC. The wave amplitude242

in OH brightness is large at 0014 UTC, which can be confirmed in Fig. 2 as well. From243

the time difference between the salient brightness peak, we have estimated an appar-244

ent wave period of 24 minutes. Taking into account the 150 km horizontal wavelength245

calculated from the OH images, we obtain a bow wave apparent phase speed of 104246

m/s.247

Again, as the bow wave travels eastward over a zonal wind of ∼20 m/s, the in-248

trinsic phase speed is estimated in 84 m/s, and the intrinsic period in 29 minutes. The249
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bow wave is fast compared with regularly observed waves over ALO that usually show250

horizontal phase speeds of <60m/s (but usually with shorter wavelengths). However,251

the bow wave is still in the gravity wave branch since the estimated sound speed in252

the MLT for the eclipse night was 276 m/s. Using the gravity wave dispersion and253

the gravity wave linear theory, we can calculate the bow wave’s vertical wavelength254

in 25 km and a vertical group velocity of 13.8 m/s (0.8 km/minute). We label the wave255

features obtained here as scenario 2 parameters. Table 1 summarizes the bow wave256

features obtained in scenarios 1 and 2.257

Table 1. Estimated features of the bow wave observed in the airglow.

λh
(km)

λz
(km)

τo
(min)

τi
(min)

co
(m/s)

ci
(m/s)

cgz
(km/min)

cgz
(m/s)

scenario 1 150 67 10.3 11.2 243 223 5.86 97.7

scenario 2 150 25 24 29 104 84 0.8 13.8

3.3 Lidar measurements258

Fig. 5a and 5b show lidar sodium densities and temperatures for the three days259

centered at the eclipse event, respectively. Daytime measurements were made possi-260

ble by a narrow-band, magnetic effect, Faraday filter receiver (Harrell et al., 2010) used261

from sunrise to sunset. The regular optical interference filter receiver was used for night-262

time from sunset to sunrise. No changes were necessary on the lidar transmitter, and263

switching from daytime to nighttime lidar observation mode was carried out man-264

ually. The vertical red lines in Fig. 5 indicate the eclipse start, total obscuration, and265

end. The eclipse totality occurred at 1638 LT (2038 UTC) over ALO.266

Fig. 5c and 5d show lidar measurements for the eclipse day only. At first sight,267

the measurements indicate consistency between day and night, meaning that what is268

occurring during the day continued during the night, even though day measurements269

are noisier as a consequence of the Faraday filter that rejects daylight radiation and270

with that some portion of the Na backscatter from the transmitted lidar beam pulses.271

During the eclipse totality, both sodium density and ambient temperature do not present272

significant enhancement, although the sodium density is slightly larger, around 86–273

88 km. The sodium layer is relatively narrow (∼4 km) up to the eclipse start, widen-274

ing vertically to 10 km by totality. The diurnal tide is present and is more evident in275

temperature, where its descending phase is more noticeable. The red-dotted arrow la-276

beled "Diurnal Tide" helps to localize the wave descending phase in Fig. 5c–d.277

The mesopause region maintained its diurnal evolution. After sunset, we observed278

the region’s cooling above 90 km and a sporadic Na Layer (Nas). A faint signature of279

the Nas is noticeable earlier around the eclipse totality at 98 km altitude. The Nas de-280

scends from 98 km at 2040 UTC to 94 km at 2330 UTC when its density is more promi-281

nent, and we notice that the descending phase speed of the Nas resembles that of the282

diurnal tide in Fig. 5c. After 2330 UTC, the Nas dissipates, although Na’s more promi-283

nent density peak is visible later at 0030 UTC at 96 km. Around 2330 UTC, when the284

Nas is stronger at 94 km, we also notice a strong oscillation of 20–25 minutes period285

in both Nas density and ambient temperature.286

In Fig. 5d, the temperature clearly shows a descending phase structure appear-287

ing near 100 km at 2140 UTC, 94 km at 2330 UTC, and 88–90 km at 0000 UTC. We as-288

sume this descending structure is associated with the bow wave seen in the airglow289

images. The red-dotted arrow labeled "bow wave" helps to visualize the wave descend-290
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Figure 5. Lidar measurements. The insets (e) and (f) show oscillatory features in the Na den-

sity and temperature associated with the bow–shaped wave also seen ∼30 minutes later in the

airglow images and MTM brightness signal. The vertical red lines indicate the beginning, total

obscuration, and the end of the eclipse.

ing phase structure. The insets in Fig. 5e-f are close-ups of the interest region high-291

lighted by the black-dotted boxes in Fig. 5c–d. The red-dotted arrows at the bottom292

of Fig. 5e–f indicate ridges and troughs of the oscillation at around 87 km with a pe-293

riod of 20–25 minutes as well.294

3.4 Meteor radar measurements295

Fig. 6 shows the meteor radar measurements taken around the eclipse event. We296

notice the zonal wind variance is more significant in the 70–85 km range, while the297

meridional wind shows a more considerable variance in the 85–100 km range. Tidal298
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oscillations are also present in both wind directions. During the eclipse day (Fig. 6c–299

d), we notice an apparent disruption of the tidal oscillation patterns at 90–110 km al-300

titude around the eclipse start time. As the eclipse ends, the zonal wind decreases in301

magnitude to about 20 m/s at 87 km altitude and continues in that range until 0200302

UTC on the next day. Observe the 80–100 m/s jet occurring near 75 km level on the303

zonal wind, which is not apparent on the meridional wind. The meridional wind is304

weak and directed southwards on average, although it is northward during the eclipse305

times in the 95–110 km range and at the 75 km level from 2200 UTC onward.306
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Figure 6. Zonal and Meridional time vs. altitude cross-section of horizontal winds from mea-

surements of the new ALO meteor radar system. The insets (e) and (f) are the zonal and merid-

ional wind shear cross-sections for the region of interest highlighted by the black-dotted boxes.

The vertical red lines indicate the beginning, total obscuration, and the end of the eclipse.

The black-dotted squares highlight the region of interest, showing the zonal wind307

with a magnitude of about 180 m/s at around 105 km and -20 m/s at 90 km. The merid-308

ional wind also shows substantial variation over the 90–110 km range, with signifi-309

cant changes occurring about 30 minutes earlier than the eclipse totality within 100–110310

km altitude range. Because of the substantial variation of the wind magnitude in height311

during the eclipse, we have also calculated the zonal and meridional wind shears pre-312

sented in the insets (Fig. 6e–f). The zonal wind shear is strong (>60 ms−1/km) at 102313

km by 2000 UTC about 30 minutes earlier the eclipse totality, and also at 104 km with314

a magnitude >40 ms−1/km. The meridional wind shear is much weaker and presents315

magnitudes of 30–40 ms−1/km around 96 km about 20 minutes after the totality.316
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4 Discussion317

We have shown indications of the influence of the eclipse in the MLT, namely,318

the detection of a fast, bow–shaped wave traveling eastward in OH nightglow images319

as well as the appearance of a descending sporadic Na layer in our lidar scans, and320

also a strong wind shear in the zonal wind 30 minutes prior the eclipse totality. We321

investigate the possibility that these features were triggered by eclipse–induced changes322

on the lower stratosphere (from the cooling of the ozone layer) and on the ionosphere323

(from electron temperature cooling and recombination rate changes).324

4.1 Direct effects of the Eclipse in the MLT325

To evaluate the eclipse effects on the MLT, we have first retrieved SABER tem-326

perate measurements (Fig. 7) along the 230◦E meridian for the days before, during,327

and after the eclipse around 1853 UTC. During the eclipse day, SABER measurements328

were retrieved as close as possible to the eclipse totality, about 12◦ from the total ob-329

scuration region at (19◦S, 242◦E). SABER sampled an area within a 50–90% obscura-330

tion to the west of the totality point. SABER temperatures during the eclipse day (Fig.331

7b) indicate a colder (∼97 km) and warmer (∼105 km) region at ∼20◦ latitude depicted332

by the black-dashed box. Fig. 7d shows an inset of the same interest region indicat-333

ing that the area was 35% colder and 30% warmer than the average of the control days334

(before and after the eclipse) at the given reference altitudes. Over ALO, the eclipse335

totality occurred at 2038–2040 UTC, but SABER measurements were only taken in the336

morning of Jul 03 at around 0455 UTC.337

(a) July 01, 2019

-50 -40 -30 -20 -10 0

Latitude (°)

20

30

40

50

60

70

80

90

100

110

A
lt

it
u

d
e

 (
k

m
)

120

140

160

180

200

220

240

260

280

300
(b) July 02, 2019

-50 -40 -30 -20 -10 0

Latitude (°)

20

30

40

50

60

70

80

90

100

110

A
lt

it
u

d
e

 (
k

m
)

120

140

160

180

200

220

240

260

280

300
(c) July 03, 2019

-50 -40 -30 -20 -10 0

Latitude (°)

20

30

40

50

60

70

80

90

100

110

A
lt

it
u

d
e

 (
k

m
)

120

140

160

180

200

220

240

260

280

300

T
e

m
p

e
ra

tu
re

 (
K

)

T
e

m
p

e
ra

tu
re

 (
K

)

T
e

m
p

e
ra

tu
re

 (
K

)

Longitude: 236o E

UTC: 1840 

Longitude: 230oE 

UTC: 1853

Eclipse Totality at 19oS 242oE) 

Longitude: 223o E

UTC: 1900 

(d)

-35 -30 -25 -20 -15 -10

Latitude (°)

90

95

100

105

A
lt
it
u

d
e

 (
k
m

)

-30

-20

-10

0

10

20

30

T
 (

%
)

Figure 7. SABER Near Eclipse totality

Although it seems reasonable to consider the temperature changes in Fig. 7d a338

direct consequence of the eclipse, a closer examination of lidar temperatures measured339

during the eclipse totality over ALO allows a different interpretation. The daytime Li-340

dar scans recorded over ALO around the eclipse totality in Fig. 5d indicates neither341

cooling nor warming induced by the eclipse in the MLT temperature, suggesting that342

the cold/warm regions would not be a direct consequence of eclipse. Moreover, sim-343

ilar cold/warm structures in the MLT are also present in Fig. 7c but not in Fig. 7a around344

the same region of interest. Thus, the observed cooling/warming in the MLT can not345

be directly associated with the eclipse conclusively. However, indirect effects of the346

eclipse in the MLT are possible.347
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It could be possible, for example, that the observed cooling/warming temper-348

atures be caused by waves coming from above or below the MLT since the highlighted349

area in Fig. 7b resembles a vertical oscillating structure. Previous publications show350

the occurrence of gravity waves in the ionospheric E region induced by eclipse cool-351

ing. For instance, some of the ionospheric wavelike disturbances result from gravity352

waves excited in the thermosphere. Jakowski et al. (2008) reported the ionospheric ef-353

fects of the 3 October 2005 solar eclipse over Spain. They found that the ionosphere354

responded by (a) an approximately 30 total electron content (TEC) units decrease (as355

measured by GNSS TEC) resulting from an NmF2 decrease, an hmF2 increase, and356

an initial slab thickness increase, and (b) a small-amplitude gravity waves with an ap-357

proximately 6-minute period. The former was probably associated with a competing358

slab thickness increase and regional cooling, while the latter had no apparent source,359

that is, either in the thermosphere (∼180 km altitude) or somewhere in the middle at-360

mosphere.361

Similarly, Chen et al. (2011) focused on the study of sporadic Es layer effects over362

Wuhan, China (30.4◦N, 114.3◦E), using simultaneous observations from an ionosonde363

and an oblique backscattering sounding system. They found the exceptional occur-364

rence of the Es layer during the eclipse with a periodicity of 35 min for both the elec-365

tron concentration and the spread Es drifting velocity. They suggested that a gravity366

wave deformed the Es layer and produced wave-like structures responsible for off-vertical367

Es echoes. Thus, we hypothesize that the strong temperature oscillation in the MLT368

observed by SABER is possibly due to a downward oscillation excited in the ionosphere369

due to eclipse–induced cooling.370

4.2 Bow wave source and vertical propagation conditions371

We can not rule out the possibility of indirect eclipse effects on the MLT due to372

waves coming from below. The fast bow wave observed clearly in the OH images in373

Fig. 2 has properties that support its excitation below the MLT. It has been suggested374

that the cooling action resulting from a solar eclipse can generate bow waves as the375

shadow of the moon passes across the surface of the earth at a supersonic speed (Chimonas376

& Hines, 1970b; Chimonas, 1974; Beer & May, 1972). This mechanism seems capable377

of generating the observed continuous atmospheric wave spectrum in the upper at-378

mosphere. The rationale is that, for instance, if the supersonic shadow of a solar eclipse379

would have a similar effect as that of the terminator (e.g., Beer, 1973; Raitt & Clark,380

1973; Beer, 1978). The terminator is supersonic between +45◦ latitude at all altitudes381

below the mesopause, but the supersonic area increases to about ±55◦ , but above 100382

km it is no longer supersonic because the high temperatures in the thermosphere in-383

crease the sound speed to a value greater than the earth’s rotational speed. Thus, it384

seems likely that the ozone heating region and the bottom of the molecular oxygen385

heating region will generate atmospheric waves every twelve hours due to the termi-386

nator and also when there is a solar eclipse. Bow waves should be induced by extreme387

impulses such as those caused by eclipses initiating rapid atmospheric cooling. An388

impulsive event has been reported by Harding et al. (2018) in thermospheric wind mea-389

surements of the September 2017 Great American Eclipse. It has also been simulated390

by Huba and Drob (2017), showing the effects of that eclipse on thermospheric quan-391

tities such as electron density and temperature, O+ velocity, and total electron con-392

tent near the eclipse totality location and at its conjugate point.393

We have determined the bow wave properties from the wave signature analy-394

sis on the OH airglow images, MTM, meteor radar winds, and finally lidar temper-395

atures and sodium density. Assuming that the bow wave was generated by impulsive396

cooling in the ozone layer near the peak of stratosphere, 40 km below the MLT, and397

considering homogeneous both the wind and temperature, it would take, under sce-398

nario 1 (Table 1), about 6.9 minutes for the bow wave to travel from the excitation re-399
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gion up to the detection region in the peak of the OH layer at 87 km around 0000 UTC.400

Under scenario 2, the bow wave would take 48 minutes to cover the same 40 km ver-401

tical distance. Alternatively, the bow wave could have also been excited around 20 km402

in the tropopause water vapor layer due to eclipse–induced cooling, that is, 67 km be-403

low the OH layer peak. Under scenario 1, it would take about 11.5 minutes for the404

wave to cover the 67 km distance, whereas it would take 80.0 minutes for the wave405

to cover the same distance under scenario 2 conditions.406

The bow wave excitation indeed occurred to the west of ALO since it appears407

first in the west corner to the OH airglow images and travels eastward. Assuming the408

horizontal wind is homogeneous for a moment, we can calculate the distance traveled409

horizontally by the wave from its excitation sources below the OH layer. Under the410

assumption of wind homogeneity, the horizontal phase velocity equals the horizon-411

tal group velocity. This way, in scenario 1, the wave would have been generated 92 km412

the west of ALO for the stratosphere generation case and 154 km away for the wa-413

ter vapor layer generation case.414

For scenario 2, the wave would have been generated 242 km away from ALO for415

the stratospheric case and 403 km away for the water vapor layer generation case. Con-416

sidering an eastward wave propagation on top of a zonal wind of 20 m/s (Fig. 6), we417

estimate a bow wave intrinsic velocity to be 223 m/s. The hydrostatic assumption of418

the dispersion relationship (G. Swenson et al., 2003) defines the vertical wavelength419

as λz =
ci
N = 67 km, where N is the Brunt-Väisälä frequency. These parameters are420

consistent with the intrinsic attributes of the semidiurnal tide. The large eastward mo-421

tion of the apparent two brightness bumps in the OH airglow could be an artifact as-422

sociated with coupling with the semidiurnal tide. The data is marginal and inconclu-423

sive regarding the cause.424

Our calculations show that it is not possible to conciliate the wave detection time425

in the OH airglow (from 2330 UTC to 0018 UTC) with the times and locations of wave426

excitation in the lower atmosphere, at least using the simplistic approach where the427

horizontal wind and temperature are homogeneous. Thus, we must realize that wind428

and temperature vary with altitude in such a way to make possible the detection of429

the bow wave by our sensors. Assuming a structured atmosphere, the linear wave the-430

ory shows that the bow wave vertical group velocity could have slowed down near431

leaky absorption regions, where the wave is partially absorbed but still can penetrate432

through after some time. This must have been the case for the bow wave propagation433

conditions in its path from the excitation altitude to the detection region.434

Evidence of this is that the bow wave is propagating into the zonal wind in the435

MLT, which is not strong enough to absorb this relatively fast wave entirely. Notice436

the zonal jet in Fig. 6 near 75 km presenting a magnitude of <100 m/s, while the bow437

wave eastward apparent speed is 104 m/s, characterizing a leak absorption region just438

below the mesopause. Because of this, we can hypothesize the bow wave may have439

been generated in the lower atmosphere by an impulsive, eclipse–induced cooling of440

the ozone or water vapor layers in a location a few hundred kilometers away to the441

west, earlier than 1920–2140 UTC, the eclipse time over ALO. Another strong evidence442

that the bow wave was generated in the region below the MLT is seen in Fig. 5d that443

shows the bow wave’s descending phase, suggesting that the oscillation is upward prop-444

agating.445

Results from other investigators support this claim. For example, Kumar et al.446

(2016) using GPS and FORMOSAT-3/COSMIC satellite data taken during eclipses at447

100% to 78% obscuration observed TEC oscillations with periods of 40–120 minutes448

associated with gravity waves generated in the lower atmosphere. Similarly, Paulino449

et al. (2020) has demonstrated the presence of mid-scale gravity waves associated with450
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the August 2017 great American solar eclipse in airglow measurements with observed451

periods of 152 minutes triggered ∼1618 km away from the observatory location in Brazil.452

Using the bow wave characteristics found for scenario 2, we have investigated453

the vertical propagation conditions for the bow wave in the altitude range of 80–100454

km. For that, we have inserted in the Taylor-Goldstein equation (Salby et al., 1996, pg.455

449)456

m2 =
N2

(u − co)2 +
uzz

(u − co)
− k2

h

the bow wave parameters for scenario 2 (Table 1), preprocessed lidar temperatures,457

and meteor radar winds to obtain the bow wave vertical wavenumber in altitude ver-458

sus time (Fig. 8). In the Taylor-Goldstein equation, N is the Brünt-Väisälä frequency,459

u is the background wind in the wave propagation direction, uzz is the wind second460

derivative, and co and kh are the observed horizontal phase velocity and the horizon-461

tal wavenumber, respectively.462

Fig. 8 shows several patches of forbidden vertical propagation regions for an os-463

cillation similar to the bow wave. The deep blue areas indicate m2 ≤ 0. Interestingly,464

the red-dotted box highlights a permitted vertical propagation region bounded by for-465

bidden regions to the top and bottom, revealing a wave propagation channel. Coin-466

cidentally, the highlighted propagation channel coincides with the OH layer peak al-467

titude observed by SABER for that same night but later morning hours (not shown).468

Also, the channel extends from 2300 UTC to 0130 UTC, within the bow wave detec-469

tion time window in the OH airglow images. The propagation channel depicted in470

Fig. 8 also explains the weak signature of the bow wave in the brightness of O2 and471

O(1S) images, because these emissions are located at 92 km and 96 km, respectively,472

well above the permitted vertical propagation channel.473
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Figure 8. Bow wave vertical wavenumber variation with altitude due to structured wind and

temperature across the MLT on Jul 02–03, 2019. The red-dotted box indicates a channel around the

OH layer altitude between 85–90 km. The vertical red lines indicate the beginning, total obscura-

tion, and the end of the eclipse.
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Another possible source of the bow wave would be associated with the eclipse474

obscuration and subsequent cooling of the lower ionosphere regions. Goncharenko475

et al. (2018) shows that the electron and ion temperatures decrease by 100–220 K (elec-476

trons) and 50–140 K (ions), respectively, above 150 km, evidencing the ionosphere cool-477

ing during eclipse events. Chen et al. (2011) determine the presence of wave-like struc-478

tures and traveling ionospheric disturbances (TIDs) during July 22, 2009, total solar479

eclipse over Wuhan, China. They assumed that the TEC perturbations (periods from480

1.0–2.5 h) were entirely due to the obscuration of solar UV radiation, which led to vary-481

ing ionization levels in the ionosphere. One of the early reports about the great Amer-482

ican eclipse using a large set of observations was presented by Zhang et al. (2017). The483

experiment used observations from 2000 GNSS receivers to derive the TEC over North484

America. They have found an “unambiguous evidence” of ionospheric bow waves last-485

ing approximately one hour with a wavelength of 300–400 km and a phase speed of486

280 m/s originating from the totality region.487

Furthermore, they noted supersonic ionospheric perturbations from the maxi-488

mum solar obscuration, which were too fast to be associated with gravity waves or489

traveling ionosphere disturbances. Similar analyses by Sun et al. (2018) indicated that490

a “great ionospheric bow wavefront” (3000 km wide) was observed. The supersonic491

moon shadow-induced acoustic shock wave resulted in the bow wave trough and crest492

near the totality path. The acoustic shock wave and plasma recombination in the iono-493

sphere controlled the bow wavefront formation rather than gravity waves excited by494

the moon shadow from the lower atmosphere. Furthermore, Eisenbeis et al. (2019),495

using 3000 GNSS receivers to determine the TEC, found that complete identification496

of eclipse-generated traveling ionospheric disturbances is possible using 3D fast Fourier497

transform analysis. They have shown that these disturbances exhibit wavelengths and498

periods of 50–100 km and 30 min, respectively, and 500–600 km and 65 min, identi-499

fying these oscillations as bow-type waves. Moreover, they suggested that these TIDs500

are what other researchers have identified as bow waves in Zhang et al. (2017) and501

Sun et al. (2018).502

4.3 Connection between the observed Es and Nas Layers503

The sporadic sodium layer showed in Fig. 5c points out the possibility of the bow504

wave generation above the MLT within the ionospheric E region. We have highlighted505

interest regions in Fig. 5c and Fig. 5d by the red-dotted arrows. The arrow labeled506

Nas in Fig.5c indicates a descending feature that culminates in a strong sporadic layer507

at around 2300–2330 UTC. Note that about 2300–2330 UTC, the Nas shows an oscil-508

lation with a period of 20–25 minutes, which is consistent with the bow wave peri-509

ods determined using data from our airglow instruments. The Nas oscillation asso-510

ciated with the bow wave also occurs in the MTM brightness (Fig. 4d). The bow wave511

descending phase is depicted by the red-dotted arrows in Fig. 5c and Fig. 5d as well.512

We have extended the arrows down to the 87 km altitude to show that the occurrence513

of the bow wave in the OH altitude would be detectable around 0000 UTC when the514

wave crosses the zenith of the all-sky camera system. However, the bow wave signa-515

ture can be seen earlier in the bottom of the Na layer in the insets presented in Fig.516

5e and Fig. 5f and pointed out by the red-dotted arrows.517

The sporadic sodium layer revealed by the ALO lidar scans could have been a518

consequence of eclipse-triggered sporadic E layers in the lower ionospheric E region.519

Fig. 9 shows that a sporadic E layer was detected during the eclipse day indeed. Fig.520

9 shows the fast enhancement of the electron density associated with the sporadic E521

near the eclipse totality over the ALO region at 2038 UTC. The Na sporadic layer is522

visible at around 98 km altitude in the lidar Na density about the same time. Observe523

in Fig. 9 the virtual altitude of the Es around ∼100 km.524

–16–



manuscript submitted to JGR: Atmospheres

18:00 19:00 20:00 21:00 22:00 23:00

Coordinated Universal Time  July 02, 2019

10

20

30

E
le

c
tr

o
n

 D
e

n
s

it
y

 (
1
0

1
0
/m

3
)

100

200

300

h
E

s
 (

k
m

)

Figure 9. Ionosonde measurements showing the occurrence of a sporadic E layer (Es) around

100 km during the July 02, 2019 total solar eclipse. The back continuous line represents the Es

electron density and the blue curve the Es virtual altitude. The vertical red lines indicate the

beginning, total obscuration, and the end of the eclipse.

Sporadic E layers are ionization enhancements in the E region at altitudes be-525

tween 90 and 120 km. The layer densities can be up to an order of magnitude greater526

than background densities, and the primary ions in the layers are metallic (e.g., Na+,527

Fe+, Mg+). Neutral metal atoms are created during meteor ablation, and their sub-528

sequent ionization via photo-ionization and charge exchange yields the long-lived metal-529

lic ions (Schunk & Nagy, 2018). In general, sporadic E layers at mid-latitudes are pri-530

marily a result of wind shears. Still, they can also be created by diurnal and semi-diurnal531

tides and gravity waves (Schunk & Nagy, 2018). The Es layers are formed when the532

vertical ion drift changes direction with altitude, and the layers occur at the altitudes533

where the ion drift converges. In the E region, the zonal neutral wind is primarily re-534

sponsible for inducing vertical ion drifts, which result from a u× B dynamo action535

(u is the zonal wind and B is the geomagnetic field). Hence, a reversal of the zonal536

neutral wind with altitude will result in ion convergence and divergence regions. The537

ions accumulate in the convergence regions, but since the molecular ions (NO+, O+
2538

, N+
2 ) rapidly recombine, it is the long-lived metallic ions that survive and dominate539

the sporadic E layers. A strong evidence of zonal wind reversal with altitude is given540

in Fig. 6d where positive and negative wind shears are seen in the 100–106 km range.541

Thus, the observed Es layer was likely caused by the effect of the wind shear suppos-542

edly induced directly by eclipse cooling since similar wind shears are not observed543

in the control days.544

Due to gravity waves or tides, sporadic E layers tend to descend to altitudes where545

recombination of metallic ions is faster. Thus, neutralized metallic ions such as Na+546

would show in lidar scans as sporadic Na layers as shown in Fig. 5c. Because the de-547

scending speed of the Nas layer is similar to that of the diurnal tide, it is likely the548

Nas and the Es time evolution was controlled by the diurnal tide dynamics. Amaro-549

Rivera et al. (2021) has presented a detailed analysis showing the dominance of tidal550

modes over ALO using airglow images and numerical simulations.551
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Bravo et al. (2020) supports the idea that the sporadic E layer is associated with552

the eclipse, possibly generated by a gravity wave along the path of totality as pointed553

out by Chen et al. (2011). On the other hand, they show reservations in the claim that554

the eclipse generated the sporadic E layer once they have also observed Es in the days555

preceding the eclipse. However, we have shown the Es is likely the product of eclipse–556

induced wind shears in the lower thermosphere. Bravo et al. (2020) also shows reduc-557

tions in the E electron concentrations following the eclipse’s start since the layer elec-558

tron concentrations are mainly dependent on the production and loss of ionization559

(Rishbeth, 1968). This direct dependence of the E density on solar radiation shows sim-560

ilarities to previous eclipses measurements at low latitudes, such as September 23, 1987,561

reported by Cheng et al. (1992). The same feature is also revealed in the measurements562

and models for the Great American Eclipse of 2017 by Reinisch et al. (2018).563

Didebulidze et al. (2020) have demonstrated numerically the possible formation564

of multilayered sporadic E by gravity waves propagating into the lower thermosphere565

in mid-latitudes. Their results corroborate measurements of Chen et al. (2011) focused566

on studying sporadic Es layer effects over Wuhan, China (30.4◦N, 114.3◦E). On the other567

hand, Pezzopane et al. (2015) showed how the March 20, 2015, partial solar eclipse (45–54%568

maximum obscuration) influenced sporadic E layers using records of advanced iono-569

spheric sounders in Rome (41.8◦N, 12.5◦E) and Gibilmanna (37.9◦N, 14.0◦E), Italy. They570

show that the Es critical frequencies did not depend on strong thermal gradients, which571

were comparable between the previous day and the next day. The Es layer was always572

present near the solar eclipse time, both at Rome and Gibilmanna. An analysis of iso-573

height ionogram plots suggests that traveling ionosphere disturbances due to grav-574

ity waves played a significant role in the persisting Es layer.575

Thus, based on our findings, it is reasonable to claim that the electron density576

increase over the eclipse period generated a sporadic E layer. This is likely the prod-577

uct of the wind shear in the lower thermosphere, causing convergence of electrons to578

a thin region under the influence of the earth’s magnetic field. The sporadic E layer579

then descends due to a downward drift of the plasma under the influence of the di-580

urnal tide dominant over ALO latitude (Amaro-Rivera et al., 2021). At altitudes <100581

km, the Na+ ions in the Es layer recombine with free electrons producing neutral Na582

that would be detected by the Lidar system as a sporadic sodium layer (Nas) (e.g., Raizada583

et al., 2015). The sporadic Na layer presents peak density around 2250–2330 UTC at584

94±2 km, and a wavelike structure is also seen in the temporal structure of the Nas.585

The Nas shows descending progression in time due to the diurnal tide dynamics present586

over the night. It is possible that the wavelike structure associated with our fast bow587

wave was locally generated in the ionosphere, traveling downwards and detected in588

the OH airglow layer (Fig. 2) at 87 km, but more substantial evidence point out to a589

bow wave excitation below the MLT. This bow wave also caused variations in the Nas590

density earlier at an altitude of 98 km earlier and in the OH brightness near 87 km591

later.592

5 Conclusions593

We have shown in this paper several effects of July 2, 2019, total eclipse around594

the MLT region above the Andes Lidar Observatory in Chile. Among remarkable ef-595

fects, we highlight the excitation of a fast, bow–shaped gravity wave detected in im-596

ages of the OH(6,2) nightglow, but not directly affecting neither the mesospheric night-597

glow emissions nor the thermospheric O(1D) emission. The signature of this spectac-598

ular bow wave is also present clearly in MTM OH(6,2) brightness and rotational tem-599

perature and lidar temperate and Na density scans. Other eclipse–induced events in-600

clude a sporadic E layer detected with a nearby ionosonde and a sporadic Na layer601

presenting a descending phase likely controlled by the diurnal tide dynamics observed602

in lidar temperatures. We have also noticed strong shears in horizontal wind evident603
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30 minutes prior to the eclipse totality over ALO as measured by the new meteor radar604

system. Finally, TIMED/SABER temperature measurements near the eclipse totality605

region at 243◦E meridian revealed strong cooling and warming (±30%) in the range606

of 90–105 km at 15–25◦S. From the analysis of these events, we have drawn the fol-607

lowing conclusion:608

1. We were unable to confirm whether the cooling/warming seen in SABER tem-609

peratures was directly caused by the eclipse because our lidar shows no tem-610

perature variation during the eclipse event. However, SABER measurements were611

taken far away from ALO.612

2. The bow wave shows strong magnitude in images of the OH emission, but not613

in images of the mesospheric molecular and atomic oxygen nightglow layers.614

This is explained by the formation of a narrow channel in the MLT around 87615

km altitude permitting the horizontal propagation of the wave at the OH layer616

level but not above.617

3. The bow wave was likely generated in the lower atmosphere by the cooling ef-618

fect of the eclipse around the ozone layer’s peak or near the tropospheric wa-619

ter vapor layer. The excitation of the bow wave above the MLT is also a possi-620

bility. The wave descending phase feature seen in lidar temperature scans re-621

inforces the hypothesis of excitation below the MLT, although we can not pin-622

point the exact location.623

4. The sporadic E layer observed by a nearby ionosonde was likely generated by624

shears seen 30 minutes before the eclipse totality in meteor radar winds. These625

horizontal wind shears were induced by the eclipse at the bottom side of the626

ionospheric E region, generating the Es due to the interaction of the sheared back-627

ground wind and the local magnetic field.628

5. The strong descending phase of the diurnal tide caused Na ions present in the629

sporadic E layer to descend below 100 km. Na ions were then neutralized at lower630

altitudes and observed as a sporadic Na layer in lidar density scans.631

6. The sporadic Na layer presented a larger magnitude near 94 km at 2315 UTC632

when it also presented a vertical oscillatory motion of 20–25 minutes likely caused633

by the bow wave seen in the airglow.634

7. Although these events present strong signature in our registers, we were un-635

able to see a direct effect of the eclipse on the MLT, but only its induced vari-636

ations in regions above or below the 80–100 km range and their coupling with637

the MLT via atmosphere oscillations.638
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