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Abstract Nighttime airglow images observed at the low-latitude site of Sdo Jodo do Cariri (7.4°S,
36.5°W) showed the presence of a medium-scale atmospheric gravity wave (AGW) associated with the 21
August 2017 total solar eclipse. The AGW had a horizontal wavelength of ~1,618 km, observed period of
~152 min, and propagation direction of ~200° clockwise from the north. The spectral characteristics of this
wave are in good agreement with theoretical predictions for waves generated by eclipses. Additionally, the
wave was reverse ray-traced, and the results show its path crossing the Moon's shadow of the total solar
eclipse in the tropical North Atlantic ocean at stratospheric altitudes. Investigation about potential

driving sources for this wave indicates the total solar eclipse as the most likely candidate. The optical
measurements were part of an observational campaign carried out to detect the impact of the August 21
eclipse in the atmosphere at low latitudes.

Plain Language Summary The Moon's shadow during a total solar eclipse introduces
horizontal temperature gradients in the atmosphere and screens the ozone layer from solar heating. The
shadow also travels supersonically, producing instabilities that can generate the so-called atmospheric
gravity wave (AGW). AGWs associated with eclipses are expected to have periodic oscillations with periods
ranging from just a few minutes to hours. Additionally, these AGWs can have horizontal wavelengths as
large as thousands of kilometers. It is also possible to estimate the propagation path of the AGWs into the
atmosphere by solving a system of equations that govern their propagation. This methodology is similar
to that of tracing a ray of light that propagates in a varying environment. In the present work, an AGW

in the northeast of Brazil was observed with spectral characteristics that indicate association with the 21
August 2017 total solar eclipse. In addition, the ray path matched the Moon's shadow in the stratosphere
corroborating with the observational inferences. The AGW was observed by optical instruments during the
nighttime, more than 3 h after the end of the eclipse and over 2,000 km away from the Moon's shadow.

1. Introduction

Wind shear, convection, and topography are often cited as the main sources of atmospheric gravity waves
(AGWs) (e.g., Clemesha & Batista, 2008; Vadas et al., 2009, and references therein). However, events capable
of creating disturbances in vertical pressure gradient and gravity balance might also induce the generation
of AGWs. A solar eclipse produces a strong horizontal gradient of temperature and ionization flux in the
atmosphere across the sunlit and covered areas. Additionally, the umbra moves supersonically, creating
instabilities at different levels of the atmosphere which generates a wide spectum of AGWs (e.g., Fritts &
Luo, 1993, and references therein). More details on the generation of gravity waves and acoustic gravity
waves during an eclipse can be found in KniZova and Mos$na (2011), who used plain language to explain this
process.

After a series of publications about the generation of gravity waves by solar eclipses in the beginning of the
1970s decade (Chimonas & Hines, 1970; 1971; Chimonas, 1974), several experiments were carried out to
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investigate the characteristics of these gravity waves in the neutral atmosphere and their manifestation as
traveling ionospheric disturbances (TIDs) in the ionosphere. The early experiments included observation
of the solar eclipse on 7 March 1970 over the central and east coast of North America, which showed only
some agreement between observations and theoretical predictions (e.g., Arendt, 1972; Davis & Da Rosa,
1970; Lerfald et al., 1972; Sears, 1972).

Several other experiments followed up trying to reconcile observations and theories related to AGWs and
TIDs induced by eclipses (e.g., Beer & May, 1972; Frost & Clark, 1973). For instance, the experiments per-
formed on 30 June 1973 identified AGWs and TIDs that were likely associated with the total solar eclipse
that was observed crossing central Africa (e.g., Anderson & Keefer, 1975; Broche & Crochet, 1975; Jones &
Bogart, 1975; Schodel et al., 1973). On 23 October 1976, AGWs and TIDs were also observed in South Aus-
tralia associated with the eclipse (e.g., Beer et al., 1976). A few years later, on 26 February 1979, an eclipse
was observed over North America and Greenland, and new studies on the ionospheric responses to eclipses
were conducted (e.g., Narcisi et al., 1983).

During the 1980s, only two solar total eclipses crossed the continental areas: one on 16 February 1980 over
Africa and Asia and another on 29 March 1987 over Africa. Again, AGWs and TIDs were observed during
those events (e.g., Hanuise et al., 1982; Mohanakumar & Sankaranarayanan, 1982). In the 1990s, five eclipses
were observed over inhabited areas (11 July 1991, 03 November 1994, 24 October 1995, 8 and 9 March 1997,
and 11 August 1999). Unfortunately, only a few AGW/TID experiments were performed during those events
(e.g., Altadill et al., 2001; Aplin & Harrison, 2003; Jones et al., 2004). In the past two decades at least 10 total
solar eclipses occurred (21 June 2001, 04 December 2002, 08 April 2005, 29 March 2006, 01 August 2008,
21 and 22 July 2009, 13 and 14 November 2012, 03 November 2013, 21 August 2017, and 02 July 2019) over
continental areas which allowed important ground-based observation of AGWs and TIDs (e.g., Afraimovich
etal., 2007; Amabayo et al., 2014; Chen et al., 2011; Paul et al., 2011; Kumar et al., 2016a; Kumar et al., 2016b;
Paulino et al., 2018; Vargas, 2019; Zerefos et al., 2007).

From the observations, several aspects of AGWs and TIDs induced by eclipses were learned. For instance,
it was found that bow waves, generated by the Moon's shadow traveling at a supersonic speed, could be
detected in parameters of neutral atmosphere and ionosphere. It was also found that periodic AGWs/TIDs
with periods ranging from a few up to tens of minutes and wavelength extending up to a thousand kilo-
meters could be observed during eclipse events. It must be pointed out that the spectral characteristics of
the observed AGWs/TIDs depend on the distance where they were measured to the umbra of the eclipse.
Furthermore, the wind system and the dissipative processes impose a natural filtering system, which limits
the observable spectrum of AGWs at different atmospheric levels.

The total solar eclipse on 21 August 2017 presented a major opportunity to advance the understanding of the
characteristics of AGWs (e.g., Coster et al., 2017, and references therein) and other atmospheric phenomena
associated with the eclipse. The path of the umbra crossed the continental United States (e.g., McInerney
et al., 2018) and allowed, perhaps, the most comprehensive set of experiments to be conducted to date.

In addition to the experiments in the United States, a multi-instrumented campaign of observations was
carried out in the Northeast region of Brazil. The experiment was performed to determine the effects of the
21 August 2017 eclipse in the upper atmosphere at low latitudes including the occurrences of AGWs. Of
particular importance is that the geographical location of the instruments operated during the campaign
that allowed, for the first time, this type of nighttime observations. Signatures of gravity waves induced by
eclipses have, however, already been observed in the rotational temperature during the night of 29 March
2006 (Aushev et al., 2008).

In the present work, the main results of the observations made by an all-sky imager located at Sdo Jodo do
Cariri (7.4°S, 36.5°W, dip angle: 11°S) are presented and discussed. The imager detected a medium-scale
AGW just 3 h after the end of eclipse, which occurred over the Atlantic ocean around 21:04 universal time
(UT). The observed wave shows spectral characteristics and propagation direction that are compatible with
their generation by an eclipses. Additionally, the potential propagation path of the AGW was derived using
reverse ray tracing, and it was found that the position of the likely source is within the region of the umbra
in the stratosphere. Finally, observations of horizontal winds made at the same site using a Fabry-Perot
Interferometer also indicate signatures of large-scale gravity waves in the thermosphere associated with the
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eclipse (Harding et al., 2018), which reinforces that AGWs induced by the 21 August 2017 solar eclipse can
be observed far away from its source.

2. Image Analysis and Results

Coordinated multi-instrumented observations of the upper atmosphere were made around the total solar
eclipse of 21 August 2017 in the Northeast region of Brazil. The main objective of those observations was
the detection of gravity waves and ionospheric disturbance associated with the eclipse. The network of
instruments included: (a) three digisondes (e.g., Batista et al., 2017) located at Sdo Luis (2.58°S, 44.2°W),
Fortaleza (3.87°S, 38.41°W), and Cachoeira Paulista (22.67°S, 45.00°W); (b) one very high-frequency coher-
ent backscatter radar (e.g., Rodrigues et al., 2013) at Sao Luis; (c) one meteor radar at Cachoeira Paulista
(e.g., Paulino et al., 2012); (d) a network of fluxgate magnetometers distributed over the Brazilian territory
(e.g., Denardini et al., 2018); (e) one Fabry-Perot interferometer at Sdo Jodo do Cariri (e.g., Makela et al.,
2009); and (f) one all-sky airglow imager at Sao Jodo do Cariri (e.g., Paulino et al., 2016). In this note, the
investigation focused on the observations made by the all-sky imager. The main results of these observations
were presented and discussed during the 42nd COSPAR Scientific Assembly (Paulino et al., 2018).

Images of the near-infrared OH and atomic Oxygen at 630.0 nm (OI6300) airglow emissions were collected
during the night of 21 August 2017 every 2 min in order to properly monitor the AGW activity in the meso-
sphere and lower thermosphere (MLT) region after the end of the eclipse over the northeast of Brazil. The
nominal height of the peak for the OH is ~87 km and the emission is proportional to the concentration of
ozone and hydrogen. Therefore, it reflects the variation in the minor neutral constituents of the MLT. The
nominal height of the OI6300 emission is ~250 km and the emission intensity is proportional to the con-
centration of O,, N, and electrons in the thermosphere, which reflects variation in the concentration of
ionospheric plasma. Our study focuses on OH images, where signatures of AGWs propagating southward
and southwestward were identified after 00:00 UT.

To estimate horizontal AGW parameters (e.g., observed period, wavelength, and direction of propaga-
tion) in the OH images, two techniques were used: (1) the two-dimensional fast Fourier transform and
cross-correlation spectrum (Garcia et al., 1997) and (2) analysis of keograms (e.g., Shiokawa et al., 2009). The
first technique is often used to estimate parameters of small-scale gravity waves, and the second one is better
used to study medium-scale gravity waves (e.g., Campos et al., 2016; Essien et al., 2018; Paulino et al., 2011).

The observations were complemented by additional numerical analysis. Reverse ray-tracing analysis was
carried out to estimate the propagation path and to identify potential sources for the observed waves. The
ray-tracing methodology is described in Vadas and Fritts (2009) and has already been used to investigate
sources of AGWs in the equatorial region (e.g., Sivakandan et al., 2016, 2019). In summary, the ray path for
AGWs propagating into the atmosphere is obtained solving the following set of equations:

dx; 0wy,
— =V, + =V + 1
ar T ok, T )
and
dk; ov, o
i J a)Ir, (2)

dr - ox,  ox

1

where x; and k; are the position and wavenumber of the wave at a given time, V; is the neutral wind velocity,
oy, is the intrinsic frequency, and ¢, is the group velocity. Repeated indices indicate summation, for example,
“j.” Temperature from the Naval Research Laboratory Mass Spectrometer Incoherent Scatter Radar 2000
(NRLMSIS-00, Picone et al., 2002) and winds from the Horizontal Wind Model 2014 (HWM-14, Drob et al.,
2015) were used as input for the ray-tracing technique to calculate the reverse path of the gravity wave from

surface up to the OH layer at 87 km altitude.

Analysis of the OH all-sky images show the occurrence of small- and medium-scale AGWs. The reverse
ray-tracing results for small-scale AGWs (observed periods of ~10 min and horizontal wavelengths of
~30 km) showed that these waves reached tropospheric altitudes in the region near the observatory, that is,
only a few hundreds of kilometers away. In addition to small-scale waves, two medium-scale gravity waves
were identified, the first medium-scale AGW had a period of ~47 min, a horizontal wavelength of ~580 km,
and propagated to the southeast. The result from the ray tracing indicated that the likely source was located
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Figure 1. Keogram analysis for East-West (left side) and North-South (right side) on 21 and 22 August 2017. Panels (a)
and (b) show the keograms from the airglow images. Panels (c) and (d) show the amplitude of the main oscillations.

over the ocean, to the northwest of the observatory. The second medium-scale AGW is going to be the focus
of the present investigation as it was found to be related to the eclipse. It had a period of ~150 min, a horizon-
tal wavelength of ~1,600 km and propagated southwestward (azimuth of 200° from the North clockwise).
Therefore, the propagation direction suggested a connection with the eclipse.

Figure 1 shows the keogram results for the all-sky images when a medium-scale AGW was observed.
Figure 1a,b shows the East-West (E-W) and North-South (N-S) cuts of the images as a function of the time
(keograms), respectively. From the keograms, amplitudes (4,,), horizontal wavelength (4;;), observed period
(7), horizontal phase speed (¢ ), and propagation direction (¢) are derived. These parameters are indicated
in Panel (c), which also shows the spectrum of fluctuations in the E-W direction. Panel (d) shows the spec-
trum of fluctuations in the N-S direction and the uncertainty in the derived parameter values. Details about
the derivation of these parameters of AGWs from keograms can be found in appendix A of Figueiredo et al.
(2018). One can see in Figure 1a one crest on the central portion of the keogram, whereas Figure 1b shows
one crest in the beginning and one valley to wards the end part of the keogram. Note that, besides the
medium-scale structure, the keograms also show other small oscillations.

Figure 2 shows the path of the medium-scale AGW derived from the reverse ray tracing assuming two dis-
tinct background wind patterns. The dashed red line represents the ray-tracing results for zero wind model.
The solid green line represents the results for the HWM-14 winds. Comparison using zero wind and modeled
wind gives an idea about the effect of the wind in changing the trajectory of the wave into the atmosphere.
In the present case, only small differences were noted. Furthermore, the black heavy line shows the path of
the Moon's shadow and the blue spots represent regions with cold clouds, which can indicate local instabil-
ity. Cloud temperature information was obtained from Geostationary Operational Environmental Satellites
from the infrared images of the clouds. The occurrence of cold clouds has been used to identify convection
and potential sources of small-scale AGWs (Dare-Idowu et al., 2020). Colder clouds are located at higher
altitudes, which leads to a higher potential for intense vertical motion, generation of instabilities, and, con-
sequently, gravity waves. The color bar on the top of Figure 2 shows the temperature scale in degrees Celsius.
The blue spots in Figure 2 indicate the occurrence of convection near the end of the eclipse path, in the
Amazon region and over the North tropical Atlantic ocean. Note that the ray-tracing results show that the
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Figure 2. The ray path of the gravity wave on a geographical map. The red dashed line represents the ray path using
zero wind condition and the solid green line represents the HWM-14 wind condition. The black heavy line represents
the Moon's shadow. The rainbow spots represent clouds in which the estimated temperature is shown in the color
bar on the top. Colder clouds are shown in violet and indicates deep convection and very high clouds. The black
triangle indicates the position of the observatory at Sdo Jodo do Cariri.

path of the medium-scale AGW crossed the end of the eclipse and extended horizontally over 1,000 km to
the northeast direction.

Figure 3 shows the results for the temporal evolution of the gravity wave ray path into the atmosphere.
Again, results for the HWM-14 wind model and for zero winds converge to similar paths. The horizontal
black line represents the altitude where the ray path crossed the Moon's shadow, which is around 34.4 km
altitude, that is, in the stratospheric heights. These results show that this medium-scale gravity wave likely
had its sources located over the north tropical Atlantic ocean.

3. Discussion

It was shown in Figure 1 that the medium-scale AGW started to be observed around 00:00 UT (21:00 local
time) over Sao Jodo do Cariri. This starting time is more than 3 h after the end of the eclipse over the Atlantic
ocean. Using the horizontal phase speed of ~176 m/s derived from keograms, one can estimate that the wave
traveled ~2,218 km in 3.5 h. The point in which the ray path of medium-scale AGW crossed the Moon's
shadow (see Figure 2) is located at 10.98°N and 28.63°W and it is ~2,230 km away from the observatory.
Therefore, the propagation speed suggests that the source of the observed AGW could be at this point. Besides
the Moon's shadow, there is indication of convection around that region. Moreover, around the point in
which the ray-path reached the troposphere, there is no indication of convection, which makes tropospheric
source to be considered unlikely.

The next point to be analyzed is the vertical propagation of the medium-scale AGW derived from the reverse
ray-tracing analysis. Figure 3 shows the vertical ray path of the medium-scale AGW inferred using HWM-14
winds and no winds for comparison purposes. The ray paths for the two cases are similar because the AGW
had a high horizontal phase speed and it could easily escape from critical and turning levels in the atmo-
sphere. Figure 3 shows that the wave would have traveled for more than five hours from the surface up to
the OH layer and it would have crossed the Moon's shadow at around 34.4 km altitude and 21:06 UT (wind
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Figure 3. Extension of Figure 1 for the vertical propagation of the medium-scale atmospheric gravity wave against the
time. The horizontal black line represents the altitude where the ray path of the waves crossed the Moon's shadow.

model condition). From this point onwards, it took more than 3 h for the wave to reach the OH layer altitude
of ~87 km. Therefore, according to the ray-tracing results, potential source for the observed AGW would be
located in the stratosphere (~34 km altitude) over 11°N and 28.5°W.

In general, deep convection clouds, like the ones that can be seen in Figure 2, near the end of the path of
the eclipse extend up to a pressure level of about 70 hPa, which is approximately 17.7 km in altitude (e.g.,
Sherwood et al., 2004). So, one can wonder if such a structure could excite gravity waves in the stratosphere.
Observations during the Spread-F experiment (SpreadFEx) campaign carried out also over Brazil in 2005
found similar convective plumes (Vadas et al., 2009). Vadas and Fritts (2009) calculated the effects of a sin-
gle convective plume and small convective cluster that can be compared to the present case study. They
found that the most dominant spectrum of AGWs generated by these plumes included small-scale gravity
waves with a horizontal wavelength shorter than 400 km and reaching the OH layer altitudes within an
hour. Therefore, the only possible way that the observed convective system could excite gravity waves in the
stratosphere would be through body forcing producing secondary gravity waves in the stratosphere, which
is unlikely according to the simulations made by Vadas and Fritts (2009).

Given the lack of plausible convection sources, the eclipse becomes a strong candidate as the source of AGWs
along the path of the Moon's shadow by the screening of the ozone layer from solar heating. Predictions of
AGWs generated by eclipse showed dominant periodicities in the atmospheric fields from 2 to 4 h (Fritts
& Luo, 1993). This is in good agreement with the present observations. They have, however, calculated the
horizontal scale of the structures more likely to be observed in the lower thermosphere to be over 5,000 km.

However, optical (FPI) observations by Aushev et al. (2008) also revealed periodicities associated with the
29 March 2006 total solar eclipse in good agreement with the present results. Additionally, a wide spec-
trum of TIDs has been observed during eclipses with periods ranging from a few minutes (e.g., Davis &
Da Rosa, 1970) up to a couple of hours (e.g., Liu et al., 1998), which is close to the period of the observed
medium-scale AGW.
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Regarding the 21 August 2017 total solar eclipse more specifically, a temperature reduction of 1 K and
increase by a factor of 2 in the ozone were predicted by the Whole Atmosphere Community Climate
Model-eXtended (McInerney et al., 2018). As a result of these changes in the atmospheric composition and
dynamics, large-scale disturbances (TIDs) were observed in the ionosphere associated with the eclipse (e.g.,
Coster et al., 2017). Finally, a wave-like signature of the bow wave generated by the eclipse was observed in
the neutral winds by a Fabry-Perot interferometer over Sao Jodo do Cariri (Harding et al., 2018) and over
Carbondale (37.7 °N, 89.2 °W) using airglow red and green lines (Aryal et al., 2019).

4. Conclusions

In summary, a medium-scale AGW was detected associated with the 21 August 2017 eclipse using a unique
experimental setup over the Brazilian territory. Of particular importance is that the wave was observed at
low latitudes and about 2,000 km away from the eclipse path (umbra). The AGW was observed using an
all-sky imager located in S3o Jodo do Cariri approximately 3 h after the end of the eclipse. The wave had an
observed period of ~2.5 h and a horizontal wavelength of ~1,620 km. Additionally, the observations showed
that the wave propagated to the southwest with an azimuth of ~200° clockwise from the North.

The spectral characteristics of the observed wave match the theoretical prediction for AGW generated by
solar eclipses. Furthermore, reverse ray-tracing simulations were performed and the results corroborate with
potential wave sources located around 11°N, 28.5°W, and 34 km altitude, which was the position where the
gravity wave ray path crossed the Moon's shadow in the stratosphere. This is the first time that a gravity wave
generated by an eclipse was captured by an all-sky airglow camera in the MLT region during the nighttime.
Finally, given the limitation in the number of eclipses observed with adequate instrumentation, the present
work contributes to a better understanding of the effects of eclipses in atmospheric dynamics.
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