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Abstract It is commonly believed that solar eclipses have a great impact on the ionosphere-thermosphere
(I-T) system within the eclipse shadow, but little attention has been paid to the global response to these
events. In this study, we investigate the global upper atmospheric responses to the recent Great American
Solar Eclipse that occurred on 21 August 2017 using a high-resolution coupled ionosphere-thermosphere-
electrodynamics model. The simulation results show that the ionosphere and thermosphere response to the
eclipse is not just local but global. Large-scale traveling atmospheric disturbances (TADs), seen in the
thermospheric temperature and winds, were triggered from the eclipse region and propagated in a
southeast direction when the eclipse ended. A large total electron content (TEC) enhancement occurred over
South America after the eclipse was over. The TEC enhancement was primarily the result of transport by the
thermospheric wind perturbations associated with the eclipse-induced TADs. The perturbations of TEC,
neutral temperature, and winds exhibited asymmetric distributions with respect to the totality path during
the solar eclipse. Furthermore, ionospheric electrodynamic processes also play an important role in the global
responses of the I-T system to the solar eclipse. Unlike the case of large-scale TADs propagating from the
eclipse region to other locations in the globe, the ionospheric electric fields and plasma drifts began to show
significant perturbations even during the local pre-eclipse period when local wind and temperature had not
been perturbed. This is related to the instantaneous global response of the ionospheric current system to
changes in the ionospheric conductivity and winds in the eclipse region.

Plain Language Summary The ionosphere is a region at about 60–1,000 km, where the upper
atmosphere includes the layers of the mesosphere and thermosphere and the neutral gas is partially
ionized by the solar irradiation. During the solar eclipse, the ionosphere-thermosphere (I-T) system within the
Moon’s shadow can be greatly changed by the reduction of solar flux and energy input. However, little
attention has been paid to the global I-T responses. High-resolution simulations of the 21 August 2017 solar
eclipse provide us new insight that the I-T response to the eclipse is not just local but global. Eclipse passage
generated global perturbations of the ionosphere and thermosphere through dynamic and
electrodynamic processes.

1. Introduction

A solar eclipse occurs when the Moon passes between the Sun and the Earth. Not only is visible light veiled
during the solar eclipse but also the Moon partially blocks the Sun’s extreme ultraviolet (EUV) band radiation.
It is the latter radiation that is of critical importance to the ionosphere-thermosphere (I-T) system.

The effect of the solar eclipse on the I-T system continues to be an active area of research, using ionospheric
observations from the ionosonde network (Chen et al., 2013; Davis et al., 2000; Farges et al., 2001), the global
positioning system (GPS) (Afraimovich et al., 1998; Ding et al., 2010), incoherent scatter radars (Salah et al.,
1986), and satellite measurements (Anastassiadis & Matsoukas, 1969; Singh et al., 1989). These studies have
shown that the solar eclipse decreases the ionospheric electron density along the eclipse path, due to the
rapid reduction of solar EUV radiation. Besides the perturbations within the immediate eclipse region, the
solar eclipse might also have a broader impact on the global I-T system, since the thermosphere perturbation
propagates out as traveling atmospheric disturbances (TADs) and the ions and neutrals are closely coupled
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with each other. A few studies explored the global response by studying ionospheric variations in the conju-
gate hemisphere during the solar eclipse and suggested that the conjugate transport effects may play an
important role in the ionospheric responses to eclipses (e.g., Huba & Drob, 2017, Le et al., 2009, Tsai & Liu,
1999). Huba and Drob (2017) used an ionosphere/plasmasphere model to study the 21 August 2017 eclipse
and found conjugate hemisphere effects associated with the electron density because of the modification of
the electric field, as well as electron temperature changes in the topside conjugate ionosphere. However, the
global responses of the ionosphere and thermosphere, as a coupled system, to the solar eclipse have been
much less studied, partly due to the difficulty of isolating eclipse effects from geomagnetic activity and
day-to-day variations.

Numerical simulations have also been utilized to study the ionospheric and thermospheric responses to the
solar eclipse, using ionospheric models (Boitman et al., 1999; Huba & Drob, 2017; Le et al., 2008) and thermo-
spheric models (Ridley et al., 1984; Roble et al., 1986). None of these previous works employed a fully coupled
I-T model. It is thus of great interest to simulate the eclipse effects on the global ionosphere and thermo-
sphere using a fully coupled ionosphere-thermosphere-electrodynamics model, as we do in this paper.

The recent solar eclipse on 21 August 2017, dubbed the Great American Solar Eclipse, was the first to traverse
the center of the United States from west to east since 1918. With the development of the observational and
simulation tools, the Great American Solar Eclipse thus provides an excellent opportunity to study the mys-
teries of the complex dynamic and energetic processes in the global geospace system. Many new findings on
this solar eclipse event have been published that relate to the ionospheric bow wave (Zhang et al., 2017),
gravity waves (Lin et al., 2018), post-eclipse effects (Lei et al., 2018), and the topside (Hairston et al., 2018)
and polar (Dang et al., 2018) ionospheric responses. In this paper, we describe the global ionospheric and
thermospheric responses induced by the Great American Solar Eclipse using the high-resolution
(0.625° × 0.625° in a longitude-latitude grid) Thermosphere Ionosphere Electrodynamics General
Circulation Model (TIEGCM). In this study, we focus primarily on the global ionospheric and thermospheric
responses to the solar eclipse and, in particular, the previously poorly understood generation of large-scale
TADs in the thermosphere from the solar eclipse region and their propagation in the southeast direction.
We also examine the eclipse effects on ionospheric plasma drifts and total electron content (TEC) in regions
further away from the eclipse zone. We associate these effects with the ionospheric electrodynamic pro-
cesses and the direct plasma transport produced by wind disturbances that are part of the eclipse-
generated TADs.

2. Methodology

The National Center for Atmospheric Research TIEGCM is a time-dependent, self-consistent, three-
dimensional, and physics-based model of the coupled global I-T system (Richmond et al., 1992; Roble
et al., 1988). The model also solves ionospheric electrodynamics associated with neutral wind dynamo. The
dynamomodel obtains the electric potential from thermospheric winds and ionospheric conductivity in apex
coordinates based on the International Geomagnetic Reference Field (Richmond, 1995; Richmond et al.,
1992). The resultant ionospheric electric fields are then used to simulate the plasma dynamics. Details about
the TIEGCM can be found in Qian et al. (2014). Recently, a high-resolution version of the TIEGCM, which has a
horizontal resolution of 0.625° × 0.625° in a geographic latitude-longitude grid and a vertical resolution of
one-fourth scale height, has been developed to simulate mesoscale processes in the I-T system. The high spa-
tial resolution of the TIEGCM allows us to better capture structures induced by the solar eclipse in the simula-
tion. The time step of the model simulation for the eclipse study is 10 s. A subcycling technique is used in the
O+ continuity equation solver of the high-resolution TIEGCM, with a time step of 0.1 s. The convection pattern
at high latitudes is specified by the Weimer model (Weimer, 2005), which is driven by the observed solar wind
and interplanetary magnetic field conditions.

The method of treating solar radiation changes caused by the solar eclipse in the TIEGCM follows Curto et al.
(2006) and Le et al. (2008). The solar radiation flux is multiplied by an eclipse factor function, which is calcu-
lated based on the ratio that the Sun is masked by the Moon during the eclipse. The eclipse magnitude at a
given time and location is calculated by the JavaScript Eclipse Calculator developed by Chris O’Byrne and
Stephen McCann (http://www.chris.obyrne.com/Eclipses/calculator.html), The universal time, longitude,
and latitude variations of eclipse factor are then calculated using the astronomical model of Curto et al.
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(2006). Note that the calculation of the eclipse factor function also considers the unmasked part of solar EUV
radiation from the corona, which reaches a minimum of about 22%. The eclipse factor function varies with
longitude, latitude, and universal time.

3. Results

The path of the solar eclipse that occurred on 21 August 2017 is shown in the left panel of Figure 1. The red
line shows the umbral (total eclipse) path, whereas the white and black lines indicate the preumbral (partial
eclipse) paths with the obscuration magnitudes of 60 and 20%, respectively. The path of the Moon’s umbral
shadow began over the Pacific Ocean at 16:49 UT, crossed the continental United States, and finally ended
over the North Atlantic Ocean at 20:02 UT.

Figure 1 shows the TEC observed by the GPS network and simulated by the TIEGCM on 21 August 2017 at
two stations along the totality path. Station A (121.0°W, 43.2°N) is in central Oregon, where the total eclipse
began to enter the United States. The GPS TEC started to decrease at 16:00 UT and reached a minimum at
about 17:19 UT, corresponding to the total eclipse time at Station A (annotated in the eclipse path in the left
panel of Figure 1). The largest depletion at Station A was about 3 TEC units (TECU; 1 TECU = 1016/m2), as
compared with the TEC value of about 9 TECU at around 16 UT when the eclipse first touched this location.
The simulation results at Station A are shown by the orange line in the upper right panel. Generally, the
TIEGCM gives a similar trend of TEC variations on 21 August to the GPS TEC, although the modeled back-
ground TEC magnitude is generally 2–3 TECU smaller than the observed background. The modeled
depletion is also slightly smaller in magnitude to the observed one in this case. The modeled TEC started
to drop at 16:00 UT and then reached a minimum with a depletion of 3 TECU, which agrees fairly well with
the observations. It should also be pointed out that the largest decrease from the TIEGCM simulation
occurred 0.5 hr earlier than that in the GPS observations. The cause of this time difference requires
further investigation.

The bottom right panel of Figure 1 shows the variations of GPS TEC and TIEGCM TEC at Station B (100.0°W,
40.1°N), which is located in the southern part of Nebraska. Again, the simulated result is reasonably consistent
with the GPS observation at Station B. The TIEGCMmodel generally captured the TEC daily variation and TEC
depletion during the eclipse. Major differences between observations and simulations lie in the TEC

Figure 1. (left) The solar eclipse path on 21 August 2017. The red line shows the umbral (total eclipse) path, and the white
and black lines indicate the preumbral (partial eclipse) paths with the magnitudes of 60 and 20%, respectively. (right) The
comparisons of TEC between GPS observations and TIEGCM simulations at Stations A and B, respectively.
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magnitude, which might be related to the absence of topside ionosphere and plasmasphere above the
model Zp = 7 constant pressure surface at approximately 600 km in the TIEGCM; the model may also
underestimate the F2 peak electron densities and the topside scale height.

Figure 2 shows a set of global maps of the differences between the TIEGCM simulations with and without
eclipse for TEC, neutral temperature, meridional winds, and vertical E × B plasma drifts. At 18:30 UT, TEC in
Figure 2a had a maximum depletion of about 5 TECU over the central United States. Due to the fast reduction
of solar EUV irradiation and ionization, the TEC rapidly decreased along the path of totality. This result is gen-
erally consistent with previous observations as well as the model prediction made by Huba and Drob (2017).

Figure 2. Global maps of differential TEC, neutral temperature, meridional winds (positive northward), vertical neutral
winds (positive upward), and E × B vertical plasma drifts (positive upward) at pressure level 2 (~300 km) between the
TIEGCM simulations with and without eclipse (with eclipse-without eclipse) for two selected UTs (18:30 and 22:30 UT). The
solid circle indicates the location of the totality at 18:30 UT. The solid and dashed lines show the umbra path and solar
terminator, respectively.
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The neutral temperature, meridional winds, and vertical E × B plasma drifts are plotted on the Zp = 2 constant
pressure surface, which is close to the ionospheric F region peak height (approximately 300 km). As shown in
Figure 2c, the neutral temperature decreased in North America at 18:30 UT, with a maximum reduction of
around 30 K. The neutral temperature decrease was caused directly by the large reduction in atmospheric
energy input due to the solar eclipse. Note that the decrease of the neutral temperature was not exactly fol-
lowing the eclipse shadow, especially over the East Pacific Ocean and the west coast of United States.
Furthermore, the shape of the temperature depletion zone is very different from the eclipse mask function
(cf. Figure 2a). The depletion region was narrower ahead of the totality, whereas the region after the eclipse
expanded in both longitude and latitude, with a long tail of depleted temperature along the path of the total-
ity. This shape of the temperature depletion region after the totality is closely related to that of the vertical
winds (Figure 2g).

The depletion of neutral temperature can also lead to neutral wind perturbations because of the pressure
gradient change, as shown in Figure 2e. Pressure gradient is the major driving force for global wind circula-
tion at middle and low latitudes (Hsu et al., 2016). The perturbed meridional neutral wind generally con-
verged toward the total eclipse path. However, the boundary between positive and negative neutral wind
perturbations was not located exactly along the total eclipse path but north of it. The maximum change of
wind speed was ~30 m/s. Note that the location of maximum meridional wind change occurred in a region
further west of the locations of both the totality and the maximum temperature depletion. It should be near
to the location where the maximum changes in the pressure gradient force at this UT (18:30). In terms of the
asymmetric structure of neutral temperature in Figure 2c, the pressure gradient associated with the tempera-
ture change did not exactly converge along the totality path. Meanwhile, the generation of the wind pertur-
bation is primarily the combined effect of pressure gradient, viscosity, ion drag, and the Coriolis force.

It should be noted here, nevertheless, that temperature and wind changes occur in a much broader region
than the area of solar radiation obscuration by the Moon. This is evident in Figure 2e in which the meridional
wind perturbations can be seen over a large area of the polar region and extended into the southern hemi-
sphere at 18:30 UT. The effects of neutral wind changes on the coupled I-T system are manifold, which
include the impacts on the thermosphere throughmodulating the composition and the ionosphere via trans-
port effects and dynamo processes. Figure 2i examines the changes in ionosphere electric fields, as repre-
sented by the changes in vertical plasma drifts. Upward or downward E × B plasma drift perturbations can
be seen in a wide range in the Western Hemisphere, especially near the United States and Antarctica, with
a speed of up to 2 m/s. This shows that the plasma drift responses to the eclipse are global. Plasma drift
changes occur not only at middle latitudes where thermospheric winds and ionospheric conductivity are
directly affected by the eclipse but also in the equatorial region, which are probably due to the effect of wind
perturbations. The changes of plasma drifts also occur in the Southern Hemisphere, which is more or less
symmetric to those in the Northern Hemisphere with respect to the magnetic equator. The TIEGCM assumes
equal electric potential along magnetic field lines in closed field line regions, so changes of electric fields are
mapped to the Southern Hemisphere and affect the ionospheric state there, although the eclipse occurs in
the middle latitudes of the Northern Hemisphere. The hemispheric asymmetry of plasma drifts in Figure 2i
is probably associated with the hemispheric asymmetry of the geomagnetic field. The model results thus
show that through wind perturbation and electrodynamics coupling, the eclipse effect can be global and
should be studied in a global context.

At 22:30 UT, although the solar eclipse had been over for about an hour and a half, TEC depletions still existed
over Central America (Figure 2b). The slow recovery of the eclipse-induced TEC decrease is most likely related
to the fact that the eclipse zone was in local nighttime and there was no direct solar EUV radiation, as indi-
cated by the dashed line which shows the solar terminator. Note also that there was still a TEC decrease
on the dayside at this time. The TEC decrease in this region had a smaller magnitude and a faster recovery
compared with the one on the nightside. The slow recovery is also seen in thermosphere parameters. As
shown in Figure 2d, in the eclipse region over North America, there was still about a 15 K neutral temperature
decrease compared with the control case, despite the fact that the eclipse had ended over 1.5 hr earlier. The
most striking feature in Figure 2b, however, is that there was a large TEC enhancement of about 5 TECU over
South America, stretching from the South Pacific Ocean (120°W, 30°S) to the west coast of South America
near the equator (40°W, 2°S). This TEC increase is closely related to the thermospheric changes in the region
that were associated with the passage of the large-scale TADs after the solar eclipse. The modeled large-scale
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TADs induced by the solar eclipse manifested themselves as long bands of positive and negative pertur-
bations in both neutral temperature (Figure 2d) and meridional winds (Figure 2f) stretching from North
Africa all the way to South America, propagating from the northwest to southeast directions (the propa-
gation of TADs can be seen in the auxiliary movies of neutral temperature, winds, and ionospheric TEC of
this paper). It is also interesting to note from these movies that the large-scale TADs originated at the
time and location of eclipse ending. They appear to be the continuation of eclipse-produced neutral
winds and temperature perturbations in the same propagation direction as that of the eclipse just before
it ended.

The neutral wind variations are clearly consistent with the neutral temperature changes associated with TADs
at 22:30 UT. Over South America, there was a southward meridional wind perturbation with a velocity of
20 m/s between the equator and 20°S latitude, whereas in the latitude range 30–70°S, stronger northward
winds of about 30 m/s can be seen. The stronger northward neutral winds push plasma along the magnetic
field lines to a higher altitude in South America, where the recombination rate is smaller. This greatly
enhances the electron density (and hence the TEC) in the region, compared with the control case. The vertical
wind in Figure 2h at 22:30 UT exhibited a prominent structure of large-scale TADs. Again, the neutral
temperature perturbations are greatly affected by the vertical neutral wind effect via adiabatic
heating/cooling. The temperature decrease induced by the solar eclipse changes the pressure gradients in
the thermosphere and induces perturbations in the horizontal and vertical winds. Meanwhile, the
divergence/convergence of the perturbed horizontal and vertical winds further affects the neutral tempera-
ture. These two processes are tightly coupled and affect each other simultaneously. Quantifying how much
the thermospheric wind affects the temperature requires further simulation studies. We also note that at
22:30 UT, the TAD changed its propagation direction from southeastward to eastward. This change in the pro-
pagation direction of the TAD is perplexing and will be the subject of further study, as there has hitherto been
no record of a large-scale TAD doing this in the upper thermosphere.

The change of E × B vertical plasma drifts in Figure 2j after the eclipse was stronger than that during the
eclipse in Figure 2i. Downward plasma drifts occurred at low latitudes near 0° longitude to the west of
Africa, reaching a velocity of about 4 m/s. Over South Asia, which is far away from the eclipse region, there
were upward plasma drift perturbations. The plasma drift changes are clearly global. They result from
changes in the wind dynamo associated with the global propagation of eclipse-produced TADs.

The results in Figure 2 give snap shots of thermospheric and ionospheric perturbations at two selected UTs. In
order to further illustrate the global thermospheric and ionospheric responses to the solar eclipse, Figure 3
depicts the temporal evolution of electron density, neutral temperature, meridional winds, zonal winds, ver-
tical winds, and E × B plasma drifts at pressure level 2 (~300 km, near the F2 peak height) at three locations.
These locations have different latitudes but are along the same longitude of 60°W. Themaximum obscuration
rates at the three locations were 0.98, 0.42, and 0, respectively. Hence, location C (60°W, 20°N) is near the
totality path, location D (60°W, 0°N) resides in the penumbra shadow, whereas location E (60°W, 20°S) is far
away from the solar eclipse.

As shown in Figure 3a, the electron density at C (gray line) started to decrease at around 19 UT andminimized
at 20:20 UT, with a largest depletion of 4 × 105/cm3. The electron density at D (red line) exhibited a smaller
density reduction compared with that at C. The electron density at E (blue line) had a large increase of
3 × 105/cm3 at around 22 UT, which corresponds to the TEC enhancement over South America in Figure 2
a. The electron density decrease at C and D is directly caused by the reduction of solar EUV radiation during
the solar eclipse, whereas the enhancement of electron density at location E is related to the transport effect
of meridional wind perturbations associated with the large-scale TADs.

As shown in Figure 2, and more clearly shown in the auxiliary movies, large-scale TADs were triggered from
the eclipse region and propagated in a southeast direction just as the eclipse ended. In Figures 3b–3e, pro-
minent TAD features can also be seen from the temporal evolutions of the thermospheric parameters. The
amplitudes of the oscillations at these locations in thermospheric temperature, meridional winds, zonal
winds, and vertical winds were about 10 K, 20 m/s, 10 m/s, and 1 m/s, respectively. The phase difference of
the TAD between the three locations was about 1 hr. These time evolution results indicate that besides
the direct impact of the solar eclipse in the Moon shadow region, the thermosphere could be significantly
perturbed globally by the propagation of the eclipse-induced large-scale TADs.

10.1029/2018JA025566Journal of Geophysical Research: Space Physics

DANG ET AL. 7045



The variations of the vertical E × B plasma drifts were different from other parameters. The ionospheric elec-
tric field is driven by the E region and F region wind dynamo. Therefore, the plasma drifts are greatly per-
turbed when thermospheric parameters undergo significant changes due to the solar eclipse. As shown in
Figure 3f, the plasma drifts at the three locations exhibited obvious perturbations, with a magnitude of about
0.5–1 m/s. The temporal variations of the plasma drifts at these three locations were generally consistent: two
peaks at 20 UT and 23 UT and one trough at around 22 UT. The major difference was that at location C,
upward plasma drifts occurred during 18–21 UT, while the other two locations experienced downward drifts
during this period of time. It is interesting to note that the plasma drifts showed prominent changes even
before 16 UT when there was no total eclipse and only partial eclipse occurred over the Pacific Ocean. In other
words, the solar eclipse had not touched this longitude sector yet. Consequently, there was no obvious per-
turbation seen in ionospheric density, thermospheric temperature, and winds during this pre-eclipse period.
The perturbations in temperature and winds took a longer period to propagate from the solar eclipse zone to
the region further away from the Moon’s shadow, whereas changes in electric fields can be triggered world-
wide almost instantaneously when electric field perturbations happened in the solar eclipse zone, due to the
closure of the ionospheric current. In the case of Figure 3f around 16 UT, electric fields and plasma drifts are
seen to have large changes over the Pacific Ocean and the west coast of North America when just partial
eclipse occurred (see the auxiliary movies) in the region and caused changes in ionospheric conductivity
and thermosphere winds. This result further illustrates the different and significant role of the electrodynamic
coupling in the ionospheric and thermospheric responses to the solar eclipse.

4. Discussion and Summary

As shown by the simulation results above, the solar eclipse impacted not just the local but also the global
I-T system during and after the eclipse in multiple ways. Locally, the obscuration of solar irradiation by the

Figure 3. Time evolution of differential TEC, neutral temperature, meridional winds (positive northward), zonal winds
(positive eastward), vertical neutral winds (positive upward), and E × B vertical plasma drifts (positive upward) at pressure
level 2 (~300 km) between the TIEGCM simulations with and without eclipse (with eclipse-without eclipse) for the selected
locations C (60.0°W, 20.0°N), D (60.0°W, 0.0°N), and E (60.0°W, 20.0°S). The grey and red vertical dashed lines represent
the start and end times of the solar eclipse at locations C and D, respectively. Location E was not in the eclipse zone.
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eclipse rapidly decreased local solar EUV ionization and E region electron
densities. The changes in F region electron densities and ionospheric
TEC are also influenced by dynamics, and thus, there is a time delay in
these changes with respect to those in the solar EUV radiation and in
the E region. The direct ionospheric changes induced by the solar eclipse
have been investigated by a number of studies using both observations
(e.g., Evans, 1965a, 1965b; Huang et al., 1999; Salah et al., 1986) and
simulations (Boitman et al., 1999; Le et al., 2008; Müller-Wodarg et al.,
1998; Stubbe, 1970).

The thermosphere is also greatly changed by the solar eclipse which, in
turn, also impacts the ionosphere through ion-neutral interactions. The
reduced solar EUV flux caused by the solar eclipse leads to a significant
decrease in the heating to the atmosphere and depletion in neutral tem-
perature (Figure 2c). The neutral temperature depletion can lead to
changes of thermospheric composition and neutral winds. The wind per-
turbations have a tendency to blow more toward the center of the eclipse,
although, as illustrated in Figure 2e, they do not absolutely converge along
the path of the totality. This lack of symmetry affects the response of the
thermosphere ionosphere system greatly. It also indicates the complex
dynamic nature of the thermosphere ionosphere system, as the variations
in physical parameters are the result of various competing driving pro-
cesses. For example, the neutral winds away from the auroral zone are dri-
ven by pressure gradients. But the resulting winds are then affected by a
number of processes that can change the winds. The Coriolis force causes
the winds to turn in direction and viscosity tends to reduce the wind
shears. Most importantly, in this case, ion drag tends to reduce the winds.
However, both the preconditioning of the ionosphere and the ionospheric
effects of the eclipse itself alter the way that ion drag affects the winds. An
example of how the ion densities under totality can affect the eclipse is
that the reduced ion densities near totality reduce ion drag in that region.
The winds set up by the pressure gradient from the leading edge of the
Moon’s shadow are subjected to less ion drag, so the zonal convergence
point occurs some time after totality, although this interaction is further
complicated by other processes.

Besides this asymmetric structure of neutral wind perturbations, there are
strong asymmetries in both TEC and neutral temperature depletions with respect to the totality locations. As
shown in Figures 2a and 2c, the totality at 18:30 UT was not located in the center of the temperature deple-
tions, but almost on the eastern edge of those. These asymmetries are associated with complicated interac-
tions between the dynamic changes in the thermospheric temperature, winds, composition, and the
ionospheric parameters induced by the solar eclipse. The thermospheric response during eclipses has been
simulated by Ridley et al. (1984) and Roble et al. (1986). These papers, however, mainly focused on the mod-
eled neutral atmosphere responses near the eclipse path, as the model used did not include a full coupling
with the ionosphere. In our work, we show that there is a global upper atmospheric response to the solar
eclipse including the critical feedback between the thermosphere and the ionosphere. In Figures 2d and
2f, the solar eclipse triggered a large-scale TAD, which propagated from the northwest to the southeast. At
22:30 UT, after the eclipse had ended, the northward wind greatly enhanced the TEC over South America
by transporting plasma to a higher altitude where there was less recombination (see Figure 2b and the
supporting information).

To further illustrate the properties of the TAD structure, the results in Figure 4 are applied to calculate the
propagation speed of the TADs. The top two panels in Figure 4 show the global distributions of meridional
wind perturbations at 22:20 UT and 22:50 UT. The wave fronts of 0 and 8 m/s were plotted by black and
red lines, respectively. The wave structures of the meridional wind perturbations at 22:20 UT and 22:50 UT
are similar to that at 22:30 UT in Figure 2f, but with different phases. In Figure 4c, the longitude and

Figure 4. Global maps of meridional wind perturbations at (a) 22:20 UT and
(b) 22:50 UT. (c) Wave fronts of meridional wind perturbation of (black) 0 m/s
and (red) 8 m/s at (solid line) 22:20 UT and (dashed line) 22:50 UT.
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latitude of the wave front were displayed. In this way, we can estimate the speeds of the TAD by calculat-
ing the propagation distance in the time interval of 0.5 hr. The estimated propagation speeds were around
450–650 m/s. The TAD only formed at the end of the eclipse. The phase speed calculated above is con-
siderably slower than that of the eclipse, which moves supersonically. The phase speed that is observed
is similar to, but a little smaller than, the phase speed of the TADs that are launched from the auroral oval
(e.g., Liu et al., 2018). From the supporting information, we can also see that the strength of the TAD in
thermospheric temperature and winds declined slowly with time. The decreases in the TAD amplitude
were probably associated with the processes of heat conduction dissipation and viscosity in the neutral
atmosphere. Moreover, the large-scale TAD lasted for at least 6 hr after the eclipse had ended. The
propagation of large-scale TAD caused world-wide long-lasting perturbations in the I-T system (see Lei
et al., 2018).

Additionally, the ion-neutral coupling effect could also play an important role in the TAD propagation.
Ionospheric density could impact the thermospheric wind as well as the TAD behavior through ion drag.
The winds associated with TADs are influenced by atmospheric pressure gradients, Coriolis force, ion drag,
and the viscosity. The amplitude of the TAD is also affected by a variety of thermal processes, particularly heat
conduction, and adiabatic effects. Thus, the distribution and perturbation of ionospheric density may have
an effect on the TAD strength and propagation. Determining the contribution of the ion drag effect on
TADs needs a further investigation in the future. As seen from the animation in the supporting information,
there is a TID or TAD-like structure in the TEC, propagating in the same southeast direction, especially after
23:00 UT. The magnitude of the wave perturbation in TEC was around 1 TECU, and thus, it could be better
seen if we saturated the TEC range to ±1 TECU. The wave structure in the electron density and TEC occurred
1–2 hr later than the TAD wave in the neutral atmosphere. This is because the ionosphere either exhibits a
cumulative, and thus a time delayed, response to the thermospheric temperature and wind changes or it
is not responding to the leading edge of the TAD.

Meanwhile, another important finding of this study is that a solar eclipse also modulates the ionospheric
electrodynamic coupling processes by changing winds and ionospheric conductivity. Huba and Drob
(2017) reported a significant modification of ionospheric conductivity caused by the solar eclipse; how-
ever, their model did not treat the electrodynamic coupling process in the context of a coupled I-T sys-
tem. The basic process that produces the ionospheric dynamo field is that the atmospheric winds move
ionospheric plasma across the geomagnetic field lines and generate electric fields and currents. For the E
region dynamo, electric fields generated by the winds in the lower thermosphere (below 200 km) are
mapped from the E region to the F region along equipotential magnetic field lines, whereas for the F
region dynamo, the thermospheric wind induces electric fields directly at the ionospheric F region height
(see Heelis, 2004, and references therein). Therefore, by changing the winds and conductivity, a solar
eclipse modulates zonal electric fields and the accompanying vertical E × B plasma drifts, which further
impacts the F region ionospheric electron density distribution and TECs. In this study, the model shows
that the wind perturbation induced by the solar eclipse greatly impacts ionospheric electrodynamic pro-
cesses. As shown in Figures 2i and 2j, vertical plasma drifts have perturbations of 4 m/s at middle and low
latitudes, even after the solar eclipse ended, whereas Figure 3f shows that electric field changes can occur
long before a solar eclipse happens locally or eclipsed-induced wind and temperature perturbations pro-
pagate into the region. This result indicates that global electrodynamic coupling also plays an important
role in the I-T responses to the solar eclipse. It should be pointed out that in this paper, we have given a
global view of the responses of the ionosphere and thermosphere to the solar eclipse, but we have not
developed a detailed description of the mechanisms driving these changes. This will be studied in
future work.

In summary, we have used a coupled thermosphere-ionosphere-electrodynamics model to investigate the
global response of the Earth’s upper atmosphere to the recent Great American Solar Eclipse. The iono-
sphere and thermosphere responded globally to the solar eclipse, not just locally. Large-scale TADs were
triggered from the eclipse region and propagated in a southeast direction. A large TEC enhancement
occurred over South America after the eclipse. This TEC enhancement was caused by the wind perturba-
tions associated with the large-scale TADs. Furthermore, ionospheric electric fields and plasma drifts
showed prominent changes over the longitude sector before the eclipse occurred locally. These electric
field perturbations were triggered during the pre-eclipse period or occurred before the eclipse-induced
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thermospheric TADs propagate into the region and were due to the global closure of the ionospheric
current. The simulation results indicate that global electrodynamic coupling could also play a significant
role in the I-T response to solar eclipses.
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