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Abstract

In this study, we have investigated the ionospheric responses on the August 2017 solar eclipse event by using a three-
dimensional tomography algorithm with the ground-based GNSS (Global Navigation Satellite System) total electron
content observations around Northern America. This three-dimensional ionospheric electron density structure from
the tomography can provide us more information regarding the density variations and propagations of disturbances.
Results show that the ionospheric electron density depletion triggered by the solar eclipse started from the higher
ionosphere and then extended to lower altitudes. The maximum electron density depletion is around 40% compared
with the previous day of solar eclipse. After around 30 min of the totality, the electron density continuously returned
to the normal level. We further conduct a procedure of Fourier analyses to derive the vertical phase and group veloci-
ties of the electron density propagations. Results show that the opposite directions of the vertical phase and group
velocities around 220-240 km altitude imply the energy/oscillation source by the solar eclipse.
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Conclusion: The 3D electron density depletions
induced by the 21 August 2017 solar eclipse
generated a wave-like energy/oscillation source
around ionospheric F1 layer.
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Introduction

A solar eclipse is the feature that the Moon’s shadow
projects on the Earth, leading a short shelter from the
Sun. This provides us a good opportunity to investigate
the ionospheric response to the solar eclipse. The solar
eclipse-induced ionospheric electron density anoma-
lies have been observed and discussed by many pre-
vious studies (e.g., Liu et al. 1998; Farges et al. 2001;
Goncharenko et al. 2018). These anomalies are roughly
divided to two periods, the eclipse and the post-eclipse.
At the start of solar eclipse, the plasma density in the
ionospheric E and FI regions will gradually decrease due
to the loss of solar ionization rate. At the same time, the
upward plasma diffusion at the ionospheric F2 region
becomes weaker. The plasma in the plasmasphere will
downward supply the ionosphere by the gravity effect,
which is similar to the nighttime ionosphere. This plasma
downward diffusion from the plasmasphere will moder-
ate the plasma reduction on the ionospheric F2 region
during the solar eclipse period (Le et al. 2009). After the
moon shadow passes by, the ionospheric plasma will be
increased due to the restoration of solar ionization rate.
The plasma density after the solar eclipse was even higher
than the normal ionospheric day, observed by previous
studies (Huang et al. 1999; Jakowski et al. 2008; Cherniak
and Zakharenkova, 2018). Furthermore, this enhance-
ment of plasma density will continue few hours after the
solar eclipse (Cherniak and Zakharenkova, 2018).

The ionospheric plasma density variations triggered
by the total solar eclipse event on 21 August 2017 over
the central United States have been investigated by many
studies using the ground-based global positioning sys-
tem (GPS) total electron content (TEC) observations,

showing the TEC depletion, the large-scale traveling ion-
ospheric disturbances (LSTIDs), the wave-like electron
density structures, and the TEC enhancement after the
eclipse (Coster et al. 2017; Nayak and Yigit 2018; Zhang
et al. 2017; Cherniak and Zakharenkova, 2018; Gon-
charenko et al. 2018; Sun et al. 2018). However, the TEC
is the integrated observation of ionospheric electron den-
sity along the ray path from a GPS satellite to a ground-
based GPS receiver. It is hard to study the eclipse-induced
electron density structure variation, especially in the
vertical direction, by directly using the TEC observa-
tions. In this paper, a GPS tomography method (Seemala
et al. 2014; Chen et al. 2016; Saito et al. 2017) is used to
investigate the three-dimensional ionospheric electron
density variations during the 2017 August solar eclipse
event. Furthermore, a procedure of Fourier analysis (Kuo
et al. 1993; Liu et al. 1998; 2007) is conducted to derive
power spectra, vertical phase, and group velocities of the
eclipse-triggered electron density variations.

GNSS ionospheric tomography

Around the mid-1980s, Austen et al. (1986, 1988) first
suggested and applied the tomographic methodology to
reconstruct the two-dimensional structure of the iono-
spheric electron density by using the line-of-sight TEC
observations from Naval Navigational Satellite Sys-
tem (NNSS). The accuracy of ionospheric tomography
is limited by the background ionospheric model, the
incomplete ray geometry, and the measurement error,
resulting in an ill-posed inverse problem. Many iono-
spheric tomography methods were published trying to
reconstruct the ionospheric electron density structures
(e.g., Austen et al. 1988; Raymund et al. 1994; Pryse 2003).
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Recently, a new GPS ionospheric tomography algo-
rithm has been developed by employing the dense
ground-based GPS networks as well as the multiple
Global Navigation Satellite System (GNSS) for solv-
ing this ill-posed inverse problem and further to recon-
struct the three-dimensional structure of ionospheric
electron density. In order to reduce the effect of back-
ground ionospheric or plasmaspheric electron density
models as the initial condition on the reconstruction
accuracy, a constrained least-square method is used in
this GPS ionospheric tomography without using any ini-
tial model guess (Seemala et al. 2014). Later, Chen et al.
(2016) applied this constrained GPS tomography method
and successfully reconstructed the ionospheric electron
density perturbation at the scale size of ~ 200 km in wave-
length around Japan region, the medium-scale traveling
ionospheric disturbance (MSTID), showing the capabil-
ity of this GPS tomography for the investigation of dis-
turbed ionosphere. Using the TEC observations provided
by Japan GPS Earth Observation Network (GEONET), a
near real-time ionospheric tomography system has been
developed to continuously monitors the three-dimen-
sional electron density variations over Japan every 15 min
(Saito et al. 2017).

Similar to the Japan GEONET, there are ~ 2000 ground-
based GNSS receivers located at North America (shown
in Fig. 1), which provide lots of ionospheric TEC obser-
vations and are suitable to employ the GPS tomography
for reconstructing the three-dimensional electron density
structure. In this study, we applied the GPS tomography
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algorithm by the method of Saito et al. (2017) over the
North America region during the total solar eclipse
period on 21 August 2017. Furthermore, not only the
GPS signals, but also the GLObal NAvigation Satellite
System (GLONASS) signals are used to calculate the
ionospheric TEC values along the ray paths from the
satellites to the ground receivers for the first time. The
increase of line-of-sight TEC observations can further
reduce the effect of incomplete observational geometry
on the electron density reconstruction accuracy. An ele-
vation mask angle of 30° is set for the GNSS TEC obser-
vations used in this study.

The three-dimensional space of tomography is from
— 125°E to — 71°E in longitude, 24°N to 52°N in latitude,
and 80 km to 20,000 km in altitude. The resolutions are
defined differently for trying to balance the observa-
tional path number in each grid and shown as follows.
The longitudinal resolutions are set to 3° within — 112°E
to — 91°E range and 2° outside (shown in Fig. 1). The
latitudinal resolutions are set to 1° within 30°N to 44°N
range and 2° outside (shown in Fig. 1). The vertical reso-
lutions are 20 km within 80 km to 600 km range, 50 km
within 650 km to 900 km range, 100 km within 1000 km
to 2000 km range, and 5000 km within 5000 to 20,000 km
range, respectively. Therefore, the total number of grids
is 25,344 in the tomography space. A constraint term is
applied in the cost function as shown as:

J(x) = |lb — Ax|* + A Wx|%, (1)
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Fig. 1 The location of ~ 2000 ground-based GNSS receivers at Northern America. The blue dot is the GNSS receiver, and the red line indicates the
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where J(x) is the cost function, showing the combination
of least-square fitting (first term) and the constraint con-
dition (second term) at the right-hand side. The param-
eters of x, and A indicate the matrixes of the electron
concentration and the length of path in each grid, respec-
tively. b matrix is the observed TEC values along the ray
paths from the satellites to the ground GNSS receivers.
The parameter, 4, is determined empirically to balance
the least-square term and the constraint condition (Saito
et al. 2017). W is the constraint matrix, which is a zero
matrix but with the value of — 1 at the six neighbor grids
of x;; (north, south, east, west, up, and down sides) and 6
at the center grid of x; (see the appendix in Chen et al.,
2016). Therefore, the definition of constraint condition in
the cost function is the total electron density differences
of each grid from its six neighbor grids, showing as:
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Wx = Zi‘ilzj=l Cij (xi — xij) (2)

where N is the total number grids, 25,344 in this case.
C is the constraint parameter, which is determined as a
function of latitude, longitude and altitude based on the
empirical electron density model, NeQuick (DiGiovanni
and Radicella, 1990; Radicella and Zhang, 1995). It is the
weighting of constraint conditions in different altitudes
(Seemala et al. 2014; Saito et al. 2017). A relatively small
constraint parameter is applied around the high electron
density regions, such as ionospheric F region and low-lat-
itude regions, to allow the spacial variety in the electron
density. Therefore, the electron density in each grid x, in
Eq. (1) can be solved as,

x=ATA+wTw) 'aTp. (3)
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Tomography results

Figure 2 shows the time variations of the reconstructed
electron densities by the 3D GNSS ionospheric tomogra-
phy method at 260 km altitude plane (a—d), 42°N latitude
plane (e-h), and — 100°E longitude plane (i-1), respec-
tively. At 1720 UT, the ionospheric electron density
depletion started from the north-west of American where
is around the location of the solar eclipse maximum
obscuration point (Fig. 2a). From the altitude—longitude
plane along the latitude of 42°N (Fig. 2e), it also shows
the lower electron densities appeared at the western
American than the eastern. Then, the maximum obscura-
tion point moved to the location around the latitude of
42°N and the longitude of — 100°E at 1755 UT (Fig. 2b).
The maximum electron density depletion appeared at the
north-west of obscuration region (around the longitude
of — 110°E and the latitude of 46°N), which also can be
seen in the fixed altitude and latitude planes (Fig. 2b, f).
Besides, the start time of eclipse at the location of (42°N,
— 70°E) was ~ 1730 UT. It shows that the electron density
depletion (as compared to Fig. 2e) in Fig. 2f at the east
edge, — 70°E longitude, was affected by the decrease of
solar radiation. At 1830 UT, the maximum electron den-
sity depletion moved to the longitude of — 100°E, follow-
ing the movement of solar eclipse maximum obscuration
(Fig. 2¢). After the solar eclipse, 1945 UT, the solar ioni-
zation rate returned to the normal level and triggered
the increases of ionospheric electron density at all the
American region (Fig. 2d). These electron density reduc-
tions and increases are also shown in the fixed latitude
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(Fig. 2e—h) and longitude (Fig. 2i-1) planes during and
after the solar eclipse.

In order to investigate the ionospheric response to
the total solar eclipse and compare with previous stud-
ies (Nayak and Yigit 2018; Uma et al. 2020), the elec-
tron density variation is calculated by subtracting the
reconstructed electron densities on the previous day (20
August 2017), called as reference day afterwards, from
those on the eclipse day (21 August 2017). Furthermore,
the difference percentage of electron density is defined as

Ned — Ned_l

x 100,
Ney_, (4)

where Ne is the electron density. The index words in
Eq. (4), d and d-1, indicate the eclipse day and the ref-
erence day, respectively. Figure 3 shows the electron
density variations as well as the difference percentage at
1755 UT at 260 km altitude plane (a—b), 42°N latitudinal
plane (c—d), and — 100°E longitudinal plane (e—f). Fig-
ure 3a clearly shows that the electron density depletions
appeared around the lower latitude regions compared
with the reference day. The electron densities variations
at the 42°N latitudinal plane (Fig. 3c) and the — 100°E
longitude plane (Fig. 3e) further show the most density
depletion appeared at the west and south of maximum
obscuration, respectively, and mainly around the altitude
of 260 km. The difference percentage of electron density
(Fig. 3d, f) shows that the more electron density deple-
tion appeared at the lower altitude regions on the west
side of — 100°E longitude. The most electron density
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depletion is around 40% compared with the reference
day.

The time series of electron density difference percent-
ages at the fixed longitude of — 100°E on 260 km altitude
(Fig. 4a) and 42°N latitude planes (Fig. 4b) are presented,
respectively. Compared with the electron density on and
before the eclipse day, the electron density depletion,
denoted by the contour curve of 0%, started from the
lower latitude shown in Fig. 4a region around 1700 UT.
In addition, the electron density depletion of 0% contour
curve in Fig. 4b first appeared at the higher altitude and
then extended to the lower altitude after the start time
of eclipse, around 1631 UT. After 1730 UT, the contour
curves of — 20% and — 30% in Fig. 4b show that the

electron density reduction is upward propagation until
1845 UT. The results further show that the electron den-
sity depletion was mainly concentrated on the altitudes
lower than 600 km and reached its maximum depletion
at 140 km altitude at 1825 UT, about 30 min after the
time of eclipse maximum obscuration (1755 UT, denoted
by the vertical white line). The maximum depletion was
around — 39.9%. After 1845 UT, the electron density
continuously returned to the normal level until 2030 UT.
Due to the southward move of solar eclipse obscuration
shown by the red curve in Fig. 4a, the electron density at
lower latitude region returned to its normal level until
2100 UT.
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Figure 5 shows the comparison of electron densities
between the eclipse day and the reference day (a) as well
as their difference percentage (b) at 260 km altitude at the
fixed location of (42°N, — 100°E). Results show that the
maximum electron density depletion on the eclipse day
appeared around 15-30 min after the totality (vertical-
black-dashed line in Fig. 5a) and reached around 40%
compared with the reference day (Fig. 5b). The depletion
rate of electron density at 260 km is around 5.33 x 10'°
ele/m3/hr (= (2.3 x 10-1.5 x 101)/1.5 h). Later, the elec-
tron density returned to the reference day level around
2010 UT (~1330 LT) with an increasing rate of 7.19 x
101 ele/m3/h (= (2.7 x 10-1.5 x 10")/1.67 h), and then
kept its concentration for a few hours (Fig. 5a). These
time delay and the electron density recovery features
are clearly shown in the difference percentage (Fig. 5b).
Noted that the increase of difference percentage after
2010 UT in Fig. 5b is due to the coupled effects of the
decrease of electron density on the reference day and the
preservation of electron density on the eclipse day. After
2010 UT (~1320 LT), because of the descending solar
zenith angle, the photochemical ionization rate becomes
weak and then results in the electron density decrease on
the reference day. However, after the maximum obscura-
tion on the eclipse day, the electron density can be pre-
served a long time by the effects of downward plasma
fluxes from the topside ionosphere, like the downward
plasma diffusion after sunset, and the production of
plasma by the recovery of ionization in the bottom side
ionosphere (Cherniak and Zakharenkova, 2018).

Discussion

Due to the solar radiation disruption by the eclipse, the
photochemical, transport, and thermal processes of the
ionosphere will be changed and lead to the reduction
of electron density. The TEC derived from the highly
dense GNSS networks over North America provides a
good opportunity to investigate the spacial and temporal
variations of the ionospheric responses to the total solar
eclipse event on 21 August 2017. Previous results show
that the maximum TEC depletion during this eclipse
period was around 50-60% compared with the back-
ground level (Coster et al. 2017; Cherniak and Zakharen-
kova, 2018) and the TEC enhancement was up to 20—-30%
after the eclipse (Cherniak and Zakharenkova, 2018).
The reconstruction of 3D electron density by the GNSS
tomography in this study further shows the maximum
depletion of electron density, compared with the refer-
ence day, mainly occurred around the 300 km altitude
(Fig. 3¢, e) and distributed to the higher altitudes with the
maximum depletion of 40% (Figs. 3d, £, 5b). This result is
consistent with other ionospheric observations, such as
the electron density from the Millstone Hill incoherent
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scatter radar (Goncharenko et al. 2018) and the electron
density profile from the COSMIC RO (Uma et al. 2020),
for the same solar eclipse event.

Compared with the reference day, Fig. 4b further shows
that the electron density depletions with the level of
— 20% and — 30% after 1730 UT primarily started from
the lower ionosphere and then extended to the higher
ionosphere. This is because the electron concentrations
in the ionospheric E and F1 region are mainly controlled
by the solar radiation through the photochemical pro-
cesses (Miiller-Wodarg et al. 1998). During the solar
eclipse period, the solar radiation is masked by the moon
shadow, the responses of electron density at the lower
part of ionosphere are relatively immediate, whereas the
higher part of ionosphere is later. Furthermore, after the
eclipse around 1900 UT, the electron density recovery
also started from the lower altitude region (Fig. 4b) and
then extended to the higher altitude region, which caused
by the restoration of solar ionization rate.

Since the GNSS tomography can provide us the 3D
structure of electron density, we further adopt the proce-
dure of Fourier analyses (Kuo et al. 1993; Liu et al. 1998;
2007) deriving the vertical phase and group velocities
of ionospheric responses to the solar eclipse. The time
series of the electron density on the eclipse day, P(z, t), at
the fixed location of (42°N, — 100°E) can be expressed as

N/2
P(z,t) = Ap + Z(Ajcoswjt + Bjsinw;t) (5)

j=1
where N is the number of data points. wj is the angular
frequency of the jth harmonic (= ]2\%), where At is the
data sampling rate, which is 300 s (or 5 min) in this study.
Therefore, the amplitude, C;(2), and the phase, ®;(z), at a

. . R
certain altitude z are defined as 4 /Aj2 + sz and tan~1( Zh
7
respectively. The vertical wave number k; can l{;g obtained
by the differentiating ®;(z) with respect to z, d’z(z). Con-
sequently, the vertical phase velocity is given as

_ Y
Vp = Fj. (6)

Furthermore, the vertical group velocity of a wave
packet centered at the center frequency can be given as

dw

By successively changing the data length from
T =NAttoT = (N — AN)At, where AN is the change
of data points. In this study, AN is set to be 2 and At is
300 s (5 min.). The analysis period is from 1700 to 2255
UT, indicating the N is 72. The small difference of angular
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frequency dw, near the center frequency of the wave
packet is defined as

do = v — w; = 27 -j —27[.]‘ (8)
77 (N = AN)At NAt'

]

The change of vertical wave number dk, is

d%;(z)  doy()

dz dz ®)

dk = k; — kj =

Figure 6 shows the normalized power spectra of
temporal variations in the electron density on the
eclipse day at various altitudes. It is clearly seen that
the center frequency (period) of relatively larger pow-
ers change with altitudes. Results show the period of
72.5 min. (~0.2299 mHz) during 100-300 km altitude,
75.0 min. (~0.2222 mHz) during 320-400 km altitude,
77.5 min. (~0.2151 mHz) during 420-460 km altitude,
72.5 min. (~0.2299 mHz) at 480 km altitude, 67.5 min.
(~0.2469 mHz) during 500-540 km altitude, 65.0 min.
(~0.2564 mHz) at 560 km altitude, and 62.5 min.
(~0.2667 mHz) higher than 580 km altitude. These peri-
ods are similar to the previous results for the same solar
eclipse event by Nayak and Yigit (2018), which reported
the gravity wave-like signature of GPS TEC with spread
wave periods around 20-90 min. during the eclipse by
using the Hilbert—-Huang Transformation (HHT) tech-
nique (Huang et al. 1998). This study further shows that
the primary waves of electron density depletion caused
by the solar eclipse generally has the longer periods
toward the higher altitudes around 460 km and then
become shorter above.

To further see the wave structure of electron density,
the summation of Fourier analyzed amplitudes between
67.5 and 77.5 (72.5+5) min (like a bandpass filter) at dif-
ferent altitude is calculated. Result in Fig. 7 shows a clear
wavy structure of electron density fluctuation between
100 and 450 km altitude. At the beginning of the solar
eclipse ~1700 UT, the downward phase propagation of
ionospheric disturbance appears, and then gradually
turns to the upward phase propagation after 2000 UT. It
reveals the vertical phase change of the electron density
disturbance during the solar eclipse period.

Following Egs. (6), (7), we then calculate the phase
and group velocities of each pronounced wave with its
center frequency (period) at the certain altitude. Fig-
ure 8 summarizes the phase and group velocities at
various altitudes, revealing the vertical phase velocities
of 80-170 m/s upward below the altitude of 180 km,
30-130 m/s downward between the altitude of 200 and
300 km, 10-240 m/s upward between 340 and 440 km,
20-70 m/s downward between 460 and 560 km, and
100-130 m/s above the altitude of 600 km, respectively.
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Moreover, the vertical group velocities below 240 km
altitude are in the downward direction with the velocity
range of 10-50 m/s. Between the altitude of 260-320 km,
the group velocities are in the upward direction with the
velocity range of 5-50 m/s.

According to the linear gravity wave theory (Hol-
ton and Hakim, 2013), one of the important properties
of gravity waves is the opposite directions of the group
and phase velocities in the vertical direction. Here, the
upward (downward) phase velocity lower (higher) than
200 (260) km altitude, together with the downward
(upward) group velocity, suggest the characteristics of
the gravity wave that propagates downward (upward).
The change direction of gravity wave propagation around
220-240 km altitude shown in Fig. 8 indicates the pos-
sible energy/oscillation source of the pronounced waves.
The mechanism responsible to generation of gravity wave
might be the atmospheric cooling/heating during eclipse
period (Liu et al. 1998), which leads to the change of scale
height. The scale height is a parameter commonly used
to describe the vertical variation of the atmosphere. It
is defined as the height when the atmospheric density is
reduced by a factor of 1/e. Therefore, the small value of
scale height means that the atmosphere is more concen-
trated near the surface. At the beginning of eclipse, the
thermal cooling of plasma and neutral gases lead to the
reductions of scale height and then result in the overall
downward diffusion of atmosphere. Since the ionospheric
electron density is produced by the ionization processes
of neutral gases, the decreased height of neutral gases as
well as the decrease of solar radiation will cause the alti-
tude reduction of electron density production. After the
maximum obscuration, the atmospheric scale height and
the electron density are increased by the recovery of solar
radiation and then the electron density diffuses upward
to the higher altitude. As a result, the fluctuating motions
of the atmosphere around 220-240 km altitude act as an
energy/oscillation source of gravity waves and the sig-
nature reflects to the plasma motion in the ionosphere
as what was observed in this study. The feature was also
reported by the previous eclipse studies (Altadill et al.
2001; Liu et al. 1998). During the 360—-420 km altitudes,
the group velocity has the same direction with the phase
velocity, showing that the group velocity might be modi-
fied by the stronger background wind or the wind shear.
This process may lead the wave packet no longer follows
the linear gravity wave theory (Kuo et al. 1992; Huang
etal. 1992).

Conclusion

The reconstructed three-dimensional electron densities
over Northern America were employed to study the ion-
ospheric responses on the August 2017 solar eclipse by
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the GNSS tomography method. We further derived the
TEC observations from GLONASS satellites to reduce
the effect of incomplete observational geometry and
improve the accuracy of electron density reconstruction
in this study. Compared with the two-dimensional TEC

observations, the three-dimensional electron density can
provide us more information to further study the varia-
tions and propagations of eclipse-induced electron den-
sity in the vertical direction. The major findings are as
follows:
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1. The mainly depletion of electron density caused by
the disruption of solar radiation occurred around
260 km altitude. The electron density difference per-
centages further show the depletion started from the
higher ionosphere and then extended to the lower
altitude.

2. The electron density decreased up to 40% compared
with the reference day around 30 min after the maxi-
mum obscuration.

3. The pronounced waves of electron density perturba-
tion with periodicities around 62.5-77.5 min were
detected during the solar eclipse by the Fourier anal-
yses. Furthermore, the pronounced waves generally
have the longer periods toward the higher altitudes
around 460 km and then become shorter periods
above.

4. The change signs of the vertical group velocities
imply the possible energy/oscillation source of the
pronounced waves around 220-240 km altitude.
Results further show that the energy propagates as a
gravity wave following the linear gravity wave theory
below 320 km altitudes.

In conclusion, the three-dimensional electron density
structures by GNSS tomography method together with
the vertical wave propagations by Fourier analysis provide
a powerful tool to study the dynamic processes of electron
density distributions in the ionosphere. The horizontal
wave propagation of electron density perturbations will be
further analyzed and discussed in future works.
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