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A total solar eclipse passed over the continental United States from the west to
the east coast on 21 August 2017. Measurements made by more than 2200 ground-
based GNSS (Global Navigation Satellite System) receivers observed a significant

decrease in ionospheric total electron content (TEC). Meanwhile, radio occultation
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soundings from the LEMUR2-LYNSEY-SYMO satellite record a double-peaked
feature in the scanned TEC profile. A reproduction of the double-peaked feature on
the TEC profile shows that the solar eclipse depresses the electron density and simul-
taneously tilts the ionosphere. This study, in turn, indicates the combination of the
International Reference Ionosphere model and the GNSS TEC is a powerful tool for
observing ionospheric space weather.

1. INTRODUCTION

The influences of a solar eclipse on the ionosphere us-
ing radar sounding have been studied extensively over the
past decades. Evans (1965) use the incoherent backscatter
method to observe the electron density, electron tempera-
ture, and ion temperature vertically during the eclipse of 20
July 1963. Cheng et al. (1992) study the ionospheric effect
of a solar eclipse around the equatorial anomaly crest region
using the ionospheric vertical sounding data, VLF propaga-
tion delay time data, and differential Doppler shift data. Tsai
and Liu (1997) observe the atmospheric gravity waves in-
duced by the solar eclipse using the digisonde virtual height
profiles. Liu et al. (1998) examine the digisonde vertical
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phase and group propagation of gravity waves in the iono-
sphere during a solar eclipse. Besides, ground-based GPS
observation can provide horizontal ionospheric variation in-
duced by the solar eclipse. Liu et al. (1999) utilize GPS ver-
tical total electron content (TEC) measurements to study the
ionospheric variations during a solar eclipse. Tsai and Liu
(1999) demonstrate that the GPS TEC network enables ex-
amining the ionospheric response to the eclipse over a large
area. Liu et al. (2011) present that ionospheric TEC records
bow and stern waves triggered by the moon’s shadow. Lin
et al. (2012) apply assimilation analysis results, which use
ground-based GPS TEC, to reveal the solar eclipse’s influ-
ence on the ionosphere.

A total solar eclipse passed over the continental Unit-
ed States (CONUS) from the west to the east coast on 21
August 2017. The International GNSS Service (IGS) and
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Continuously Operating Reference Station (CORS) provide
measurements from more than 2200 ground-based GNSS
receivers in the United States. These massive TEC observa-
tions serve to monitor ionospheric changes over a broader
area (25 - 55°N, 75 - 125°W). During the eclipse, numerous
dramatic signatures are reported. Coster et al. (2017) ana-
lyze the TEC data and evidence the presence of enhanced
large-scale traveling ionospheric disturbances (TIDs) dur-
ing eclipse passage. Zhang et al. (2017) detect strong sig-
natures of ionospheric bow waves in the central and eastern
United States. Sun et al. (2018) demonstrate that the moon
shadow-induced acoustic shock wave results in the bow
wave trough and crest near the totality path. Reinisch et al.
(2018) use digisonde measurements to observe the iono-
sphere electron density for the 21 August 2017 solar eclipse
at the Idaho National Laboratory. The result shows that
foE and foF1 vanish rapidly during the obscuration period.
Moreover, a growth of plasma irregularities on the bottom
side ionosphere was observed by an ionosonde (Pradipta et
al. 2018), while topside ionospheric disturbances were ob-
served by GNSS radio occultation (RO) observations (Perry
et al. 2019) during the eclipse.

Nowadays, the RO technique is very common to scan
the ionospheric vertical distribution, such as satellite mis-
sion FORMOSAT-3/COSMIC (F3/C) can provide about
2500 globally distributed occultations daily (Schreiner et
al. 2007). With a large amount of RO observations, the
three-dimensional description of the ionospheric density
structure, for example, the Weddell Sea Anomaly (Lin et al.
2009) and monthly variations of the mid-latitude summer
nighttime anomaly (Lin et al. 2010), can be studied. More-
over, Sun et al. (2016) present that the seismic waves can
be impacted on ionospheric electron density (Ne) structures
near the altitude of peak Ne (hmF2) in the vertical direc-
tion by using RO observation. In addition, Liu et al. (2010,
2015) discuss the influences of Abel inversion assumption
as well as different LEO satellite altitudes to the RO elec-
tron density profile in detail. Those previous studies show
that RO observation, in turn, provides an excellent chance
to study the ionosphere in the vertical direction, especially
during the solar eclipse. In this study, a reconstruction is
produced to mimic the solar eclipse tilting of the ionosphere
revealed by the RO observations.

2.RO OBSERVATION

A satellite named LEMUR2-LYNSEY-SYMO
(L2LS), operated by Spire Global, Inc., scans the vertical
ionosphere structure using the RO technique. Figure 1a il-
lustrates the sounding geometry (white lines) and tangent
points (red line) of the LEO satellite scans of the ionosphere
on the map during the solar eclipse period on 21 August
2017. The significant TEC depletion region is within the
60% obscuration region (black dash contour denotes the

obscuration distribution). The orientation (black arrow) of
satellite L2LS is southward during the solar eclipse. The ge-
ometry of RO sounding indicates that the observation con-
tains ionospheric information corresponding to both vertical
and horizontal distribution. The observed RO TEC profile
(Fig. 1b) sounded around the eclipse shadow area shows a
double-peaked feature that is an additional peak (Peak-2)
above the major peak (Peak-1). The sounding paths of Peak-
1 (gray dash line) and Peak-2 (solid gray line) are around
the edge of significant TEC depletion, and the Peak-1 is at
a tangent-point height of 167.11 km and Peak-2 is at that of
249.15 km. The RO TEC used in this study is calibrated by
the TEC of the auxiliary side. Since the ionosphere is not
the spherical symmetry during the solar eclipse, the Abel
inversion might induce huge errors in the electron density
profile. In this study, only RO TEC profiles are implement-
ed to avoid the error of Abel inversion. Moreover, Hgeg et
al. (1998) report that the error value of slant path TEC is ~3
TECu for high TEC value (daytime, solar maximum) and ~1
TECu for median TEC value. In this study, the RO sounding
is under the solar eclipse. The maximum value of slant path
TEC is less than 70 TECu. Therefore, the error of slant path
TEC shall about 1 TECu and might not influence a lot.

The electron density in the lower part of the ionosphere
vanishes rapidly during the obscuration period (e.g., Rein-
isch et al. 2018), resulting in the artificial uplift of hmF2,
tilts the ionospheres, and causes the double-peaked feature
on the RO TEC profile. To see whether the double-peaked
case in RO TEC profiles being common, 10 RO TEC pro-
files over the CONUS around the similar eclipse period be-
tween 16:00 and 20:00 UTC 7 days before and after the solar
eclipse day (DOY 226-240) sounded by F3/C are examined.
Figure 2 illustrates that no obvious additional peak above
the major peak can be found on the 10 TEC profiles on those
reference days, which suggests that during the solar eclipse,
the tilted ionosphere causes the double-peaked feature.

3. METHOD AND EXPERIMENTS

To provide evidence that the double-peak feature of
the RO TEC profile is due to the ionospheric tilting, we re-
produce the RO TEC profile by integrating reconstructed
three-dimensional (3D) electron density distribution com-
puted by International Reference Ionosphere (IRI) 2016
(Bilitza et al. 2017) along the RO sounding paths of L2LS.
When the reproduced RO TEC profile and observation yield
a good agreement, the reconstructed electron density distri-
bution might close to reality. We implement three steps to
reconstruct the TEC profile. First, giving F2-peak heights
(hmF2), we apply IRI-2016 to construct the 3D electron
density with the grid resolution of 1° latitude, 1° longitude,
and 5 km altitude, and calculate vertical IRI TEC maps
with grid resolution of 1° latitude and 1° longitude. On the
other hand, measurements of more than 2200 ground-based



Tonospheric Tilting During August 2017 Total Solar Eclipse 533

Latitude (degree)

-130 -120 -110 -100 -90 -80 -70
Longitude (degree)

500 I .
Observation
== = hmF2:180km
450 m— hmF2:265km ||
400 -
350 -
g 300 _
[}
°
2
< 250 -
200 -
LY
~ -
-
- —
150 -
100 -
50 1 1 L | 1 1 L
0 10 20 30 40 50 60 70 80

TEC (TECu)

Fig. 1. Ionospheric electron density depletion due to the eclipse scanned by the radio occultation technique. (a) Gridded GNSS TEC distribution
at 17:27 UTC by using IGS and CORS observation data together with TGIM (Sun et al. 2017) filling up the dataless of TEC map. The white lines
denote radio occultation (RO) sounding geometry, which is near perpendicular to the tilt TEC gradient. The dash (solid) gray line represents the
sounding ray path of Peak-1 (Peak-2). The red line is the tangent points of RO sounding. The white circle denotes the totality location. The dash
black contour indicates the obscuration and the solid black path displays the totality trace. The black arrow denotes the orientation of LEO satellite
L2LS. (b) The red line represents the observed TEC profile, which has an additional peak (Peak-2) above the major peak (Peak-1). The dash blue
line (solid blue line) shows the reproduced TEC profiles integrated from reconstructed 3D electron density with a synthetic constant 180 km (265
km) hmF2 distribution.
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Fig. 2. Radio occultation TEC (total electron content) profile (red) observed by satellite operated by Spire Global, Inc. during solar eclipse on 21
August 2017 and TEC profiles (blue) over the continental United States during the similar UTC time period between 16:00 and 20:00 UTC 7 days
before and after the solar eclipse (DOY 226-240) observed by FORMOSAT-3/COSMIC and their sounding tangent point locations.



Ionospheric Tilting During August 2017 Total Solar Eclipse 535

GNSS receiving stations from IGS and CORS in the CO-
NUS, are used to develop GNSS TEC maps with grid reso-
lution of 1° latitude and 1° longitude. The TEC value at each
grid is the median of all data within the grid, while grids of
data gaps are filled by the TEC of TGIM (Sun et al. 2017).
Next, to find the horizontal information, we calculate the
ratio of GNSS TEC to IRI TEC for each grid. Over each
grid, the electron density multiplies the associated ratio to
derive the 3D electron density with the GNSS TEC horizon-
tal information. Finally, the RO TEC profile is obtained by
integrating the 3D electron density along the L2LS sound-
ing paths. It is noteworthy that the reconstructed RO TEC
profile contains given vertical and horizontal information.

The first experiment is to investigate the influence of
the hmF2 value on the reproduced RO TEC profile. The
reconstructed electron density is with a synthetic constant
hmF?2 distribution and horizontal GNSS TEC map. Figure 1b
represents the reproduced TEC profiles from the given syn-
thetic constant hmF2 located at 265 km (solid blue curve)
and 180 km (blue dash curve), respectively. The results
show that both the TEC profiles yield a single peak, and the
peak heights are similar to Peak-1 and Peak-2. This suggests
that a horizontal plane stratified ionosphere with a single
hmF?2 can result in one peak on the RO TEC profile. A cross-
comparison of the two profiles shows that the peak height of
the RO TEC profile is a function of hmF2. This experiment
indicates that the moon shadow can tilt the ionosphere and
results in a sudden change of hmF2. To examine the hypoth-
esis of the tilted ionosphere resulting in the double-peaked
RO TEC profile, we conduct the construction of the iono-
sphere with a synthetic hmF?2 tilting (Fig. 3a). The synthetic
tilt gives a sudden hmF2 change from 205 km altitude in
the low obscuration side to 265 km altitude in the high one,
which results in a sudden tilt of the ionosphere between the
sounding ray paths of Peak-1 and Peak-2. The reconstructed
3D electron density with the synthetic tilt hmF2 is exam-
ined by assuming the ground-based TEC to be constant in
the horizontal direction. The assumed constant TEC value is
6 TECu, which is vertically integrated the electron density
from O to 800 km, in both tilt and un-tilt regions. Figure 3¢
displays that the reproduced TEC profile (blue dash curve)
contains Peak-2 appearing above Peak-1. The reproduce
Peak-2 well agree with the observation; however, the repro-
duced Peak-1 is underestimated.

To mimic the ionospheric solar eclipse effect, both the
tilted ionosphere and the horizontal distribution of the ob-
served ground-based GNSS TEC have to be taken into ac-
count. Figure 3b displays the 3D sounding geometry and the
reconstructed ionosphere indicates that sounding paths ob-
serve the edge of tilt. Figure 3c reveals the reproduced TEC
profile (solid blue curve), the peak heights and TEC values
of Peak-1 and Peak-2 have a good agreement with the ob-
servation. Finally, to elucidate the importance of sounding
geometry to the double-peaked TEC profile feature, this

study performs an experiment using a sounding path with
a different direction. All the other criteria are retained. The
original sounding path is near perpendicular to the TEC
gradient. Figure 4 illustrates the geometry of the rotated
sounding path and its reproduced TEC profile. The rotated
sounding path is near parallel to the TEC gradient, resulting
in sounding paths contain both tilt and un-tilt information
in the vertical and horizontal distribution. The reproduced
TEC profile has only one peak if the sounding geometry is
near parallel to the TEC gradient.

4. DISCUSSION AND CONCLUSION

The L2LS satellite recorded a double-peaked feature
during the 21 August 2017 solar eclipse. In this study, we
have performed the reconstruction experiment to find the
cause. The constant hmF2 experiment shows that a solo
electron density depletion due to the solar eclipse cannot
generate the double-peaked feature, while the tilt hmF2 ex-
periment indicates that the tilted ionosphere results in the
double-peaked feature, but the reproduced TEC values are
underestimated. By contrast, the reproduced RO TEC pro-
file agrees well with the observations if both the synthetic
tilted ionosphere and observed GNSS TEC horizontal dis-
tribution are taken into account. In fact, besides the above
two criteria of the tilted ionosphere and horizontal TEC
gradient, the relative position between the RO sounding ray
path and tilt gradient is also essential. If the sounding path
is rotated by about 90 degrees (the other criteria are fixed),
the reproduced RO TEC profile will not find the double-
peaked feature. Thus, these studies provide evidence that
RO sounding is a powerful technique to observe the tran-
sit plasma structures in the ionosphere. In conclusion, the
observation of the RO TEC profile is well reproduced by
the simulation, which confirms that the double-peak feature
requires the ionospheric tilting and the electron density de-
pletion together with a RO sounding particular to the TEC
horizontal gradient. This coincident RO sounding indicates
that the moon shadow from a solar eclipse can significantly
tilt the ionosphere.
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Fig. 3. Reproduction of the RO TEC profile using the synthetic tilt hmF2 during the eclipse. (a) Synthetic tilt hmF2 distribution and radio occultation
sounding geometry. (b) The geometry of RO sounding and tilted ionosphere in three dimensions. The surface represents the hmF2 distribution and
contour displays gridded GNSS TEC distribution at 17:27 UTC. (c) Reproduced TEC profiles integrated from reconstructed electron density with
synthetic tilt hmF?2 distribution and constant horizontal distribution (dash blue line) or gridded GNSS TEC horizontal distribution (solid blue line).
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