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16 Key Points:

7 « EEJ was weakened substantially during morning eclipse, contributing to a signif-
18 icant TEC depletion and prolonged recovery period therein

19 + EIA crest exhibited 20-40% enhancement and 3-4° poleward shifting, likely trig-
2 gered by modified neutral wind and electrodynamics patterns

2 + Topside Ne showed considerable altitudinal difference, exhibiting ~30% reduction
2 at 500 km and ~30% enhancements with Te reduction of 300-500 K at 850 km
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Abstract

This paper studies the ionosphere’s response to the annular solar eclipse on 26 Decem-
ber 2019, utilizing the following ground-based and space-borne measurements: Global
Navigation Satellite System (GNSS) total electron content (TEC) data, spectral radi-
ance data from the Sentinel-5P satellite, in situ electron density and/or temperature mea-
surements from DMSP and Swarm satellites, and local magnetometer data. Analysis con-
centrated on ionospheric effects over low-latitude regions with respect to obscuration,
local time, latitude, and altitude. The main results are as follows: (1) a local TEC re-
duction of ~4-6 TECU (30-50%) was identified along the annular eclipse path, with larger
depletion and longer recovery periods in the morning eclipse compared to midday. (2)
The equatorial electrojet current was significantly weakened when the eclipse trajectory
crossed the magnetic equator in the morning (India) sector, which contributed to large
and prolonged TEC depletion therein. (3) At midday, equatorial ionization anomaly ex-
hibited enhancements of 20-40% as well as poleward shifting of 3—4°, likely triggered by
modified neutral wind and electrodynamics patterns. (4) The behavior of equatorial iono-
spheric electron density showed considerable altitudinal differences in the topside, ex-
hibiting ~30% reduction around 500 km and ~30% enhancement with 300-500 K Te
reduction around 850 km, before the arrival of maximum eclipse. This may have been
caused by the enhanced eastward electric field and equatorward neutral wind, and other
possible factors are also discussed.

1 Introduction

A solar eclipse is one of the most stunning celestial phenomena, and has provided
unique opportunities to study many fundamental ionospheric processes due to the tran-
sient obscuration of solar radiation (Rishbeth, 1968). For the past decades, solar eclipse
effects on the ionosphere have been extensively investigated using different instruments
and measurements, such as ionograms recorded by ionosondes (Evans, 1965; J. Liu et
al., 1998; G. Chen et al., 2011, 2013; Reinisch et al., 2018), high-frequency Doppler mea-
surements (Cheng et al., 1992; Jakowski et al., 2008), plasma density and temperature
measurements from incoherent scatter radars (Salah et al., 1986; MacPherson et al., 2000;
Momani et al., 2010; L. P. Goncharenko et al., 2018), total electron content (TEC) ob-
servations from ground-based Global Navigation Satellite Systems (GNSS) (Afraimovich
et al., 1998; Ding et al., 2010; Hoque et al., 2016; Coster et al., 2017; Zhang et al., 2017;
Cherniak & Zakharenkova, 2018), as well as in situ measurements from low-Earth or-
biting satellites (Cherniak & Zakharenkova, 2018; Yau et al., 2018; Hussien et al., 2020).
Moreover, a number of studies have explored the global ionosphere-thermosphere responses
to the solar eclipse using numerical simulations (e.g., Miiller-Wodarg et al., 1998; Le et
al., 2008a, 2008b; Huba & Drob, 2017; Dang et al., 2018; Lei, Dang, et al., 2018; Wu et
al., 2018; Wang et al., 2019; Dang et al., 2020).

The ionospheric response to a solar eclipse manifests in various aspects. These in-
clude (1) A local decrease of ionization during the eclipse: An average reduction of 20—
40% for ionospheric TEC and electron density at bottomside F-layer can be observed
along the eclipse path due to reduced solar extreme ultraviolet (EUV) flux, and the deep-
est depletion usually occurs shortly (several to tens of minutes) after the maximum ob-
scuration (e.g., Afraimovich et al., 1998; Jakowski et al., 2008; Ding et al., 2010; Momani
et al., 2010; Coster et al., 2017; Cherniak & Zakharenkova, 2018). (2) A cooling in plasma
temperature: There can be a 100- to 1000-K cooling in electron temperature due to re-
duced photo-electron heating via solar EUV, and the ion temperature often exhibits ~100 K
decrease due to enhanced thermospheric cooling and smaller heat transfer from electrons
via Coulomb collisions (e.g., MacPherson et al., 2000; Momani et al., 2010; L. P. Gon-
charenko et al., 2018). (3) Complex electron density behavior in the topside ionosphere:
The significant drop of electron and ion temperatures can reduce the equilibrium plasma
scale height, thus enhancing downward ion diffusion (e.g. Evans, 1965; Jakowski et al.,
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2008; Huba & Drob, 2017). This dynamic response is particularly complex because the
competing effects of diffusion, photo-chemistry, neutral wind, and electric field transporta-
tion can make the net electron density above the F2 peak decrease, remain unchanged,

or even slightly increase during the eclipse (e.g., Wu et al., 2018; Wang et al., 2019). (4)
Eclipse-induced gravity waves and bow waves: Sudden atmospheric cooling and heat-

ing associated with eclipse can excite internal gravity waves that propagate upward to
thermosphere heights (e.g., Chimonas, 1970; C. Y. Lin et al., 2018; Nayak & Yigit, 2018;
Dang et al., 2018), and the supersonic movement of lunar shadow can induce atmospheric
bow waves (e.g., J. Y. Liu et al., 2011; Zhang et al., 2017; Sun et al., 2018).

Recently, the Great American Eclipse, which passed through the continental United
States from northwest to southeast on 21 August 2017, offered a rare opportunity to study
the midlatitude ionosphere and thermosphere response in detail with unprecedented dense
observational instruments. Besides the above-mentioned eclipse effects, a number of in-
teresting findings were reported as well, such as large-scale TEC and NmF2 depletion
for more than 50% (e.g., Coster et al., 2017; Cherniak & Zakharenkova, 2018; Reinisch
et al., 2018), travelling ionospheric disturbances and thermospheric wave (e.g., Zhang
et al., 2017; Mrak et al., 2018; Nayak & Yigit, 2018; Harding et al., 2018; Pradipta et
al., 2018; Eisenbeis et al., 2019), enhanced and long-lasting posteclipse response (e.g.,

Lei, Dang, et al., 2018; Wu et al., 2018), topside ionosphere composition change and inter-
hemispheric ion flows (e.g., Yau et al., 2018; Perry et al., 2019), etc.

Although significant progress has been obtained through previous eclipse studies,
our knowledge of the ionospheric response to equatorial eclipse event remains incomplete,
and some important issues need to be further investigated. For example, how does the
equatorial dynamo change due to the impact of a solar eclipse? In particular, the elec-
trodynamics of the ionospheric fountain mechanism could be complicated by solar eclipse
due to conductivity variations, since the magnitude of eclipse-associated TEC depletion
at equatorial latitudes can reach more than 40%, larger than those at mid-latitudes (Huang
et al., 1999; Tsai & Liu, 1999; Dear et al., 2020). Moreover, to what degree is the equa-
torial ionization anomaly (EIA) modified by a solar eclipse? Previous reports indicate
that an eclipse may trigger a strong oscillation in the zonal electric field and neutral wind
circulation pattern, causing a pronounced reduction or even enhancement in the equa-
torial ionization anomaly (EIA) zone (e.g., Tomds et al., 2008; Choudhary et al., 2011;
St. -Maurice et al., 2011; C.-H. Chen et al., 2019; Dang et al., 2020). The dominant mech-
anism for this effect is still under debate. For these reasons, it is of great importance to
further study these eclipse associated characteristics and to understand the role of dif-
ferent mechanisms in generating large-scale changes in the equatorial ionosphere under
eclipse conditions.

On 26 December 2019 between 04:00-07:00 UT, an annular solar eclipse traveled
across the equatorial region over south Asia, providing a good opportunity to investi-
gate the eclipse induced dynamo effect at low latitudes that may modify EIA intensity
and location. In this paper, we present coordinated ground-based and space-borne ob-
servations of this eclipse event by using multi-instrument measurements: ground-based
GNSS TEC data, Sentinel-5P satellite ultraviolet-visible spectral data, in situ measure-
ments from both the Swarm constellation and the Defense Meteorological Satellite Pro-
gram (DMSP) constellation, and local equatorial magnetometer measurements. The rest
of the paper is organized as follows: the data set is described in section 2. Results and
discussion of equatorial eclipse effects and mechanisms are given in section 3 and sec-
tion 4, respectively. The conclusions are presented in section 5.

2 Data Description

GNSS TEC data are produced and provided through the Madrigal distributed data
system developed at the Massachusetts Institute of Technology’s Haystack Observatory
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by using dense networks of worldwide GNSS receivers (Rideout & Coster, 2006; Vier-
inen et al., 2016). For this study, part of the GNSS available measurements were also
accessed from the Crustal Movement Observation Network of China (CMONOC) (e.g.,
Aa, Huang, Liu, et al., 2015; Aa, Huang, Yu, et al., 2015; L. Liu et al., 2020). The grid-
ded TEC maps were constructed by binning all GNSS-derived TEC values into 1° (lat-
itude) x 1° (longitude) cells at 5 min interval. We also used TEC data from Beidou geo-
stationary orbit (GEO) satellites in the Asian sector. Beidou GEO satellites have fixed
ionospheric pierce points and can give more reliable observations of TEC as compared
with non-GEO satellites (Hu et al., 2017; Lei, Huang, et al., 2018). For more details on
the network description and TEC derivation, readers may refer to the above-mentioned
references.

The Sentinel-5 Precursor (S5P) satellite mission for atmospheric monitoring was
launched on 13 October 2017 and is operating in a Sun-synchronous orbit at 824 km with
an inclination of 98° and overpass time of 13:30 local solar time. The sole instrument
on Sentinel-5P is the TROPOspheric Monitoring Instrument (TROPOMI) that measures
the radiance and composition variation of the lower atmosphere. TROPOMI is a nadir-
viewing push-broom imaging spectrometer with 108° field-of-view, covering wavelengths
of ultraviolet-visible (270-495 nm), near-infrared (675-775 nm), and shortwave infrared
(23052385 nm) (Veefkind et al., 2012). This paper uses spectral measurements in the
ultraviolet-visible band to show eclipse-induced radiance variations in the lower atmo-
sphere. These measurements were subsequently used in a qualitative sense to estimate
radiance change in the ionosphere. (No measurements of eclipse-induced EUV variation
were available for this eclipse event.)

Additionally, in situ electron density and up-looking TEC measurements from the
Swarm B satellite at ~500 km, as well as electron density and temperature data from
the DMSP F16 sun-synchronous satellite at ~850 km, are used to analyze ionospheric
response to the solar eclipse. Magnetometer data at the Alibag (18.62°N, 72.87°E) and
Kototabang (0.2°S, 100.32°E) stations were also utilized to study eclipse-induced local
magnetic field variations.

3 Results

Figure 1 shows the temporal variation of F10.7, Kp, interplanetary magnetic field
(IMF) Bz, interplanetary electric field, and Dst indices in December 2019. The gray ar-
eas show the interval of solar eclipse on 26 December. During this period, the solar ac-
tivity maintained at very low level with F10.7 ranging from 67 to 70 sfu and no consid-
erable flares from visible solar disk. The geomagnetic activity reached active levels (Kp=4)
during 18-19 December due to a recurrent coronal hole high speed stream, and remained
at quiet to unsettled levels for the rest of the month. The reference value for evaluat-
ing eclipse-induced TEC variation need to be carefully selected. In order to minimize the
effects of magnetosphere driving forces for strong ionospheric variation, we here use mean
values of 10 quiet-time (Kp<2) days that not too far away from the eclipse day as the
reference: December 16, 22-25, and 27-31.

3.1 Ground-based Observations

Figure 2a shows the regional distribution of GNSS receivers (70°E-140°E, 20°S—
30°N) used in this study with the superimposed annular solar eclipse path as well as the
80%, 60%, and 40% obscuration lines. Figure 2b displays a gridded vertical TEC map
at 05:30 UT on 26 December 2019. The corresponding maximum eclipse location and
different obscuration lines are also shown. Data coverage over the EIA region that around
+15° MLAT, especially over the northern crest, is considered sufficient for this study.

We first consider three equatorial GNSS receivers that are located closest to the annu-
lar eclipse path: 1ISC (12.9°N, 77.6°E, MLAT=6.5°), SGOC (6.9°N, 79.9°E, MLAT=-

This article is protected by copyright. All rights reserved.
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Figure 1. (a—e) The temporal variation of F10.7, Kp, IMF Bz, Interplanetary electric field,
and Dst indices in December 2019. The vertical gray areas indicate the solar eclipse interval at
03-07 UT on 26 December 2019.
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Figure 2. (a) Geographic location of Asian sector GNSS receivers used in this study are
plotted (star) with Beidou GEO TEC receivers being colored by blue. The annular solar eclipse
path (black curve) as well as the 80%, 60%, and 40% obscuration lines (blue curves) are plotted.
The geomagnetic equator and £15° are plotted with a dashed line. Three GNSS receivers (IISC,
SGOC, and NTUS) and two magnetometers at Alibag and Kototabang (magenta triangle) were
located nearby the annular eclipse path as marked. (b) Gridded TEC map with the location

of maximum eclipse obscuration (dot) and different obscuration percentages (black ellipsoids)

at 05:15 UT on 26 December 2019. (c—e) TEC temporal variations during the eclipse day (red)
compared to reference days (black) for IISC, SGOC, and NTUS receivers. The one-o deviations
are marked with yellow error bars. The shaded region shows the duration of the eclipse. The
maximum obscuration percentage was recorded with its time being marked by a vertical dotted
line. (f-h) Differential TEC (solid black) and percentage TEC (dashed blue) variations for IISC,
SGOC, and NTUS calculated with respect to averaged background reference values.

1.5°), and NTUS (1.3°N, 103.7°E, MLAT=-6.9°). Figures 2¢—2e show TEC variations
during the eclipse day (Dec 26) along with reference non-eclipse values (mean values of
ten days as mentioned above) for those three receivers. Figures 2f—2h show the corre-
sponding differential TEC variations in TEC units (TECU = 106 el/m?) and also plot
variation percentage with respect to the averaged value on reference days.

For all three receivers, TEC values showed a clear reduction during the eclipse. Specif-
ically, there was a slight difference in responses between these receivers with somewhat
dependence on the local time of the eclipse. For IISC and SGOC, the eclipse started in
the morning, only shortly after local sunrise around December solstice. At this time, the
ionosphere was still forming due to EUV illumination, and therefore photo-chemical pro-
cesses assumed a more dominant role than transportation processes (Rishbeth et al., 1995).
At the equator, eclipse-induced ionization deficiency was further exacerbated by plasma
loss via the equatorial fountain effect. Taken as a whole, these factors collectively cre-
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ated a considerable TEC depletion: -6.5 TECU (-49.1%) at IISC and -7.9 TECU (-46.9%)
at SGOC. The time delay between the maximum obscuration and largest TEC deple-
tion was almost negligible at IISC and was ~30 min at SGOC. Both stations exhibited
an extended recovery time of ~4-6 hours after local eclipse end. By contrast, at NTUS,
the moon shadow transited the ionosphere around local noon, when the daytime iono-
sphere was well-established and plasma transport process were already dominant over
production process. Thus, when compared with the morning time eclipse, the TEC ob-
served at NTUS showed a smaller depletion peak of -6.4 TECU (-38.2%) with the post-
eclipse recovery time being around 3—4 hours.

However, it is worth noting that normal ionospheric day-to-day variation could be
very significant especially during the eclipse day: all three TEC curves showed lower over-
all level compared with reference values, exhibiting somewhat earlier deviations from back-
ground curve before local eclipse start as well as prolonged post-eclipse recovery. This
could also make contributions to the observed local time differences between stations.
Specifically, the reference days were selected to be under geomagnetically quiet condi-
tions (Kp<2). For the eclipse day, however, Kp reached 2+ in the 00-03 UT, likely trig-
gered by a quick northward turning of IMF Bz associated with negative excursion of in-
terplanetary electric field at the end of 25 December as can be seen in Figure 1c and 1d.
This could cause a temporarily dominant shielding electric field effects that partially pen-
etrated into the low latitude, which presumes occurrence of westward (eastward) zonal
electric field on the dayside (nightside) (Kikuchi et al., 2008). This might lead to the ear-
lier reductions of TEC curves during the eclipse day as mentioned above. In addition,
low-latitude ionosphere can also be strongly affected by stratospheric disturbances, in
particular in December-February season during the times of sudden stratospheric warm-
ing (L. Goncharenko et al., 2020). In the end of December 2019, stratospheric temper-
ature and zonal winds were not disturbed and remained close to their multi-year mean
values, indicating that meteorological driving forcing is not expected to generate strong
ionospheric variations. Moreover, for other midlatitude eclipse events, studies have re-
ported that TEC/NmF2 depletions were usually larger around midday as compared to
morning times (e.g., Le et al., 2008b; Ding et al., 2010; Cherniak & Zakharenkova, 2018).
These trends are opposite to our results for this equatorial eclipse, raising the question
that to what degree this “abnormal” local time effect can be attributed to solar eclipse
influences. Further investigation of this question is provided in the discussion section.

To further reveal the temporal-spatial evolution of eclipse-induced ionospheric vari-
ations, Figure 3 and Figure 4 show the absolute TEC and differential TEC maps (cal-
culated with respect to averaged values for reference days) at different time steps dur-
ing 04-08 UT on eclipse day. The differential TEC results show a long-lasting depletion
over the Indian sector, similar to the sunrise local time effect mentioned above. More-
over, some general characteristics of ionospheric response can be summarized as: (1) The
average TEC reduction along the annular eclipse path was ~4-6 TECU (~30-50%); (2)
Most of the significant TEC depletion occurred interior to the 60% obscuration zone; (3)
The time lag between maximum TEC depletion and maximum eclipse obscuration was
~30-60 min over 100°-120°E.

Another notable response feature was the presence of pronounced TEC enhance-
ments over the northern and southern crests of the midday EIA region between 100°—
130°E. The TEC relative increase appeared before the arrival of maximum obscuration
with a magnitude of 1-2 TECU, but this increase was further amplified during the eclipse,
reaching 4-7 TECU (~20-40%). This early formation and intensification of EIA before
eclipse arrival was also reported by some studies (Huang et al., 1999; Tsai & Liu, 1999;
C.-H. Chen et al., 2019), but its triggering mechanism is still debated. In particular, iono-
spheric day-to-day variability should play a role, and Huang et al. (1999) and Tsai and
Liu (1999) concluded in fact that pre-eclipse increase of TEC was due to the location
difference of the EIA crest between the eclipse and reference days, implying that day-
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to-day variability can dominate eclipse influences. This is plausible even for our event,

as EIA is known to be highly variable on a day-to-day basis (Basu et al., 2009). How-
ever, C.-H. Chen et al. (2019) indicated by contrast that this mechanism itself is not enough,
and that eclipse-induced variations in electrodynamic forcing through electric field changes
might also play a role. Dang et al. (2020) and Jonah et al. (2020) also pointed out that
eclipse-induced neutral wind changes can also enhance the EIA. For current eclipse event,
comparison of DTEC results at 4 UT (Figure 4a), 6 UT (Figure 4e), and 8 UT (Figure 4i)
indicates that an earlier weak TEC enhancement around EIA crest was present but was
effectively amplified during the eclipse. Thus, we conclude it is likely that a combina-

tion of eclipse-induced electric field and neutral wind changes, with some contribution

by day-to-day ionospheric variability, collectively played a role in generating this enhanced
and prolonged EIA crest. Quantifying the relative contribution of these multiple influ-
ences is beyond the scope of this study, but should be addressed in the future using nu-
merical simulation and/or model-data assimilative studies.

To further demonstrate EIA variations during the midday eclipse, Figure 5 shows
a keogram plot of meridional slices of differential TEC and absolute TEC (eclipse and
reference days) as a function of time at three different longitudes. At 95°E longitude,
the EIA northern crest showed a clear enhancement during the eclipse. At 105°F and
115°E, the above-mentioned earlier appearance and ascension of EIA before the eclipse
can be seen especially for the northern crest. However, through comparing absolute TEC
during eclipse day and reference days, it can be seen that this early ascension of EIA crests
had noticeable enhancements of 4-7 TECU that occurred primarily during the eclipse,
followed by a TEC reduction of 4-6 TECU in the equatorial obscuration zone, indicat-
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ing possible contribution from the eclipse. Moreover, the EIA crests had a similar local
time variation for eclipse and reference days, though the crest peak location exhibited

a slight poleward shifting of ~3° on the eclipse day (e.g., comparing Figures 5e and 5h,
5f and 5i). However, it is hard to ascertain to what extent such a modest movement can
be ascribed to eclipse since the day-to-day variation of EIA location could also make a
contribution, and future numerical simulations are needed to further address this issue.

In addition, Figure 6 plots the temporal variation of Beidou GEO TEC at nine re-
ceivers located approximately within the same meridional sector (100°-120°E) affected
by the midday eclipse. In particular, the eclipse-induced TEC bite-out phenomenon can
be clearly seen at equatorial receiver locations (Figures 6f-6i). We also note that near
the EIA crest region (Figure 6¢ and 6d), there are large day-to-day variations: the TEC
on the eclipse day had generally higher values than the two previous days, but was smaller
than or comparable to TEC values on Dec 23 and 27. In addition, the daily TEC peak
on eclipse day occurred after the eclipse maximum. By contrast, for the non-eclipse days,
the daily peak usually occurred at an earlier local time, before values associated with
eclipse maximum time. Taken Figures 5 and 6 as a whole, these results collectively in-
dicate to some extent, that the eclipse provided additional contributions to EIA crest
enhancement besides day-to-day variation. We will further analyze the possible mech-
anisms of eclipse-induced EIA crest enhancement and widening phenomena in the dis-
cussion section.
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Figure 7. (a) A global map showing the annular solar eclipse path with a black dot represent-
ing the location of the greatest eclipse at 05:28 UT on 26 December 2019. Different obscuration
lines and solar terminator are also shown. The spectral photon radiance in the UV-visible wave-
length of 480 nm from S5P satellite between 05:15-05:35 UT is also plotted. (b and c) The
latitudinal variation of the spectral radiance along the west and east limb of spectrometer scan,
respectively. The shaded area represents significant radiance decrease relative to the background

value due to the solar eclipse.

3.2 Space-borne Observations

To provide additional information beyond ground-based measurements, we also stud-
ied space-borne observations to further investigate the eclipse’s moon shadow effect. In
general, local ionospheric response to solar eclipse conditions is directly caused by re-
duced EUV heating and photo-ionization. Since there is no available measurement of eclipse-
induced EUV variation at low-Earth orbit for the December 2019 event, we employed
a proxy based procedure to estimate EUV input. Specifically, we first used UV lower at-
mosphere radiance data as measured by the S5P satellite to obtain a qualitative estima-
tion of the EUV change in the ionosphere. Figure 7a shows spectral photon radiance in
the UV-visible wavelength of 480 nm from the TROPOMI spectrometer on-board the
S5P satellite during 05:15-05:35 UT on eclipse day. The annular eclipse location and as-
sociated obscuration lines at 05:28 UT are also marked. The cross-track swath of the spec-
trometer is 2600 km, which provides a good opportunity to see the eclipse-induced ra-
diance reduction due to the obscuration difference between its west and east limbs. As
can be seen from Figures 7a and 7b, the latitudinal variation of the radiance for the “near-
eclipse” west limb exhibited a significant decrease (~60-80%) when S5P flew over the
central eclipse region. On the other hand, the “far-from-eclipse” east limb only experi-
enced weak obscuration (<20%) and thus exhibited a higher and more stable radiance
level when compared with the west limb, after neglecting impulsive spikes due to cloud
reflection.
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305 Moreover, Figure 8a shows the solar obscuration distribution at 06:15 UT on eclipse
306 day, as well as the corresponding satellite paths of DMSP F16 at ~850 km and Swarm
307 B at ~500 km between 30°S—-30°N. Both satellites were flying in ascending nodes at 15.8—

308 16 LT, and were fortuitous to pass consecutively over the same shadow zone with only

300 3-5° longitudinal difference. The temporal consistency, horizontal collocation, and ver-

310 tical separation of these orbital tracks allow us to investigate the altitude dependence

an of the eclipse-induced ionospheric response.

312 Figures 8b and 8d show the latitudinal variation of the in situ electron density (Ne)

a3 measurements during the eclipse day (Dec 26) and reference days for DMSP F16 and Swarm

314 B, respectively. Figure 8c shows the associated electron temperature (Te) variation as

315 measured by DMSP F16. Although both satellites intersected the 20%-40% shadow zone

316 around 40 min before the local annular eclipse, they exhibit quite different variation pat-

317 terns.

318 DMSP F16 at 850 km encountered an apparent Ne enhancement (~30%) and Te

319 decrease of 300-500 K relative to reference days. This cooling in electron temperature

320 is an expected feature due to reduced EUV heating during the eclipse. Furthermore, Ne

21 and Te in the topside ionosphere are typically negatively correlated with each other dur-

32 ing the daytime in the low and mid latitude region if the external heating source is not

323 large enough (e.g. Zhang & Holt, 2004; Bilitza et al., 2007; Su et al., 2015). Our results

304 for the December eclipse are consistent with this inverse proportional relationship be-

325 tween Ne and Te.

326 In the near topside ionosphere, Swarm B at 500 km encountered a noticeable den-

327 sity reduction by ~30-50% near the equatorial region. There was also a significant ETA

308 widening phenomenon, and both northern and southern crest exhibited a clear poleward

329 shift of 3—4°. Figure 7d shows the latitudinal variation of the up-looking TEC data de-

330 rived from the GPS receiver on-board Swarm B. That data shows there was an average

331 enhancement of 1-2 TECU during the eclipse day, in agreement with the Ne increase

33 measured by DMSP at higher altitudes. In a collective sense, these results, including al-

333 titudinal discrepancy and EIA widening, demonstrate the presence of significant plasma

334 gradients both horizontally and vertically in the topside ionosphere during the eclipse.

335 This feature will be further discussed in the next section.

336 Finally, Figure 9 shows a second pass of DMSP and Swarm satellites over the equa-

337 torial region at ~120°E around 07:45 UT, near the end time of local eclipse. Note that

338 the local ionosphere has already gone through the eclipse even before satellite enter this

339 region and catch up the fast-moving shadow. By comparing the shapes of different elec-

340 tron density profiles in Figure 9b and Figure 9d, it can be seen that the non-eclipse days

3m did not exhibit clear EIA structure, while the eclipse day still maintained a pronounced

342 double-crest structure at both DMSP and Swarm altitudes, which is consistent with the

343 TEC enhancement at EIA crest shown in Figures 3-5. The DMSP still encountered a

344 Ne enhancement and T'e decrease relative to reference days.

345 4 Discussion

346 4.1 Equatorial local time eclipse response and counter-electrojet con-

347 ditions

348 The December 2019 equatorial eclipse had several unique features. First, there was

349 a larger TEC depletion and a longer recovery period in the equatorial morning sector

350 than those of the midday sector during the eclipse. This unique equatorial local time ef-

351 fect is different from that typically seen in midlatitude eclipses. In particular, for a mid-

352 latitude eclipse, associated TEC/NmF2 depletions are typically larger around midday

353 than in the morning, a feature usually attributed to higher background neutral concen-

354 trations and associated increases in ionospheric loss coefficients within the noon sector
7137

This article is protected by copyright. All rights reserved.



a) Solar Eclipse @ 26 Dec 2019, 06:15 UT DMSP and Swarm measurements

,b) Neouse (85Q km) — Eglfiepri%cg

# (10*cm®)
N\R\b [3,]

: NI
E ‘Enter ‘Max

Ec) Tepysp (850.km)

¥ 3000
2800

2600 F
2400t

2.5£d) Neg,igrms (500 km)

‘Enter

# (10°%cm?)

TECU

Latitude -30 -20 -10 0 10 20 30
UTpysp 05:53 05:56  05:59 06:02 06:05 06:08 06:11
UTgyam 06:09 06:12 06:15 06:17 06:20 06:23  06:25

Figure 8. (a) A global map showing the annular solar eclipse path with a black dot represent-
ing the location of the greatest eclipse at 06:15 UT on 26 December 2019. Different obscuration
zones (black line) as well as geomagnetic equator and +15° (yellow dashed lines) are also shown.
The DMSP F16 path during 05:53-06:11 UT and Swarm B path during 06:09-06:25 are also plot-
ted. (b—e) Latitudinal variation of the DMSP Ne, DMSP Te, Swarm Ne, and Swarm up-looking
TEC during eclipse day (red) and reference days (black). The uncertainties of the reference val-
ues are marked with yellow error bars. Vertical lines mark the approximate location where the

satellite enters the eclipse shadow, reaches maximum obscuration, and exits (if available).
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Figure 9. The same as Figure 8, but for eclipse interval at 07:45 UT, DMSP F16 path during
07:34-07:52 UT, and Swarm B path during 07:44-08:00 UT on 26 December 2019.
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(Le et al., 2008b; Ding et al., 2010). However, eclipse impact in the equatorial ionosphere
is much more complicated compared to this scenario.

Several studies have indicated that an eclipse could induce rapid motion of low-pressure

systems and cause significant wind convergence, triggering a local neutral wind dynamo
that flows in a direction opposite to the normal daytime solar quiet (SQ) current sys-
tem, and this feature has been termed a counter-SQ current pattern (Choudhary et al.,
2011; St. -Maurice et al., 2011). Under these conditions, when the low-pressure system
center (maximum obscuration) approaches the magnetic equator, the equatorial electro-
jet (EEJ) will be largely weakened and sometimes even a full-blown counter electrojet
(CEJ) could be developed after the pass of maximum obscuration, a signature that fun-
damentally depends on competition between local and global dynamos (Cheng et al., 1992;
Tomés et al., 2007, 2008; Vyas & Sunda, 2012; Panda et al., 2015). In the December 2019
eclipse event under study, the annular eclipse center crossed the magnetic equator in the
early morning over Indian sector (see Figure 8a). The EEJ strength in the morning sec-
tor is usually very low, which provided a favorable condition for the counter-SQ current
system to generate CEJ through the processes mentioned above. The westward electric
field produced by the CEJ current pattern would cause a downward plasma drift, which
can intensify the eclipse-induced ionization decrease and effectively cut off the EIA sup-
ply. This scenario would generate a pronounced and prolonged local TEC depletion as

is shown in Figures 2—4.

Magnetometer based estimates of the equatorial electrojet further strengthen this
conclusion. A typical method to estimate local magnetic field variations and the strength
of equatorial electrojet is to subtract the horizontal magnetic field perturbations (AH)
measured by a low latitude magnetometer (i.e., Alibag) from those at another magne-
tometer near the magnetic equator (i.e., Tirunelveli) (Rastogi & Klobuchar, 1990). This
can remove global magnetic field fluctuations associated with ring currents. However,
the provisional data at the appropriate equatorial magnetometer of Tirunelveli is cur-
rently not available for the December 2019 eclipse due to long lag times in data updates.
Therefore, we employ another procedure given by Choudhary et al. (2011) and take ad-
vantage of the available and continuously calculated SYM-H index to remove global scale
magnetic contributions from two available magnetometer stations (Alibag and Kotota-
bang) as follows:

AH = (Hops — Hangan) — C x [SymH — SymHa~zam], (1)

where the parameter C' is the linear regression coefficient between the magnetometer lo-
cal perturbations and the SYM-H variations, derived using data for the entire month of
December during the local time period of 2-3 AM. For more details about this approach,
readers may refer to Choudhary et al. (2011) and St. -Maurice et al. (2011).

Figure 10a shows the derived AH variation at Alibag station during the eclipse day
(red line) and the monthly average (black line). In the first two hours on the eclipse day,
the AH fluctuated within the error envelope. However, with the start of the solar eclipse,
it showed an increasing diversion from the background trend and, after the maximum
eclipse, exhibited a statistically significant reduction in intensity. This continued for 6—
8 hours before recovery. These results imply that the daytime eastward current was weak-
ened substantially during and after eclipse passage, and provide compelling evidence for
eclipse-induced inhibition of equatorial electrojet in the Indian sector.

As a comparison, Figure 10b shows the AH variation at Kototabang station which
experienced a midday eclipse. Although the eclipse day curve fluctuated almost entirely
within the error envelope, a clear oscillation pattern was observed relative to the refer-
ence value. In particular, signatures seen include a considerable increase after eclipse start
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Figure 10. Diurnal variation of AH at (a) Alibag and (b) Kototabang stations for the eclipse
day (red line) and the monthly average (black line). The one-o deviations from the average are
marked with yellow error bars. Data for the eclipse day (Dec 26) and magnetic disturbed days
(Dec 18 and 19) were excluded from the statistics of monthly average. The shaded region shows

the duration of the eclipse with the maximum time being marked by a vertical dotted line.
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(corresponding to an enhanced eastward electric field), and a weaker reduction after eclipse
maximum (corresponding to a westward electric field perturbation). This response will
be further discussed in the next subsection.

We also note that both Alibag and Kototabang are not located in the magnetic equa-

tor, so the actual equatorial electrojet perturbations could be underestimated by this method.

Nevertheless, by using Alibag and Kototabang data, our method provides strong qual-
itative evidence implying the presence of CEJ during the morning eclipse and the ap-
pearance of enhanced eastward electric field during the midday eclipse. Furthermore, this
assertion is consistent with the observed “abnormal” local time effect previously discussed.
In the future, further analysis can compute a quantitative specification of the electro-

jet perturbation magnitude, once real equatorial magnetometer data (i.e., Tirunelveli)

for this event is available.

4.2 EIA crest enhancement and poleward shifting

We have identified a noticeable midday feature of EIA crest enhancement and pole-
ward shifting in both hemispheres. This phenomenon could be collectively explained by
one or more mechanistic reasons elucidated as follows.

(1) Eclipse-induced equatorward thermospheric winds: Thermospheric cooling and
composition change due to decreased solar heating within the moon shadow area can gen-
erate thermospheric winds toward the eclipse region (Miiller-Wodarg et al., 1998; Cnossen
et al., 2019; Dang et al., 2018; Wang et al., 2019). For the studied equatorial eclipse event,
the meridional wind component in the EIA crests is equatorward for both hemispheres,
and this would raise plasma along the field lines to a higher altitude with fewer ion-neutral
collisions and a correspondingly slower recombination rate (Anderson, 1976). This fac-
tor would enhance the local electron density. Such a mechanism has been verified by nu-
merical simulations (Le et al., 2008b; Dang et al., 2020) and is consistent with observed
EIA crest density increases, but we note that these equatorward disturbance wind ef-
fects would not easily explain EIA poleward shifting.

(2) Enhancement of the eastward electric field during the eclipse around the mag-
netic equator: Numerous previous studies have shown that near local sunset, the elec-
tric fields in the ionospheric E and F regions around the magnetic equator often show
a strong eastward enhancement and upward plasma drift before the daytime field reverses
to westward, due to the complex and time-dependent dynamics of conductivity varia-
tions near the terminator along magnetic field lines. This signature is well studied and
is known as the prereversal enhancement (PRE) (Farley et al., 1986; Eccles, 1998; Ec-
cles et al., 2015). In this sense, a solar eclipse is analogous to a very rapid local sunset,
and its effect could trigger a quick decay of the conductivity in the lower E region due
to the inhibition of ionization and the rapid recombination rate there (Rishbeth, 1968).
Such a rapid change would cause the F region dynamo to respond and generate a strong
downward polarization electric field. Combined with the curl-free requirement for the
electric field, this would produce a corresponding zonal electric field as an edge effect and
would drive an enhanced PRE-like vertical drift (Rishbeth, 1971a, 1971b; Eccles, 1998).
Both our results in Figure 10b, along with previous observations and numerical simu-
lations, have verified that solar eclipses can generate a considerable enhancement of the
equatorial eastward electric field and upward plasma drift, especially in the heading (east-
ern) region of obscuration (Tsai & Liu, 1999; C.-H. Chen et al., 2019; L. P. Goncharenko
et al., 2018; Dear et al., 2020). Under these conditions, the enhanced electric field and
upward plasma drift would amplify the equatorial fountain effect and more rapidly evac-
uate the lower part of the F region (Tomds et al., 2007). This would increase the mag-
nitude of EIA crest and also cause a poleward shift in its peak locations, similar to our
direct observations.
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For the current case, the F-region Ne profile measured by Swarm exhibited some-
what different behavior between two consecutive passes (comparing Figure 8d and Fig-
ure 9d) over the eclipse region. This might be due to the different dominant processes
between electrodynamics and neutral winds. In particular, some studies reported that
the maximum neutral wind/temperature responses lag behind totality for more than 30 min
(e.g., Cnossen et al., 2019; Dang et al., 2018). For the first pass, the satellite flew over
the eclipse leading (waxing) region (Figure 8a), and the neutral wind response lagged
as mentioned above. Thus, the dominant eastward electric field perturbation and equa-
torial fountain effect caused a large Ne evacuation near the equator as well as consid-
erable poleward shifting of EIA crests as shown in Figure 8d. For the second pass, the
satellites flew over eclipse tailing (wading) region, the direction of electric field pertur-
bation is expected to reverse, while the modified equatorward neutral wind pattern should
reach its maximum and play a dominant role in raising plasma along field line to a higher
altitude, thus leading to an overall larger Ne magnitude with enhanced EIA crests as
shown in Figure 9d.

(3) Field-aligned plasma diffusion above the F2 peak: As mentioned previously, eclipse-
induced ionosphere contraction at low latitudes will cause a reduction of plasma equi-
librium scale height, leading to field-aligned plasma diffusion from the equatorial region
to the EIA crest (Rishbeth, 1968; Ding et al., 2010). Additionally, previous studies have
pointed out that the F2 layer around the EIA crest region is predominantly controlled
by the fountain effect from the equator, rather than only by local solar eclipse effects (Cheng
et al., 1992; Ding et al., 2010). This eclipse-induced field-aligned diffusion mechanism
at low latitudes, combined with the enhanced upward fountain over the equator, would
in aggregate enlarge the EIA crests through the processes mentioned above.

4.3 Altitude dependence of equatorial ionosphere eclipse response

Finally, the behavior of ionospheric Ne before the maximum eclipse exhibited a no-
ticeable altitude difference over the equatorial region, with a considerable depletion around
500 km but an enhancement around 850 km with respect to reference days. This phe-
nomenon could be explained by the following three reasons.

(1) The dip angle (latitude) effect of ionospheric response to solar eclipse (Le et
al., 2009; G. Chen et al., 2011): The field-aligned diffusion process in general tends to
compensate for eclipse-induced local depletion and to smooth out altitudinal difference
at various layers, causing similar Ne reduction or enhancement at all heights in the F
region and topside ionosphere (Rishbeth, 1968). However, this diffusion process has less
downward component around the low and equatorial region than mid-latitudes, when
considering the smaller magnetic inclination (dip angle) value near the equator (Le et
al., 2008b; Ding et al., 2010). This factor implies that a transient eclipse-generated al-
titudinal gradient in the equatorial region cannot be effectively smoothed, especially dur-
ing the darkening phase of the solar eclipse, and the resulting ionospheric state would
likely to retain altitude-dependent electron density features.

(2) Enhanced eastward electric field and equatorward neutral wind during eclipse:
As mentioned above, the enhanced eastward electric field over the equator can amplify
the equatorial fountain effect, which evacuated F-region and pushed plasma upward to
the topside ionosphere, generating plasma reduction near F2 peak and enhancements in
the topside ionosphere (Lei et al., 2014, 2015). Moreover, the enhanced equatorward neu-
tral wind also tends to push the low and mid- latitudes plasma near F2 region upward
and equatorward, also contributing to the enhancement of the topside Ne and TEC around
800 km (C. H. Lin et al., 2005; Lei et al., 2016). On the other hand, the variation of in-
tegrated GNSS TEC in the eclipse region is more affected by the dominant response of
F-layer and bottomside ionosphere, which showed a decrease mainly due to the reduced
photo-ionization process.
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(3) Negative correlation between Ne and T'e at equatorial and low latitude iono-
sphere in the topside. The PRE-related vertical drift over the equatorial region and as-
sociated field-aligned diffusion toward EIA crest is strongly height dependent, which de-
cays with altitude and becomes very weak at around 800-900 km (Pingree & Fejer, 1987;
Eccles et al., 1999, 2015). Therefore, at DMSP altitude of 850 km, this inefficient ver-
tical heat conduction helped in creating a quasi-steady state of thermal equilibrium, which
is favorable in generating negatively correlated Te and Ne behavior as observed by many
studies (e.g. Schunk & Nagy, 1978; Zhang & Holt, 2004; Zhang et al., 2004; Su et al.,
2015). Therefore, during this equatorial eclipse event, a scenario at 850 km could emerge
in which a initial T’e decrease due to the inhibition of EUV heating, and a Ne enhance-
ment created by wind and electric field, interact with each other and cause further Te
reduction and Ne enhancement on the basis of above-mentioned anti-correlated mech-
anism. The quantitative strength of this feedback loop is unknown at the present, and
more work in the future is needed to advance understanding on this potential altitude-
dependent effect.

5 Conclusions

This paper studies the ionospheric response to an annular solar eclipse event on 26
December 2019 that traveled through equatorial latitudes in Asian longitude sectors. Us-
ing ground-based GNSS TEC and magnetometer data, as well as space-borne observa-
tions from Sentinel-5P, DMSP, and Swarm satellites, we have investigated ionospheric
variations and associated electrodynamics with respect to obscuration, local time, lat-
itude, and altitude at equatorial and EIA regions. The main results of this paper are sum-
marized as follows:

1. There was a local UV spectral radiance reduction by ~60-80% and a TEC de-
pletion of ~4-6 TECU (30-50%) along the annular eclipse path. Most depletion occurred
within a 60% obscuration zone. The observed TEC decrease had a time lag after max-
imum eclipse obscuration ranging from several minutes to several dozens of minutes.

2. Contrary to a midlatitude eclipse scenario, this equatorial eclipse exhibited an
“abnormal” local time effect along the eclipse path. Ionospheric TEC had a more pro-
nounced depletion up to —6-8 TECU (~50%) and longer recovery periods (~4-6hr) in
the morning than those in the midday, which are —4-6 TECU (30-40%) and ~3 hour,
respectively. The quantitative difference between photo-chemical and transport processes
in the morning and midday sectors, as well as the ionospheric day-to-day variability in-
cluding the unsettled geomagnetic condition at the beginning of the eclipse day, could
possibly play a role. However, the eclipse-induced inhibition of the equatorial electro-
jet in the morning sector is likely to have made a considerable contribution.

3. A considerable EIA crest enhancement and poleward shifting occurred during
the midday eclipse. Both northern and southern EIA crests exhibited 4-7 TECU (~20-
40%) enhancements and a 3-4° poleward shift. Besides normal influences from day-to-
day variability, this phenomenon could be collectively generated by a combination of eclipse-
induced equatorward thermospheric wind, enhanced eastward electric field, and enhanced
field-aligned plasma diffusion above the F2 peak.

4. Before the arrival time of maximum eclipse obscuration, the equatorial ionospheric
Ne exhibited a different vertical distribution pattern with ~30% depletion around 500 km
and ~30% enhancement around 850 km. Electron temperature at 850 km showed a de-
crease of 300-500 K. Besides the latitudinal dependence of the field-aligned diffusion, this
contrary Ne response is likely caused by the enhanced eastward electric field and equa-
torward neutral wind, combined with a fundamental anti-correlated relationship between
Ne and Te in the topside ionosphere.
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a) Solar Eclipse @ 26 Dec 2019, 06:15 UT
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