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Abstract Celestial phenomena such as solar eclipses disrupt the ionosphere's inherent photochemical,
dynamic, and electrodynamic processes and can be viewed as a natural experiment that provides a unique
opportunity to study ionospheric perturbations. We investigate the spatiotemporal ionospheric response induced
by the 14 October 2023 annular eclipse using ground-based Global Navigation Satellite System (GNSS)
receivers located over the continental region of North and South America. The largest total electron content
(TEC) change (~22 TECU decrease) is observed over the path of the eclipse at around 16°~18°N which lies just
before the greatest eclipse location. However, the percentage change in TEC here is ~44% (of the background
value), which is less than that observed at midlatitudes around 30°-35°N (~18.7 TECU, ~50%). We observed a
latitudinal dependency of TEC variation and time delay in ionospheric response to the eclipse with midlatitudes
experiencing greater TEC changes and longer time delays compared to low-latitude and equatorial regions. The
SAMI3 model used to simulate the impact of the eclipse, captures the large decrease in VTEC along the eclipse
path. Interestingly, increases in the TEC are also observed in several GNSS sites and it varied from 4.5 to 6.5
TECU in the Northern Hemisphere and 7 to 12 TECU in the Southern Hemisphere. The SAMI3 model results
also show an enhancement in TEC but significantly less than that observed. Moreover, the SAMI3 model
simulations for individual GNSS site coordinates within the conjugate regions failed to predict accurately, the
TEC enhancement recorded by the GNSS sites.

1. Introduction

The Earth's space environment has the highest plasma density in the ionosphere (Immel et al., 2006), the ionized
portion of the upper atmosphere that encircles the Earth. The major plasma source in this region (between ~80 to
about 600 km) is a coupled photoionization (Schunk & Nagy, 2009) and dissociative recombination processes
(Strahler, 1963) dominantly via solar radiation flux at EUV (solar extreme ultraviolet) and X-ray wavelengths
(https://www.swpc.noaa.gov/) that excites, dissociates, and ionizes neutral molecules and atoms to generate free
electron-ion pairs. Ionospheric plasma values are quantified by electron density, which is calculated as the
number of electrons in a vertical column per square meter area of cross-section. This quantity is referred to as the
Total Electron Content (TEC) (Klobucher, 1991) defined by TECU (where ITECU = 1 x 10'° electrons/m”). The
TEC is directly linked to the influence of the ionosphere on communication, satellite tracking and navigation
applications (Bagiya et al., 2009).

Electron density can be perturbed by a diverse set of natural phenomena such as earthquakes (Cahyadi &
Heki, 2015; Catherine et al., 2015, 2016), magnetic storms (Gonzalez et al., 1994), volcanic eruptions (Dautermann
etal., 2009; Nakashima et al., 2015) and space shuttle launches (Bowling et al., 2013; Ozeki & Heki, 2010), which
can trigger the TEC disturbances by atmospheric waves that propagate into the thermosphere. Solar eclipses
(Coster et al., 2017; He et al., 2018; Kundu et al., 2018; Vyas & Sunda, 2012) on the other hand do the same by
decreasing the degree of ionisation in the upper ionosphere. Solar eclipses, transiently shield the ionizing solar
irradiance (EUV and soft x-rays) in addition to blocking the visible solar radiation. This occultation of the Sun by
the Moon can extend over thousands of kilometres, decreasing solar energy input, and thereby causing spatio-
temporal changes. The following should be attributed to the general patterns of ionospheric solar eclipse effects:
decrease in electron density, change in the rates of chemical reactions, decrease in the temperature of electrons and
ions, disturbance of the ionosphere—plasmasphere coupling, the appearance of dynamic processes, generation of
travelling ionospheric disturbances (TIDs) and other effects. Across different heights, the ionosphere is influenced
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by photochemical reactions occurring below the F2 layer, and transport mechanisms at the F2 layer and higher
altitudes (Jakowski et al., 2008; Le, Liu, Yue, Wan, et al., 2009). The effects of solar eclipses on the ionosphere have
been comprehensively characterized using several techniques/tools including ground-based ionosonde networks
(Evans, 1965; Jakowski et al., 2008; Salah et al., 1986), incoherent scatter radars (ISRs; Baron & Hunsucker, 1973;
MacPherson et al., 2000; Goncharenko et al., 2018), Doppler Sounding (Chernogor, 2012; Guo et al., 2020) and
complemented by theoretical simulations (e.g., Boitman et al., 1999; Dang et al., 2018; Huba & Drob, 2017; Le
et al., 2008a, 2008b, 2010; Le, Liu, Yue, Wan, & Ning, 2009; Lei et al., 2018; Liu et al., 2000; Miiller-Wodarg
et al., 1998).

Recent developments and continuous worldwide expansion of Global Navigation Satellite Systems (GNSS), which
are often used for crustal deformation studies, have also provided researchers with a readily available data source
and robust technique to study the dynamics of Earth-ionosphere coupling processes (Catherine et al., 2016; He
et al., 2018; Kundu et al., 2018). In fact, in the past decade or so, several studies have focused on the ionospheric
responses to solar eclipses such as spatiotemporal depletion in electron density, using GNSS data sets and TEC
measurements (Afraimovich et al., 1998, 2002; Cherniak & Zakharenkova, 2018; Coster et al., 2017; Ding
et al., 2010; Ding et al., 2010; Tsai & Liu, 1999; Zhang et al., 2017; M. L. Zhang et al., 2021; S. R. Zhang
et al., 2021).

Several other papers have been published examining the ionospheric effects of solar eclipses occurring in the past
decade such as the 20 March 2015 studied by Chernogor (2016a, 2016b), Chukwuma and Adekoya (2016), Hoque
et al. (2016), Stankov et al. (2017), 21 August 2017 studied by Adekoya et al. (2019), Gocharenko et al. (2018),
Kundu et al. (2018), Paulino et al. (2020), 11 August 2018 studied by Chernogor and Mylovanov (2020), Guo
et al. (2020). Detailed analysis of the three solar eclipses of 2019: 5-6 January (Chernogor, Garmash, Guo,
Rozumenko, & Zheng, 2022), 2 July (Jonah et al., 2020) and 26 December (Aa et al., 2020; Barad et al., 2022;
Senapati et al., 2020) are provided in these studies. In 2020, the 21 June (Aa et al., 2021; Chernogor, Garmash,
Guo, Luo, et al., 2022; Sun et al., 2023) and December 14 (Resende et al., 2021) solar eclipses were analyzed by
various methods. The features of the 10 June 2021 solar eclipse are described in Chernogor et al. (2021),
Chernogor and Garmash (2022), Chernogor and Mylovanov (2022), Valdés-Abreu et al. (2022). The dynamic
effects of 25 October 2022 and 14 October 2023 solar eclipses were also observed (Chauhan et al., 2024;
Emelyanov et al., 2024). Despite the extensive research mentioned above, a solar eclipse remains distinctive due
to its occurrence in various seasons, at different times of the day, at variable locations, and under different
synoptic and geomagnetic conditions (Founda et al., 2007; Kumar & Singh, 2012; Singh et al., 2012). This
uniqueness offers another opportunity to compare recent occurrences with past eclipses and review previous
conclusions.

During the 14 October 2023, annular eclipse (magnitude 0.952), the Moon's antumbral shadow traversed along a
13,800-km-long track covering 0.57% of the Earth's surface area that extended from the Pacific Ocean (reaching
onshore at 9:13 UTC over Oregon, then headed southeast through Nevada and Texas of USA and crossed the Gulf
of Mexico and Yucatan Peninsula, leading to Colombia and Brazil in South America) to the Atlantic Ocean (19:48
UTC)—a journey that lasted for more than 3.5 hr (https://earthsky.org/sun/annular-solar-eclipse-october-14-2023/
). During this annular solar eclipse, the apparent size of the Moon's disk was 90% (at maximum occultation) of that
of the Sun's disk giving rise to aring of fire around the Moon (https://www.greatamericaneclipse.com/). The closer
to this annular path (the curvilinear yellow patch in Figure 1a), the more the sun is eclipsed by the moon.

In this paper, we investigate the spatio-temporal TEC variations in the ionosphere induced by the 2023 October 14
Annular Solar eclipse. Several ground-based GNSS sites over the continental parts of North and South America
recorded this event with a significant drop in ionospheric TEC as it impacted the propagation of radio signals. We
analyze the quantitative response of the ionosphere/plasmasphere system inside the extent of the eclipse with
respect to different latitudes and percentages of obscuration as well as its effect in the geomagnetic conjugate
regions. The SAMI3 model is used to simulate the effect of the eclipse event in these regions. We compare the
results of GNSS-derived observations with that of the SAMI3 model. Finally, we discuss some of the probable
causes of the ionospheric perturbations induced by the eclipse.
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Figure 1. Path, geometry and data acquisition overview of a Solar eclipse: (a) Stereographic view of the 14 October 2023 Annular Solar Eclipse. The path of annularity
(highlighted by the light yellow patch) started from the Pacific Ocean and terminated over the Atlantic. The thin yellow lines indicate the fraction (%) of the Sun's
diameter covered by the Moon; (Inset) A real-time image of the eclipse as captured by John Dixon from the location indicated by the white arrow. The approximate
instant of the greatest eclipse is marked by the white star; (b) Overview of total electron content data recorded by GPS satellites and common geometrical differences in
an annular and total solar eclipse is shown with the characteristic images of the sun (halo and ring structure) as viewed from within the umbra and antumbra for a Total
and Annular solar eclipse, respectively; (c) A schematic of how a solar eclipse, in general, affects the VTEC in a region with respect to a non-eclipse day.

2. Materials and Methods
2.1. GNSS Data Sets

The daily Receiver INdependent EXchange (RINEX) format data sets (standard sampling rate of 30s) of the
permanent GNSS sites located in the region of North and South America were obtained from Scripps Institution of
Oceanography's Orbit and Permanent Array Center (SOPAC) (http://sopac-csrc.ucsd.edu/). The daily broadcast
ephemeris file (brdc navigation files) for the Eclipse day (Julian Day, 287) and the reference days (Julian Day,
286, 288 and 289) along with some GNSS RINEX data were downloaded from National Oceanic and Atmo-
spheric Administration, NOAA's National Geodetic Survey server (https://geodesy.noaa.gov/corsdata/rinex).
The differential code bias (DCB) files (P1C1 and P1P2) for the eclipse day and reference days were accessed from
the Center for Orbit Determination in Europe (CODE), Astronomical Institute, University of Bern (http://ftp.aiub.
unibe.ch/CODE/). Numerous (>150) sites were processed along the path of the annular eclipse and across,
extending northwest away from this path in North America and some available GNSS sites on the conjugate
regions of the eclipse were also analyzed.

2.2. Space Weather Data

Disruptive space weather phenomena, such as geomagnetic storms, solar flares and changes in the solar wind
which affect the ionospheric electron density and consequently add to the TEC variations, must be at a minimum
to be able to truly quantify the effects of an eclipse (or any other transient events as such, natural or anthropogenic)
on the ionosphere. We used the Disturbance storm time variation index (Dst) which results from the magnetic
disturbance generated by ring current and the three-hour planetary index, Kp to evaluate the Geomagnetic ac-
tivity, while the solar activity, parameterized in terms of the solar radio flux at 10.7 cm (2,800 MHz) (F10.7 index
reported in solar flux unit) was monitored during the eclipse day and a couple of days on either side of the eclipse
day (i.e., from 12 Oct to 16 Oct). The above data sets are archived at NASA/GSFC's Space Physics Data Facility's
OmniWeb service (https://omniweb.gsfc.nasa.gov/form/dx4.html). Magnetic activity indices describe variations
in the geomagnetic field triggered by sudden irregular current systems. The eclipse day fortunately fell under a
geomagnetically quiet environment as indicated by the following parameters: Kp < 4+, Dst < —30 and
F10.7A < 150 (detailed in Figure S1 and Table S1 in Supporting Information S1).

RAY ET AL.

30f22

85U8017 SUOLIIOD @A R8ID 3[eol|dde Uy Aq peussnob 82 S9N VO '8N JO S3|N1 1o} Aleiq T UIIUO 481 UO (SUOHIPUOD-PUE-SWBIALIOD" A3 IM AReid 1 pUIUO//SdNY) SUORIPUOD Pue Swie 1 8y} 88S *[1202/60/92] Uo A%igiT8uliuo AB|IM ' LYASISEO TVOINONOYLSY IVHONVHS Ad 0TZZE0WY202/620T 0T/10p/w00" A3|1mARiqijputjuo'sgndnfe//sdny Wwoiy pepeojumod ‘6 ‘v202 ‘20766912


http://sopac-csrc.ucsd.edu/
https://geodesy.noaa.gov/corsdata/rinex
http://ftp.aiub.unibe.ch/CODE/
http://ftp.aiub.unibe.ch/CODE/
https://omniweb.gsfc.nasa.gov/form/dx4.html

MID
ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Space Physics 10.1029/2024JA032710

2.3. Data Pertaining to the Eclipse

The data for the spatial coverage of the 14 October 2023, Annular Eclipse is available in. shapefiles and. kml
format and was accessed from NASA's Scientific Studio Visualization website (https://svs.gsfc.nasa.gov/5073).
Additional information regarding the path of the Moon's antumbral shadow (like the location of northern and
southern limits, central line and instant of the Greatest eclipse) was referred from NASA's website (https://eclipse.
gsfc.nasa.gov/SEpath/SEpath2001/SE20230ct14 Apath.html).

2.4. GNSS-TEC Data Processing Strategy

The GPS (Global Positioning System) constellations located ~20,000 km above the Earth's surface, transmit
signals on two frequencies (f; = 1.5 GHz and f, = 1.2 GHz) consisting of two codes P1 (or C/A) and P2. Dual
frequency measurements from GPS sites computed by the differential code and the carrier phases yield essential
information about the ionosphere. The detailed standard procedure for computing the ionospheric TEC has also
been previously discussed (Afraimovich et al., 2001; Calais & Minster, 1995; Carrano & Groves, 2009; Catherine
etal., 2016; Heki & Ping, 2005; Panda & Gedam, 2013; Seemala & Valladares, 2011). Broadcast navigation files,
receiver and satellite differential code biases, differential phase advance and group delay measurements of the f;
and f, frequencies were used to calculate the Slant TEC (STEC). The dispersive behavior of the ionosphere has a
comparable, albeit opposite sign, effect on the code and phase measurements. The TEC is determined at the site
using continuous GPS (cGPS) data based on these characteristics as discussed by Komjathy (1997). The corrected
STEC measurement is the sum of observed STEC, differential delay of the GPS satellite (satellite bias, b,) and the
receiver (receiver bias, bg). Similarly, the STEC are then converted to absolute vertical TEC (VTEC) at the
ionospheric piercing point (IPP) by the formula (Klobuchar, 1996)

[STEC — (by, + by)]
S(E)

VTEC = )

where E is the elevation angle of the satellite (in degrees) and S(E) is the obliquity factor (or the mapping
function) for the zenith angle z at IPP (Fedrizzi et al., 2002; Mannucci et al., 1993). The TEC measured using the
aforementioned procedure of combining pseudo-range and differential carrier phases contributes to increased
accuracy such that absolute TEC cannot be obtained without pseudo-range but it might incur significant noise
level to results and the relative TEC variation is precisely provided by the differential carrier phase since the
original number of cycles of phase is unknown. Since in the present study, we are solely interested in the variation
in TEC during the time of the annular eclipse, the satellite and the receiver biases are of less importance while
computing the same. The software used to calculate the STEC and VTEC values from the raw RINEX data was
developed by Gopi Seemala and can be openly accessed from http://seemala.blogspot.com/. The variations in
TEC are mostly observed in the F2 layer of the ionosphere around the height of maximum ionization (/
(Kundu et al., 2018).

max)

The impact of elevation angles on GPS signals is significant, particularly at lower angles. Signals received from
low elevation angles travel longer paths through the ionosphere, resulting in increased transmission delays and
potential errors in observables like pseudoranges and carrier phases due to multipath and atmospheric effects. At
these angles, the signal path intersects a broader section of the ionosphere, causing the slant TEC to reach values
up to three times greater than at the zenith. Therefore, accurate calculation of the ionospheric TEC is crucial for
minimizing errors in GPS positioning. Typically, a 15° elevation mask is applied in GPS surveying to mitigate
these effects (Panda & Gedam, 2012). Here, during the time frame of our analysis, the elevation angles remained
greater than 20° to ensure continuous and reliable signal reception, thereby reducing multipath, atmospheric, and
attenuation errors.

2.5. SAMI3 Modeling Strategy

SAMI3 is a 3D physics-based model of the ionosphere (based on SAMI2 which is a 2D model) (Huba et al., 2000)
that simulates the plasma and chemical evolution of seven ion species (H+, He+, N2+, N+, 024, O+ and NO+).
The temperature equation is solved for three ion species (H+, He+ and O+) and the electrons. Ion inertia is
included in the ion momentum equation for motion along the geomagnetic field. This is important in modeling the
topside ionosphere and plasmasphere where the plasma becomes collisionless. The neutral composition,
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temperature, and winds can be specified in SAMI3 by the empirical models NRLMSIS2 (Picone et al., 2002) and
HWM14 (Drob et al., 2015). SAMI3 contains 21 chemical reactions and radiative recombination. It uses the
EUVAC model for solar radiation. The high latitude electric field is calculated from the empirical Weimer model
(2,021) for the potential.

The impact of the 14 October 2023 annular solar eclipse on the ionosphere was predicted or simulated using the
SAMI3 model (Huba & Drob, 2017; Huba et al., 2000; Huba & Joyce, 2010). The selected geophysical pa-
rameters used in the model for this study are F10.7A ~ 148, Ap = 6 (where F10.7A is the 81-day running mean of
solar radio flux at a wavelength of 10.7 cm and Ap is the daily average level for geomagnetic activity) on the
Julian day of year 287, corresponding to this eclipse day. SAMI3 uses a non-uniform and non-orthogonal fixed
grid for the magnetic latitude range +/— 88°. The neutral wind dynamo-driven electric field is calculated from the
solution of a 2D potential equation (Huba et al., 2008).

This grid is based on a dipole field defined as [nz, nf, nl] = [304, 124, 360] where nz is the number of cells along a
magnetic field line, nfis the number of magnetic field lines (~0.2° at low latitude to ~1.5° at high latitude), and nl
is the longitudinal grid at 1° resolution. The Richmond apex model (Richmond, 1995) is used to specify the
geometric magnetic field and geographic conversion factors (i.e., IGRF). The Naval Observatory Vector
Astrometry software library (Kaplan et al., 2012), helps to precisely estimate the relative position of the Sun and
the Moon. This allows for the computation of obscuration factors, or the percentage of sunlight obstructed, by the
event at any given time and location.

The mask used in SAMI3 to obscure the EUV solar radiation is calculated as follows (Huba & Drob, 2017). First,
the annular solar eclipse began in the US at time #; = 16:18 UTC (latitude 0; ~ 44°N and longitude ¢; ~ 124°W)
and ended in the Atlantic Ocean at time #; = 19:45 UTC (latitude 0; ~ 6.5°S and longitude ¢; ~ 35.7°W). Across
the continents of North and South America, the average velocity is then estimated as Ve ~ 0.62 km s~'. Second,
the temporal width of the eclipse to go from full sunlight to maximum obscuration was ~94 min. From this, the
radius of obscuration, Ro (~Veto), is estimated to be ~4,000 km. The masked EUV radiation flux is expressed by

1 |r - Re(t)| = RO

M(r,) = _ @
015 4. 750 = R0 r—RO|< Ry

where r is the position of a SAMI3 grid point projected onto the surface of the Earth and Re is the position of the
annular solar eclipse on the Earth which can be determined from the latitude fe,, and the longitude ¢e, of the
annular solar eclipse at time 7. Equation 5 is based on solar occultation observations and the resulting effective
obscuration factors of the 171 A line as shown in Fi gure 2 of Huba & Drob, 2017 with a reduced obscuration from
85% to 75%.

3. Results
3.1. Ground-Based GNSS-Derived TEC Observations

We observed the eclipse-influenced changes in ionospheric electron density (quantified by VTEC) over the
continental region of North and South America from numerous GNSS sites; observations from the representative
ground-based GNSS stations are shown here for presentation purposes. The movement of sub-ionospheric points
of PRNs from all ¢GPS (continuous global positioning system) sites is plotted Figure S2 in Supporting Infor-
mation S1. For the 8 representative cGPS sites (P034, P070, P040, KSU1, MCTY, LEBA, BAYR and ALGO)
extending north-west (white circles in Figure 2a), away the path of the annular eclipse, VTEC time series plot
(Figure 2b) shows a systematic decrease in VTEC with increasing percentage of occultation (denoted by blue
lines in Figure 2a) of the Sun by the Moon. Here, we refer to the VTEC change as the difference between the peak
VTEC prior to the onset of the eclipse and the minimum VTEC value (trough) after the maximum impact of the
eclipse on the ionosphere in that region. The maximum VTEC change is obvious at P034 which is located within
the path of annularity (i.e., within 90% eclipse intensity). The mean VTEC change of 2 selected PRNs from each
site is plotted against the eclipse intensity for the respective region (Figure 2c¢) and the linear fit (red line in
Figure 2c) shows a significant statistical correlation (with r* = 0.91). The gray-shaded region marks the 95%
confidence interval. The primary observable parameters characterizing TEC variations during eclipses include the
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time delay (t) relative to the maximum phase of the eclipse, the amplitude (A) of TEC change, which is typically
characterized by a decrease, and the duration of the perturbation (Afraimovich et al., 2013).

Figure 3 shows the time series VTEC plots during the eclipse day (Julian day 287, in black) with the corre-
sponding reference curves (in red) of 19 representative cGPS sites (P366, P380, FOOT, P080, P034, P120,
MDOL1, P807, KVTX, CN23, ROAO, GUAT, ACHO, CN55, IBEC, ESMR, CONE, POVE and TOPL) located at
(90%) or near (80%—90%) the path of annularity, spread over 10 zones (Zone Z1 to Z10 consisting clusters of
GNSS sites). We first compute the average VTEC of the three days, October 13, 15, and 16, 2,024, with solar
activity comparable to that of the eclipse day, that is, they fall under geomagnetic calm conditions
(140 < F,(7 < 150; Dst < =30 and Kp < 4+; Figure S1 and Table S1 in Supporting Information S1). To combine
the VTEC of these three reference days we take account of the sidereal day shift (Agnew & Larson, 2007) with
respect to the eclipse day. Then we take the mean VTEC of the three reference days for each PRN to generate the
reference curves. We added a constant to these reference curves to match them with the pre-eclipse part of the
eclipse day VTEC curve. The VTEC change is calculated as the difference between the reference and eclipse day
curves where any negative departure from the reference curves is taken as VTEC decrease. A significant depletion
in ionospheric TEC over the path of annularity is evident throughout all zones (Z1 TO Z10), however, the
magnitude of VTEC change is not uniform. The zonal percentage change in TEC with respect to the background
VTEC increased from Z1 (45.5°-41.5°N, 128.5°-118.5°W) and had a peak value of ~50% at Z3 (37°-34°N,
109°-105°W) and Z4 (32°-29°N, 102°-99°W), thereafter it declined toward the equator. We calculated a
maximum of ~22 TECU drop recorded at the GNSS site CN23 from Z6 (18°-16°N, 89°-86°W consisting of
GNSS sites CN23, GUAT and ROAO). This zone also had the highest average VTEC decrease of 20.69 TECU.
However, the percentage of TEC with respect to the background was the lowest (~44%) in this zone among the
ones that are located in the mid-latitudes (15°-45°N, Z1-Z6). Aa et al. (2024) conducted a prior investigation of
the 14 October 2023, eclipse, utilizing GNSS observations, ionosonde measurements, satellite in situ data, and an
innovative TEC-based ionospheric data assimilation system (TIDAS). Their 2D TEC variation results using
GNSS data showed a substantial decrease in TEC of 15-25 TECU (25%-45%) over the continental US and
Central America. Particularly, within the latitudinal range of 10°-40°N, the average TEC depletion was
approximately 13-23 TECU (25%-42%) with the maximum at 13°N. This finding closely aligns with our ob-
servations in a comparable range of latitudes (i.e., §8°—44°N), where we noted a TEC depletion of 13-22 TECU
(~24%-50%) and the peak depletion near ~17°N (CN23). The same study reported a latitudinal dependency such
that over the equatorial and low latitude region (10°N-5°S), the TEC reduction of 8-17 TECU (10%-25%) was
smaller than at higher latitudes. As per our observations, in the equatorial region (10°-10°S), the VTEC decrease
varied from 10 to 14 TECU (15%-25%). For example, the sites in Z7 (9°-~7°N, 81°-79°W) situated closest to the
region of the greatest eclipse (11°22.2'N, 083°06.1'W over Nicaragua), recorded an average VTEC decrease of
13.35 TECU, similar to that in Z1 (13 TECU) which is at a higher latitude, but the percentage change in VTEC
(~23.6%) in Z7, is significantly lower than in Z1.

We observed that the maximum VTEC change, for all regions over the annular path, occurred after a distinct
time delay that is, from the beginning of maximum obscuration till the time of maximum VTEC change over
that region (or zone). Such observations were even more prominent for the GNSS sites at midlatitudes (Z1-726)
located above 15°N. These regions experienced an average time delay of ~25-40 min which is comparable to
the 30-35 min delay observed by Aa et al. (2024) in the mid-latitude region (25°N-45°N). However, in the low
latitudes and equatorial regions, we observed significantly shorter time delays (5-22 min) compared to the
midlatitudes, consistent with Aa et al. (2024) who reported delays ranging from 5 to 20 min between 5°N and

Figure 2. In focus the total electron content (TEC) variation across the path of annularity: (a) Stereographic view of the 2023 October Annular Solar Eclipse (Leah
Tiscione/Sky and Telescope; source: Fred Espenak https://skyandtelescope.org/) over which the curvilinear path of annularity (narrow light gray region) which
indicates 90% obscuration of the sun by the Moon is highlighted. The majority of this trajectory of the antumbra traverses over the continents of North and South
America where the ground-based GNSS stations are located. The yellow circles represent the approximate locations of the 10 clusters (Z1-Z10) of representative GNSS
sites used for the computation of TEC change along the path of annularity (note that 3 clusters fall outside the 90% obscuration due to lack of data over the path in those
regions). The position of the Greatest eclipse is marked by the orange star. The white circles are of particular importance in this figure as they indicate the specific GNSS
sites whose data were used to observe the variation of VTEC (in TECU) at regions that experienced different Eclipse intensity (or the fraction of the Sun's diameter
covered by the Moon, denoted by the blue lines) as we move away from the path of annularity; (b) Plot shows temporal variation of VTEC perturbations at 8
representative sites (names of each in blue at top left) with two selected PRNs (representative) located in different eclipse intensity. The light orange bars indicate the
timing from pre-eclipse to post-eclipse in the regions selected to compute the change in TEC; (c) The change in VTEC calculated by subtracting the mean of the
minimum VTEC values (trough) of 2 PRNs from the mean of pre-eclipse peak VTEC is plotted against the eclipse intensity %.
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5°S. Therefore, it is apparent that a smaller TEC depletion corresponds to a shorter time delay and vice versa.
The reasons for this latitudinal dependency of ionospheric response have been elaborated in the discussion
section. Here, we must acknowledge that due to a lack of data availability over the path of the eclipse, from Z8
to Z10, we selected sites which lie in close proximity (80%—90% obscuration) to the eclipse path to monitor the
spatiotemporal variation of the eclipse till its near end over eastern Brazil. The location of each GNSS site is
shown in Figure 3 and the corresponding average values recorded are presented Table S3 in Supporting
Information S1.

The timings of the eclipse (red lines in Figure 2) over the continental region of North and South America varied as
the Moon's antumbra moved from west to east. Consequently, the VTEC minimum recorded by the onshore
GNSS satellite data migrated with time (as is evident from the time series in Figure 3) along the path. The travel
time (hodochrone) diagram for the TEC depletion during the 14 October 2023 annular eclipse event is shown in
Figure 4. The coordinates of the first GNSS station P366 (~43.5°N, 124°W) are taken as a reference for the
calculation of the distance of individual PRNs of each of the 19 representative GNSS sites (in Z1-Z10 of
Figure 2a). The average hodochrone for the reference days is plotted in Figure 4 (right panel). The timing and
location of maximum VTEC depletion for each PRN are plotted over the hodochrone diagram of the eclipse day
(Figure 4, left panel). The spatiotemporal fluctuation in TEC adequately reflected the average migration velocity
of shadow along the path of the solar eclipse. The slope of the linear fit over this plot, 0.75 km/s is the average
migration velocity of Moon's antumbra along the path of annularity. This migration velocity is similar to the
estimated velocity for the 21 August 2017 total eclipse (0.74 km/s, Kundu et al., 2018) over the United States but
higher than that calculated earlier (0.62 km/s) for the 26 December 2019 annular eclipse (Senapati et al., 2020).
As reported earlier, the 2017 Eclipse triggered bow waves as a consequence of the faster-moving shadow of the
Moon (Eisenbeis et al., 2019). Additionally, we calculated the orbital velocity of the Moon to be 1.09 km/s as the
sum of the estimated average migration velocity of antumbra ~0.75 km/s and Earth's linear velocity at 43.5°N
(~0.34 km/s). In addition to the TEC depletion recorded due to the annular eclipse, we observed an increase in
VTEC values at certain locations both inside and outside the total domain of the eclipse in the Northern and
Southern Hemisphere, respectively. Such results are discussed in the next section in comparison with the SAMI3
model predictions.

3.2. SAMI3 Modeling Results and Comparison With GNSS-Derived Observations

Two SAMI3 model simulations were performed: one for the 14th October eclipse event and another during the
same time frame on a non-eclipse day (13 October). The VTEC change (ATEC) forecasted by this model is
defined as VTEC = TEC (eclipse day)—TEC (non-eclipse day). Figure 5 depicts the spatio-temporal variation of
ionospheric electron content as predicted by the SAMI3 model during the 14 October 2023 annular eclipse from
16:30 UTC to 22:00 UTC. The VTEC change (ATEC) forecasted by this model over the spatial extent of the
eclipse is ~1-20 TECU, with the maximum depletion in VTEC evident around the region of greatest eclipse (Z6
and Z7 in Figures 2 and 3) from Guatemala to Panama and parts of Colombia. Therefore, this model simulated
TEC changes are in agreement with our GNSS-derived time series VTEC results (Figure 3 and Movie S1).

Further, the simulated (SAMI3 model predicted) VTEC time series indicates a maximum decrease of ~30-40%
relative to the non-eclipse day (Figure 6) for the sites CN23 and ACHO located close to the region of greatest
eclipse. This result is in reasonable agreement, both spatially and quantitatively, with the recorded TEC depletion
from Z6 and Z7 (containing the two aforementioned GNSS sites) as has been reported in the previous section.
However, the simulation results are less consistent for sites (POVE and TOPL) that are located away from the
zone of maximum obscuration (90%) or the sites (Figure 6, top panel) located far from the region of greatest
eclipse. Additionally, it is apparent from Figure 6, that the ionosphere recovers faster than predicted by the model.
One possible reason for the observed discrepancy between the model results and data is that empirical models of
the thermosphere are used which may not be representative of the days under study.

Figure 3. Temporal variation of VTEC: total electron content perturbations in the ionosphere were observed in 19 representative onshore GNSS sites located over the
path of annularity (except for sites of Zone 8 to 10 which were selected from 80% to 90% obscurity region due to lack of GNSS sites over the 90% path) covering the
continents of North and South America during the Eclipse day (Julien Day 287, black curves). The reference curves in light red. The light orange bars cover the duration
of maximum obscuration by the eclipse in these regions. The dotted line (magenta) indicates the average time of occurrence of peak depletion in VTEC in that zone.
Note that the maximum depletion in VTEC is apparent at sites of Z6 which lies just before the region of greatest eclipse (see Figure 2a).
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Figure 4. Hodochrone diagram. Ionospheric total electron content depletion during the annular solar eclipse on 14 October
2023 (left panel) and on the reference days (non-eclipse days, right panel). The diamond symbols show the maximum VTEC
depletion for individual satellite PRNs. The black dashed line in the left panel indicates the path of the annular solar eclipse.
Note that the velocity of the electron depletion during the solar eclipse is about 0.75 km/s.

The SAMI3 model also predicted TEC enhancement in geomagnetic conjugate regions (at large spatial domains)
over the eastern coast of Canada and the adjacent Atlantic Ocean in the Northern Hemisphere and parts of
Argentina, Chile and the South Atlantic Ocean in the Southern Hemisphere (Figure 7, top panel, and Movie S2).
To investigate the same, we analyzed the time series VTEC recorded by GNSS sites in those regions for eclipse
(red and blue curves for GNSS sites in the Northern and Southern Hemisphere, respectively) and a non-eclipse
day (gray curve). The non-eclipse day curves are taken as a reference. We add a constant to let this reference curve
match the pre-eclipse part of the eclipse day curve. Here, we define a positive departure from the reference curve
as TEC enhancement and the scaled difference between the two curves at the maxima is termed as an increase in
VTEC. This increase in VTEC is greater in the Southern hemisphere (~7-12 TECU, at sites FALK, CORD AND
PWRO) than in the Northern hemisphere (~4.5-6.5 TECU, at sites UNBJ, FRDN, BARH, HLFX and SHE?2).
Such an increase in ionospheric electron density in the geomagnetic conjugate regions is attributed to an

enhanced, upward E x B drift associated with the eclipse. This is shown in Figure 8 which are contour plots of

the differential electron density and E X B (eclipse—no eclipse simulation density and drift) at longitude 288°
and time 19:35 UT (Figure 8). There is a large relative depletion in the low-to mid-latitude region associated with
the eclipse but there is an enhancement in the electron density between —60° and —15° as a function of altitude.

This is associated with the uplift of the plasma associated with the upward E X B drift velocity shown in the
bottom panel of Figure 8. The separatrix between enhancement and depletion is along the F peak layer. This effect
is described in Swisdak et al. (2006). Several other hypothesized processes that induce TEC perturbations in the
geomagnetic conjugate regions have been summarized in the discussion section.

Since the SAMI3 model does indicate TEC enhancement over a wider region, we wanted to test its robustness to
predict this change in TEC at specific GNSS sites. We performed another additional set of simulations for the
eclipse and the non-eclipse day at specific GNSS sites or coordinates (BARH, HLFX, SHE2 from the Northern
Hemisphere; FALK and PWRO from the Southern Hemisphere) unlike in Figure 7a, where simulations were
performed over a large region. The model-predicted VTEC time series plot shows a slight marginal TEC increase
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Figure 5. SAMI3 model-predicted spatiotemporal total electron content (TEC) change throughout the duration of the 14 October 2023 annular solar eclipse. The color
bar is chosen suitably to highlight the TEC depletion effect observed over the eclipse path from the beginning of the eclipse over Oregon at around ~16:30 UTC till it
ended over Brazil at around ~20:00 UTC. The SAMI3 model prediction reveals a further ~2 hr (till 22:00 UTC) till the ionosphere recovers (Captured from the
Movie S1).
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Figure 6. SAMI3 model predicted and GNSS observed total electron content drop time series over the eclipse path: At some of the representative GNSS sites (name in
black at the top left corner), the VTEC from model simulations for the eclipse day is shown in red and non-eclipse day in black. Our GNSS-derived VTEC time series for
the eclipse day is shown by the green dotted lines.

over two GNSS sites (FALK and PWRO in the southern hemisphere), however, this increment is smaller than
what has been captured by the GNSS data (Figure 9). Moreover, the model predictions deviate significantly from
the observed GNSS-derived VTEC time series at other individual GNSS sites in the northern hemisphere. Overall
the model-predicted TEC increase is not quantitatively consistent with the GNSS-derived VTEC time series plot
for the eclipse and non-eclipse day, as is evidenced by a significant deviation of the respective curves and under-
prediction in some cases (Figure 9).

4. Discussions
4.1. Comparisons With Other Eclipses

Spectral variability of the solar radiation and the density contrast in the atmosphere facilitates the ionosphere of
the Earth to separate into layers, called the D, E, and F-layers. Solar irradiance is the dominant cause of ionisation
in this layer. At an altitude where the diffusion and chemical time constants are equal, F region density reaches a
maximum value (Schunk & Nagy, 2009). The ionosphere, especially the F2 region behaves in a complicated
manner and undergoes multiple phases of TEC fluctuations during solar eclipses because of ionisation, diffusion,
recombination, temperature changes, conduction and transport (Le, Liu, Yue, Wan, et al., 2009). The eclipse path
of the 13 October 2005, annular eclipse (magnitude 0.958) occurred within a similar latitudinal domain
(comparatively from high to low latitudes) as the 14 October 2023 eclipse (0.952). The observed TEC reduction
was significant, reaching ~30% depletion within the shadow region. It was assumed that besides eclipse ge-
ometry, thermospheric winds contributed to the latitude-dependent depletion pattern (Jakowski et al., 2008). This
observation is that TEC change is significantly smaller than the peak depletion (~50%) observed for the 14
October 2023 eclipse. Chen et al. (2019) used a thermosphere-ionosphere model to study the ionospheric re-
sponses of the 21 August 2017 solar eclipse whose path of totality traversed over the mid-latitudes. Their data
assimilative analysis of the ionosphere responses indicated a TEC depletion of (~4 TECU) around 40% with
respect to the background TEC near the region of maximum obscuration. For the same eclipse, He et al. (2018)
reported a slightly higher VTEC drop of 5-6 TECU which was 40%—50% with respect to the background VTEC.
Huba and Drob (2017) using SAMI3 modeling predicted a depletion of electron density ~50% and a VTEC drop
of ~35% for the 21 August 2017 solar eclipse.
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Figure 7. Snapshots of SAMI3 model predicted total electron content (TEC) change from Movie S2 and observed TEC time
series for the Conjugate regions: SAMI3 model prediction (top panel) shows the simulated TEC variation with depletion in
TEC over the spatial extent of the eclipse covering the Pacific Ocean in the west to the Atlantic Ocean in the east, along with a
TEC increase over the northeast coast of Canada and the adjacent Atlantic Ocean in the northern hemisphere and parts of
Argentina and Chile in the Southern Hemisphere. Observations from GNSS sites (bottom panel) from these regions indicate
a greater increase in VTEC over South America/Atlantic Ocean region (gray: non-eclipse day; blue: eclipse day), than that
over Canada/North Atlantic Ocean region (red: eclipse day). The light orange bars delineate a 1.5-hr time span when the
above phenomena took place over the respective regions.

Le et al. (2008a) proposed a correlation between local time and a drop in TEC associated with an eclipse such that
a larger drop is observed when it occurs around noon-time (10:00-15:00 LT) compared to other local times. This
dependency on local time was observed for the 21 June 2020 annular solar eclipse which traversed mostly through
the low latitudes (<30°N) and recorded a larger TEC depletion of 5-7 TECU (~40%-50%) during midday and
afternoon period (Aa et al., 2021). The 2023 October 14 eclipse, for the greater part of it, over the low latitudes
occurred during this noon time and the decrease in VTEC recorded was around 47% (KVTX, Z5). This char-
acteristic aligns with findings from earlier research works (Cherniak & Zakharenkova, 2018; Coster et al., 2017,
Ding et al., 2010; Le et al., 2008b). Increased TEC depletion is typically linked to a greater ionospheric loss
coefficient due to higher neutral density around midday. Additionally, solar flux at specific altitudes varies with
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Figure 8. Contour plots of the differential electron density (top panel) and E x B drift (bottom 655 panel) (eclipse—no
eclipse simulation density and drift) at longitude 288° and time 19:35 UT.

Figure 9. SAMI3 model simulation and observed total electron content (TEC) time series over the conjugate regions: The model simulated VTEC time series (smooth
line) at 5 GNSS sites located in the conjugate regions of TEC enhancement for the eclipse day (in red) and non-eclipse day (in black). The dotted lines are the GNSS-
derived VTEC plot for the eclipse day (in green) and the non-eclipse day (in black).

RAY ET AL. 14 of 22

85U8017 SUOLIIOD @A R8ID 3[eol|dde Uy Aq peussnob 82 S9N VO '8N JO S3|N1 1o} Aleiq T UIIUO 481 UO (SUOHIPUOD-PUE-SWBIALIOD" A3 IM AReid 1 pUIUO//SdNY) SUORIPUOD Pue Swie 1 8y} 88S *[1202/60/92] Uo A%igiT8uliuo AB|IM ' LYASISEO TVOINONOYLSY IVHONVHS Ad 0TZZE0WY202/620T 0T/10p/w00" A3|1mARiqijputjuo'sgndnfe//sdny Wwoiy pepeojumod ‘6 ‘v202 ‘20766912



MID
ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Space Physics 10.1029/2024JA032710

the solar zenith angle, which is greater at noon than in the morning. Therefore, a more significant reduction in
solar flux during a midday eclipse would also result in a greater absolute TEC depletion. Huang et al., 2020
reported TEC reduction of ~5 and ~10 TECU with respect to the reference day at GNSS stations HSKD
(29.71°N) and KMNM (24.46°N) located under the maximum obscuration of 89% and 93% respectively.
Although the background TEC (~14-15 TECu) at both stations was quite similar, the eclipse-induced change was
double at the later station (KMNM). They attributed this difference to the fountain effect. Huang et al. (1999) used
a tomography network for the 24 October 1995 eclipse and observed a TEC enhancement over the low-latitude
ionosphere in the Northern Hemisphere. Enhanced foF2 during the 15 January 2010 solar eclipse over Gadanki
(13.5°N, 79°E) was reportedly due to weakened electrodynamics that resulted in an equatorward shift of the
equatorial ionization anomaly (EIA) crest (Madhav Haridas & Manju, 2012). At high latitudes, ionospheric TEC
depletion is affected by space weather effects (Pitout et al., 2013; Rashid et al., 2006) and strong coupling with the
magnetosphere. For the 20 March 2015, total eclipse, Hoque et al. (2016) reported an initial plasma depletion of
50%, but after the removal of negative bias due to a strong geomagnetic storm, this came down to ~30%. The large
depletion zone was at 55-65°N latitude and the higher percentage of TEC reduction is due to the lower back-
ground TEC levels at high latitudes (Hoque et al., 2016).

The observed ionospheric electron depletion in the 2017 (Kundu et al., 2018) and 2019 eclipses is similar and is of
the order of ~6—8 TECU which is significantly less than our VTEC depletion that ranged from 10 to 22 TECU.
We understand that this large variation in VTEC depletion is due to the larger latitudinal coverage (~44°N to 5°S)
of this annular eclipse. In both events, a time-delayed drop in VTEC has been observed. The 26 December 2019
annular eclipse had a maximum TEC depletion of 30%—40% (Senapati et al., 2020) which is the similar to what we
have observed in the present case. The time delay for the maximum VTEC depletion for this October 2023 annular
eclipse was consistent with a previous study on the same eclipse (Aa et al., 2024; as mentioned in the results
section above). According to several sources, during a total eclipse at mid-latitudes, the decrease in TEC generally
falls within the range of 30%—40%, with a delay ranging from 20 to 40 min (e.g., Jakowski et al., 2001, 2008;
Krankowski et al., 2008). Therefore, it can be concluded that the ionospheric response in terms of TEC for various
eclipses is comparable, provided the geomagnetic activity, satellite geometry and geospatial coverage do not vary
significantly.

A solar eclipse, although a local phenomenon, when viewed from a regional or even global perspective, suggests
that the effects extend beyond the shadow region of the Moon. Global thermospheric circulation may change as a
consequence of thermospheric cooling during the eclipse (Dang et al., 2018). In the case of the 21 August 2017
total solar eclipse, GNSS-derived TEC measurements recorded a marginal increase in TEC of ~1-1.5 TECU,
reported from the conjugate region between the northern tip of Antarctica and southern part of South America (He
et al., 2018; Kundu et al., 2018) which was consistent with the observations of SAMI3 model simulations (Huba
& Drob, 2017). Previously, for the 2019 December 26 annular solar eclipse, the model simulated marginal TEC
increase in the conjugate region (over Japan Islands) was reported to be ~0.2-0.3TECU (Senapati et al., 2020)
which was consistent with the ground-based observations Therefore, it is evident that a Northern Hemisphere
eclipse (2017 Total solar eclipse and 2019 Annular solar eclipse) can produce TEC enhancement in geomagnetic
conjugate regions in both the southern and northern hemispheres. The uniqueness of the 14 October 2023 annular
eclipse lies in the fact that it induced TEC enhancement in both the conjugate hemispheres simultaneously. The 3
October 2005, solar eclipse caused a decrease in electron temperature in the Northern Hemisphere and an increase
in foF2 and TEC in the conjugate region of the Southern Hemisphere. The conjugate hemisphere experiences a
decrease in photoelectron heating and a depression in incoming photoelectrons from the eclipse region. This leads
to a decrease in electron temperature and consequent TEC perturbation in the region (Le, Liu, Yue, Wan, &
Ning, 2009). However, we found that the TEC enhancement in the conjugate regions was significantly higher than
what has been reported by previous studies. It was greater in the southern hemisphere than in the northern
hemisphere.

4.2. Summary of Natural Phenomena During a Non-Eclipse and an Eclipse Day

The E-region dynamo, induced by the interaction between neutral winds (thermospheric winds) and the E-layer,
generates an eastward electric field on the daytime side. These electric fields propagate upward along magnetic
field lines, causing the plasma to E x B drift upward at the magnetic equator, raising the F2 layer peak height; we

note that the E X B drift acts along the magnetic field and lifts plasma to higher altitudes and latitudes (Figure 8)
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Figure 10. A North-South profile section of the low latitude ionosphere gives a schematic overview of the major phenomena

that take place in the region: During (a) In the absence of an eclipse the E x B drift is the dominant phenomenon, which
raises the plasma that settles down (shown by black arrows) resulting in a fountain effect (shown by black dotted lines) over the
subtropical regions on either side of the equator due to differences in density (Ap) and gravitation (g). This gives rise to

Appleton anomaly; (b) an eclipse day along with the ExB drift, the photochemistry is disturbed by the eclipse, the neutral
winds converge and mesoscale ionospheric perturbations are observed both within the eclipse as well as in the conjugate regions
(see discussion).

as shown by vectors perpendicular to B (in orange, Figure 10). The combination of diffusion processes and
electromagnetic drift results in a fountain effect (Figure 10a) due to the Earth's intrinsic dipolar magnetic field at
the ionospheric altitudes (Schunk & Nagy, 2009). Subsequently, the lifted plasma diffuses and gravitationally
settles along magnetic field lines, redistributing over the subtropics (£~15° latitude) on either side of the
magnetic equator (Immel et al., 2006) giving rise to ionisation peaks known as the Appleton anomaly or EIA.
Figure 10b provides a synopsis of how a solar eclipse affects the ionosphere in multiple ways. Generally, at the
start of a solar eclipse, the reduction in EUV radiation causes a decline in photo-chemical and thermodynamic
reactions. This results in a gradual reduction in ionospheric plasma density (Afraimovich et al., 1998). Simul-
taneously, the lunar shadow causes the neutral atmosphere to contract and temperatures to decrease. This alters
neutral components like O/N, (Reinisch et al., 2018; Wu et al., 2018), and neutral winds converge toward the
eclipse center where thermospheric cooling and compositional change take place (e.g., Cnossen et al., 2019;

Miiller-Wodarg et al., 1998; Wang et al., 2019) (Figure 9b). This phenomenon modifies the E x B drift process
(Le et al., 2020). Throughout the eclipse, the downward diffusion of plasma from the plasmasphere mitigates the
decrease in plasma within the ionospheric F2 region. Specifically, at low latitudes, the electrodynamical processes
play a crucial role in the ionospheric response to a solar eclipse (Adeniyi et al., 2007; Cheng et al., 1992; Sridharan
et al., 2002; Tsai & Liu, 1999). The substantial decrease in electrons at lower altitudes can propagate to higher
altitudes via vertical plasma drift. Additionally, the significant reduction in electron concentration at the equa-
torial region diminishes the plasma diffusion flux reaching the EIA region along magnetic field lines, thereby
influencing how the ionosphere in the EIA region responds to the eclipse (Le, Liu, Yue, Wan, & Ning, 2009).

The ionospheric plasma at the mid-latitudes, is not considerably impacted by magnetospheric electric fields and
tends to co-rotate with the Earth. The behavior of ionospheric plasma at midlatitudes is primarily influenced by
photochemical reactions and diffusion mechanisms (Aa et al., 2024; Davies, 1990; Rishbeth & Garriott, 1969) but
can also be impacted by electrodynamic processes as at lower latitudes (Fejer et al., 1999). Moreover, at mid-
latitudes, the dip angle significantly influences how the ionosphere responds during a solar eclipse. A greater dip
results in a larger downward diffusion flux, helping to offset plasma loss and lessen the decline in electron density
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in the F region. Consequently, at middle latitudes, the responses of NmF2 and TEC to a solar eclipse decrease as
latitude increases (Le, Liu, Yue, Wan, & Ning, 2009). Additionally, in the context of a solar eclipse occurring at
mid-latitudes, the swift reduction in electron temperature alters the diffusive equilibrium-scale height, causing
ionizations to descend from the plasmasphere. This downward movement of ionization serves to counterbalance
electron depletion occurring at lower altitudes.

Recent research indicates that the impacts of a solar eclipse on the ionosphere extend beyond local regions,
affecting geographic areas outside the eclipse's umbra and penumbra (Aa et al., 2021; He et al., 2018; Le, Liu,
Yue, & Wan, 2009; Lei et al., 2018; M. L. Zhang et al., 2021, S. R. Zhang et al., 2021), for example, in the
conjugate regions. Researchers have documented that during solar eclipses, cooling of the local plasma induced
by the eclipse may conduct along magnetic field lines to the conjugate hemisphere (Figure 10b), resulting in
synchronous electron temperature changes that affect the thermodynamics and electron density (Ne) in that region
(Huba & Drob, 2017; Le et al., , 2020). However, other studies have suggested photoelectron flux can transfer
from the sunlit ionosphere to the dark eclipse region (Figure 10b), partially compensating for the loss of pho-
toelectrons in that area (Aa et al., 2021; Carlson Jr, 1966; Evans & Gastman, 1970; MacPherson et al., 2000; M. L.
Zhang et al., 2021, S. R. Zhang et al., 2021). Moreover, during a solar eclipse, electric fields are generated in the
ionosphere as a result of changes to the ionospheric dynamo caused by significant alterations in conductivity and/
or neutral wind patterns in the E and F regions. These changes have the potential to propagate into the conjugate
ionosphere, provided there is no short-circuiting of conjugate currents in the E region (Chen et al., 2019; Dang

et al., 2018; Huba & Drob, 2017). Further, examination of the SAMI3 model results has revealed that the E) X E)
drift (Figure 8) velocity was enhanced by up to 5 m/s during the eclipse day (relative to the non-eclipse day) as
described earlier. This provides an enhancement in the electron density in the southern conjugate region in the F
layer because the plasma is lifted to higher altitudes which increases the TEC (Figure 8). This effect is described
in Swisdak et al. (2006). The spatiotemporal ionospheric perturbations associated with this annular solar eclipse
can be a result of the combined effect of changes in electrodynamical processes in the midlatitude, low latitudes

and equatorial regions. While in the geomagnetic conjugate regions, enhanced E x B drift velocity caused
plasma upliftment that led to the TEC perturbations.

4.3. Limitations of the SAMI3 Model

SAMI3 has been used to model several eclipses and study Medium Scale Traveling Ionospheric Disturbances
(MSTIDs). Here, the model does not include eclipse-induced neutral wind modifications. We note that the SAMI3
model predicted TEC variations over a wider domain more or less accurately, however, when its robustness was
tested over individual sites in the conjugate regions (Figure 9), that is at a much higher spatial resolution, the
results deviated significantly from the GNSS-derived time series. This disagreement between the simulated and
observed results for TEC enhancement in the conjugate regions can be associated with certain limitations of the
SAMI3 model at a higher spatial resolution that is, for predictions at particular GNSS sites or locations. Some
improvements on SAMI3 modeling to be addressed in future are the use of appropriate geophysical conditions
(e.g., F10.7, Kp etc), thermosphere response (GITM/TIEGCM/WACCM-X) and creating a more realistic EUV
mask by accounting for variations in spectral bands and geometric components (e.g., altitude, eclipse path). Since
the ionosphere extends significantly in the vertical direction, there are differences between the eclipse paths at sea
level and various altitudes (Verhulst & Stankov, 2020). For instance, in this paper, SAMI3 used an EUV mask at
the ground but Verhulst and Stankov (2020) have pointed out that using a different mask at various altitudes can
affect the timing and location of the EUV shadow.

5. Conclusions
Based on the above discussions we have come to the following major conclusions:

1. The 14 October 2023 annular eclipse led to a maximum depletion in VTEC of ~22 TECU (at CN23) along the
path of the eclipse, which was perfectly captured by the GNSS sites (in Z6) located near the region of the
greatest eclipse. However, with respect to the background VTEC, the depletion of VTEC was maximum
(~50%) at Z3 and Z4 which were at midlatitudes. The TEC depletion and time delay in ionospheric response to
the solar eclipse showed latitudinal dependency. The systematic decrease in VTEC in zones of different
obscuration %, across the path of the eclipse showed a good linear correlation. The observed TEC depletion
was consistent with the SAMI3 model prediction.
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2. Results from the SAMI3 model simulations indicated the presence of magnetically conjugate regions in the
northern and southern hemispheres. The TEC enhancement in the large spatial domain is qualitatively
consistent with the observed results. The under-prediction of TEC enhancement and overall deviation of the
simulated results from the observed data must be a limitation of the SAMI3 model at a higher spatial resolution
(i.e., for the individual GNSS sites in the conjugate regions).

3. We propose that TEC enhancement in geomagnetically conjugate regions of t_l)le Sg}lthern Hemisphere (~7-12
TECU) can be attributed to uplifted plasma as a result of an enhancement in £ X B drift velocity compared to
the non-eclipse day. The cause of asymmetric enhancement in the geomagnetically conjugate region of the
North and Southern hemispheres is beyond the scope of this study and requires further analysis in the future.
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