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In this work, we evaluate the SUPIM-INPE model prediction of the 14 December
2020, total solar eclipse over the South American continent. We compare the
predictions with data from multiple instruments for monitoring the ionosphere
and with different obscuration percentages (i.e., Jicamarca, 12.0°S, 76.8°W, 17%;
Tucuman 26.9°S, 65.4° W, 49%; Chillan 36.6°S, 72.0°W; and Bahia Blanca, 38.7°S,
62.3°W, reach 95% obscuration) due to the eclipse. The analysis is done under
total eclipse conditions and non-total eclipse conditions. Results obtained
suggest that the model was able to reproduce with high accuracy both the
daily variation and the eclipse impacts of E and F1 layers in the majority of the
stations evaluated (except in Jicamarca station). The comparison at the F2 layer
indicates small differences (<7.8%) between the predictions and observations at
all stations during the eclipse periods. Additionally, statistical metrics reinforce
the conclusion of a good performance of the model. Predicted and calibrated
Total Electron Content (TEC, using 3 different techniques) are also compared.
Results show that, although none of the selected TEC calibration methods have
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a good agreement with the SUPIM-INPE prediction, they exhibit similar trends in
most of the cases. We also analyze data from the Jicamarca Incoherent Scatter
Radar (ISR), and Swarm-A and GOLD missions. The electron temperature
changes observed in ISR and Swarm-A are underestimated by the
prediction. Also, important changes in the O/N2 ratio due to the eclipse,
have been observed with GOLD mission data. Thus, future versions of the
SUPIM-INPE model for eclipse conditions should consider effects on
thermospheric winds and changes in composition, specifically in the
O/N2 ratio.

KEYWORDS

ionospheric response, ionospheric modeling and prediction, eclipse condition, total
solar eclipse, south American sector

1 Introduction

Among the multiple phenomena that impact and modify the
ionosphere state, solar eclipses have been extensively studied
thanks to the high predictive accuracy of the solar irradiation
reduction and its posterior increase generated by the Moon
blockage (Beynon, 1955; Rishbeth, 1968; Jose et al., 2020).
Early studies prior to the discovery of the ionosphere already
suggested that the origin of the ionization of the upper
atmospheric layers is solar radiation (Rishbeth, 1968). Indeed,
solar EUV and X-ray emissions are some of the main sources of
ionospheric plasma. In addition, variations of solar irradiance, in
their multiple scales (i.e., daily, seasonal, and solar periods) and
in particular space weather events (e.g., solar flares), directly
impact the ionospheric formation and dynamics. Therefore, the
irradiation reduction generated by the solar obscuration greatly
impacts the ionization of the different layers of the ionosphere
(e.g., Beynon, 1955; Rishbeth, 1968; Goncharenko et al., 2018).
For this reason, eclipses have long been considered large-scale
ionospheric experiments and their effects have been measured
using multiple instruments, providing extremely relevant
information on the characteristics of the different layers of the
ionosphere (for a detailed review of the historical usage of
eclipses to study the ionosphere see Appendix A of Bravo
et al., 2020).

Nevertheless, the Sun is a non-uniform source of ionization
and the ionosphere does not behave as a perfect irradiation
detector (Rishbeth, 1968). Hence, the different layers of the
ionosphere suffer different effects during the eclipse
obscuration. The lower ionosphere (E and F1 layers) presents
large density depletions due to the predominance of
recombination among photoionization processes at these
altitudes. Moreover, during the eclipse totality, coronal
emissions are not completely blocked by the Moon, providing
approximately 2% of the total solar photoionization rate which
generates ionization at altitudes below 200 km, mainly impacting
the production of the F1 layer (Reinisch et al., 2018). On the other
hand, a large diversity of eclipse impacts have been reported at
higher altitudes (i.e., F2 layer). At these altitudes, diffusion and
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transport plasma processes generally dominate the ionospheric
behavior, making the ionospheric response to the eclipse highly
dependent on different latitudinal effects (Le et al, 2009). In
particular, multiple studies have demonstrated that the
ionospheric response to eclipses at equatorial and low
latitudes is dominated by the fountain effect and the
Equatorial Ionization Anomaly (EIA; e.g., Martinez-Ledesma
et al., 2020; Bravo et al., 2020; Jonah et al., 2020; Jose et al,,
2020; Adekoya & Chukwuma, 2016; Cheng et al., 1992; Le et al,,
2009). Furthermore, the multiple coupling processes that interact
in the magnetosphere-ionosphere-thermosphere system and the
internal ionospheric processes provide large variability to the
ionospheric state (Sarris, 2019). These different interactions and
processes interplay between them during an eclipse and generate
a large diversity of possible response scenarios, being particularly
challenging to accurately determine the ionospheric impacts of
eclipses at equatorial and low latitudes. Then, not only multiple
instrumental measurements are required to study and identify
the different eclipse impacts on the ionosphere, but also
ionospheric models with an accurate representation of the
different processes occurring at these latitudes are needed.
More significantly, the direct comparison of simulations and
measurements of the ionospheric response to eclipses can be used
as a testbed of the ionospheric model reproducibility, helping
quantify the accuracy of the simulation results and also our state
of knowledge in the physics of the different ionospheric processes
observed.

In this study, the ionospheric response to the 14 December
2020, solar eclipse measured over South America is compared to
the SUPIM-INPE model prediction made by Martinez-Ledesma
et al. (2020). Here, we evaluate the response along the South-
American continent, covering a wide range of geomagnetic
latitudes, from the Equator (e.g. Jicamarca) to mid-latitude
sectors (e.g., Bahfa Blanca). Measurements of multiple
ground-based instruments along the continent (i.e., ionosonde
stations, an Incoherent Scatter Radar, and GNSS receiver
networks) and satellites (i.e., Swarm-A) are used to evaluate
the accuracy of simulation results, providing a testbed scenario to
determine the accuracy of the ionospheric prediction model
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under total eclipse conditions. In addition, the results of this
evaluation are compared to the ionospheric response to the 2 July
2019, solar eclipse that occurred in the same geographical area
(Bravo et al., 2020; Jonah et al., 2020; Maurya et al., 2020) and
previous studies that evaluated the ionospheric response to the
14 December 2020, solar eclipse (e.g., Gémez, 2021; Meza et al.,
2021; Shrivastava et al., 2021; de Haro Barb4s et al., 2022; Resende
et al, 2022).

2 Materials and methods
2.1 lonospheric model

The prediction of the ionospheric impact of the 14 December
2020, eclipse done by Martinez-Ledesma et al. (2020) was
determined using the Sheffield University Plasmasphere
Ionosphere Model (Bailey & Sellek, 1990; Bailey et al., 1993)
adapted at the Instituto Nacional de Pesquisas Espaciais, under
the name SUPIM-INPE (Souza et al., 2010, 2013; Santos et al.,
2016). In SUPIM, time-dependent equations of continuity,
momentum, and energy balance that describe the chemical
and physical processes of the Earth’s mid-and low-latitude
ionosphere and plasmasphere, are solved along closed dipole
magnetic field lines from altitudes of 90km in conjugate
hemispheres to give values for the densities, field-aligned
velocities, and temperatures of the O+, H+, He+, N2+, O2+,
NO+, N+ ions, and electrons.

The principal chemical and physical processes considered
within the model include ion production due to solar EUV
radiation, ion production and loss due to chemical reactions
between the constituent jons and with the neutral gasses,
ambipolar and thermal diffusion, ion-ion and ion-neutral
collisions, thermospheric winds, electrodynamic drift, thermal
conduction, photoelectron heating, frictional heating, and a host
of local heating and cooling mechanisms (Bailey et al., 1997).

SUPIM-INPE uses coordinates of the
International Field (IGRF 13th
Generation); the neutral densities from the NRLMSISE-00
model (Picone et al, 2002); the neutral wind from
HWM93 model (Hedin et al., 1996); the E x B vertical drift
from Jicamarca Incoherent Scatter Radar measurements, or from
the model of Fejer et al. (2008) in the absence of these; and the
EUV irradiances from the model of Richards et al. (2010) based
on the Solar EUV Experiment (SEE) measurements (Woods

geomagnetic

Geomagnetic Reference

et al., 2005) for wavelengths greater than 27 nm and from the
HEUVAC model (Richards et al., 2006) for wavelengths smaller
than 27 nm.

In the case of the eclipse prediction of Martinez-Ledesma
et al. (2020), SUPIM-INPE was modified to model the solar
obscuration effect on the ionosphere, in low and middle magnetic
latitudes. To do so, the solar input radiation (Iz) of the model
during the eclipse for a given wavelength (A) was assumed as
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Ig = Ing + I (1 - 0.7 x ObsMask) + T2 *** (1 - ObsMask)
)

A<30.4 A= 30.4

where Iy is the nighttime radiation, Irg and Iy, are the
ionizing radiations for A < 30.4 nm (coronal range) and A >
30.4 nm (chromospherical range), respectively, and ObscMask is
the normalized value of the obscuration mask. In this study, the
authors assumed that during the eclipse totality, a 30% of the
coronal radiation remains, similarly as in previous studies
(Reinisch et al., 2018; Bravo et al., 2020).

Although a C4-class solar flare was detected on the day of
the eclipse, no significant ionospheric impact was observed
during this day, as indicated in previous studies of this event
(Goémez, 2021; de Haro Barbas et al., 2022). Therefore, in this
study, we consider that no significant contribution modified
the overall ionospheric response to the eclipse, allowing a
direct comparison to the model prediction results. In addition,
the geomagnetic conditions during the day of the eclipse are
quiet, presenting a daily index Ap = 3, with a maximum Kp
index of 2°.

2.2 Measurement instruments

Regarding the data used for the model validation, the
following ionospheric stations were analyzed: Jicamarca (12.0°
S, 76.8° W), Tucumdn (26.9° S, 65.4° W), Chillan (36.6° S, 72.0° W)
and Bahia Blanca (38.7° S, 62.3° W). Figure 1 shows the
geographical location of these stations. Jicamarca and
Tucumdn stations barely reached 17% and 49% obscuration
percentages at 300 km height during the eclipse, respectively.
Alternatively, both Chillan and Bahfa Blanca stations reached
95% and their measurements were previously analyzed in a
recent study by de Haro Barbas et al. (2022). Jicamarca’s
ionograms are obtained from a Digital Ionospheric
Goniometric Ionosonde (DIGISONDE, https://www.digisonde.
com) and are available in the Digital Ionogram Data Base
(DIDBase), Global Ionosphere Radio Observatory (GIRO,
https://giro.uml.edu).

Tucumdan (low latitude) and Bahia Blanca (mid-latitude)
stations have ionospheric sounders with similar AIS-INGV
systems (Zuccheretti et al., 2003). Both stations are operated
by the Tucuméan Space Weather Center (https://spaceweather.
facet.unt.edu.ar/), a research program of Facultad de Ciencias
Exactas y Tecnologia (FACET), Universidad Nacional de
Tucumén, (UNT) Tucumdn, Argentina. In these instruments,
the vertical sounding technique is used to estimate the virtual
height in the ionosphere, using a frequency ranging between
2 and 20 MHz. Both systems are usually configured to perform a
complete sounding with a 10 min resolution, obtaining the so-
called jonograms (Zuccheretti et al., 2003; Molina et al., 2013).
Additionally, each ionogram is automatically scaled using the

Autoscala software (Pezzopane et al., 2010) to obtain different
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FIGURE 1

Geographical locations of the ionosondes (red circles), GNSS receivers (blue dots), and eclipse obscuration mask at 300 km height at 16.12 UT

(continuous gray curves). Totality path at 300 km (dashed gray line).

ionospheric parameters such as foF2 or foF1, among others.
Nevertheless, the foE parameter is not obtained automatically,
therefore, it is necessary to do it manually. In the case of foF1 and
foF2, in addition to the automatic result, it is often corrected
manually to improve the data quality. In particular for this eclipse
measurement campaign, both stations were configured with a
sounding resolution of 5 min with the aim of capturing rapid
changes in the ionospheric layers due to the eclipse path and also
a manual validation was performed.

The Chilldn station in Chile has an ionosonde from the
Australian Ionospheric Prediction Service (IPS-42) produced by
KEL Aerospace Pty Ltd. in 1979 (Wilkinson et al, 2018).
Currently it is operated by the Centro Interuniversitario de
Fisica de la Alta Atmosfera (Interuniversity Center for High
Atmosphere Physics, CInFAA in Spanish). Previously, it was
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located at La Serena station (29.9° S, 71.3° W) where it was
operational for the study of the solar eclipse that occurred on
2 July 2019 (Bravo et al., 2020) and was later transferred to the
Universidad Adventista of Chile (UnACh). The ionograms of
this ionosonde were processed manually using the Digital
Ionogram Scaling Software (DISS; Urra, 2019), which also
includes the POLAN software for estimating the full profile
of electron density (Titheridge, 1985). In this software, the
electron density values over the peak of maximum density
(hmF2) are modeled based on the assumption of a constant
scale height and shaped by an a-Chapman function (Huang &
Reinisch, 2001).

Additionally, measurements were done using the Jicamarca
Incoherent Scatter Radar (ISR). This instrument is a phased array
antenna of 288 m x 288 m formed by 18432 elements located in
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the Jicamarca Radio Observatory (JRO; 12.0° S, 76.8° W), Peru
which operates by emitting high-power pulses of high-frequency
signals (49.92 MHz) that traverse the ionosphere (Bowles et al.,
1962). Faint backscatter signals generated by the Thompson
scatter effect on the free electrons are received as echo
responses to each pulse emission at different altitudes. The
received signal intensity depends on the concentration of
electrons, providing an initial estimate of the electron density
profile that can reach ranges well above the maximum density
peak altitude (hmF2). In addition, the frequency response of the
backscatter signal provides information on the line-of-sight ion
drift velocities (due to the Doppler effect) and the temperature of
the ions and electrons present (Evans, 1969). The multi-
parameter estimation capability of this instrument makes it of
extreme relevance for understanding the overall dynamics of the
ionospheric profile at the magnetic equator.

We also analyzed Total Electron Content (TEC), derived
from Global Navigation Satellite System (GNSS) receivers. We
used receivers available in the Chilean network set up by the
(CSN
sismologia.cl), in the International GNSS Service network
(IGS, www.igs.org; Dow et al, 2009), in the Low-Latitude
Tonospheric Sensor Network (LISN, http://lisn.igp.gob.pe/), in

National Seismological Center in Spanish, www.

the Argentine network (RAMSAC, www.ign.gob.ar; Pifion et al.,
2018), in the Brazilian network (RBMC, ww2. ibge.gov.br), in the
Uruguayan network (REGNA, ftp://pp.igm.gub.uy), and the
Colombian network (MAGNA, https://geoportal.igac.gov.co).
The sizable composite receiver network is shown in Figure 1
as blue dots.

Measurements of the Swarm mission of the European Space
Agency (Friis-Christensen et al., 2008) were also evaluated. This
mission contains three identical satellites in an approximately
circular orbit of inclination of 87.75°. Swarm satellites are
equipped with Langmuir probes on the Electric Field
Instrument (EFI) to study the plasma environment around
Earth (Knudsen et al,, 2017). In situ data of the satellite
Swarm-Alpha (A), which orbits the Earth at altitudes about
450 km, was evaluated to determine the eclipse impacts at
high  altitudes
access, last accessed on 29 July 2022).

(https://earth.esa.int/web/guest/swarm/data-

2.3 Data analysis

For each ionospheric station measurement, a reference curve
was obtained as the average variation of the 5 geomagnetically
quietest days of the interval measured by the stations
simultaneously (04-17 of December 2020), as done in de
Haro Barbas et al. (2022). The five quietest days selected are
04,17, 07, 15, and 16 of December, sorted by calmest. These days
present daily index Ap < 2, with a maximum kp of 1*. It is worth
mentioning that the five quietest days strategy to estimate the
reference curve has been selected due to data availability at each
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of the stations and to avoid large data gaps when other periods
are considered.

A measurement campaign was specifically carried out by the
Jicamarca ISR to capture the eclipse and its impacts between the
dates of 10th to 16th of December. Therefore, only these
measurement days for which data were available have been
considered as the reference curve. To accurately describe the
eclipse induced effects measured by the ISR, only the electron
density (N) data with estimated errors smaller than 7x10' m™>,
and electron and ion temperatures (Te and Ti, respectively) with
estimated error smaller than 250 K were selected to be analysed.
Furthermore, both the reference and eclipse-day data were
filtered by using a temporal second-order Savitzky-Golay
smoothing filter with a 2-h timeframe to eliminate non-eclipse
related variabilities and the possible influence of Traveling
Ionospheric Disturbances, TIDs (similarly as in the 21 August
2017 eclipse analysis of the Millstone Hill ISR made by
Goncharenko et al., 2018).

It is a well known fact that different techniques for retrieving
TEC from GNSS data obtain different TEC estimates (Pignalberi
et al, 2021). Therefore, to provide a much more complete
representation of the ionospheric impacts of the eclipse, we
compared three different TEC analysis techniques. In these
techniques, only TEC values corresponding to satellite
elevation angles >15° were selected to minimize possible
errors. In the same way as for the parameters of the
ionosonde, the reference value is considered to be the median
of 5 geomagnetically quietest days (similarly as in de Haro Barbds
etal,, 2022). Additionally, the data has been averaged between 2°
of latitude and 2° of longitude over a 5 min time interval.

In a first instance, GPS-TEC analysis software version 2.9.5
(Seemala and Valladares, 2011; http://seemala.blogspot.com/)
was used. This software calculates the slant TEC (sTEC) from
pseudorange measurements from Receiver Independent
Exchange Format (RINEX) files of each GPS receiver. The
clock errors and tropospheric effects are minimized using the
phase and code values for the transmitted L1 and L2 GPS
frequencies. Differential satellite biases and receiver bias are
included in determining the absolute values of sTEC. In the
calculation of vertical TEC (VIEC) from sTEC, the satellite
elevation and azimuth angles are used.

Another code used is PYTEC (https://github.com/sylvathle/
PYTEC). Similarly as does the previous code, PYTEC computes
the TEC from the dual frequencies of GPS satellites stored
in RINEX format. This code is intended to respond to the
need of an open-source code that calculates the TEC among
the scientific community. This is the reason why PYTEC is
implemented in Python and is expected to be encoded as a
python module in future versions. In its current state, it uses
satellites from the GPS constellation and requires the bias of the
satellite clock as input. Following the method proposed by
(Arikan et al, 2008), the bias of the receiver clock is
compensated by minimizing the standard deviation of the
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sTEC time series available during 1 day obtained from all the
satellites that could be reached. Also, an algorithm reconstructs
most cycle-slips found in the signal.

Finally, GNSS RINEX files obtained at each station from
GPS and GLONASS constellations were calibrated using the
so-called Ciraolo method (Ciraolo et al., 2007). This technique
derives TEC from carrier phase measurements for both GPS or
GPS + GLONASS satellite systems. The ionospheric delay
from the raw carrier phase observations can be modeled as the
slant TEC (sTEC) plus the arc-offset. The contribution of each
receiver and satellite biases and the contribution of any non-
zero averaged errors over an arc of observation are considered.
After obtaining the sSTEC, the vIEC is estimated considering a
two-dimensional thin shell model at 350 km. This method has
been chosen due to its ability of calibrating GPS and
GLONASS observations providing better resolution at each
station.

To compare the eclipse impacts on the in situ electron density
and temperature measurements made by the Swarm-A Lagmuir
probes, the data evaluated has been obtained from the eclipse day
and the geomagnetically quiet days previously selected.
Additionally, due to the possible disparity of ionospheric
perturbations observed at different geographic locations and
times, we have chosen the seven Swarm satellite orbit
transects that best fit the eclipse region and eclipse time
window. Therefore, the comparison of the latitudinal density
and temperature profiles of the day of the eclipse have been done
with the two closest trajectories to the eclipse longitudinally and
temporally. The trajectories selected on the 4th and 16th of
December have differences of ~7° of longitude over the
geographic equator and ~10 min.

2.4 Model-measurement comparison
method

With the purpose of evaluating the performance of the
model, a comparative statistical analysis was done calculating
both the Pearson (r) and the Spearman (p) correlation
coefficients with a confidence level of 95% between the
prediction of SUPIM-INPE and measured values. The Pearson
correlation coefficient evaluates the linear association between
two continuous variables normally distributed. On the other
hand, the Spearman correlation coefficient allows us to evaluate
monotonic relationships between variables that do not require to
be normally distributed. Moreover, the Spearman coefficient is
more robust to possible data outliers. The comparison of the two
coefficients provides a more robust indication of the correlation
relationship between the model prediction and the measured
data. Additionally, as the correlation only speaks of the similarity
of the two time series, the normalized root-mean-square error
(NRMSE) has been calculated to provide a direct comparison of
the accuracy of the model prediction. The mathematical
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expression of the NRMSE used (normalized by the mean
value of the measurements) is given by:

o
> lxi-mif?
i=1
n
—

Xi
i=1
n

NRMSE (%) = 100 @)

where x; and m; are the measured and modeled values,
respectively.

The study of Chukwuma & Adekoya (2016) has already used
together both r and RMSE to evaluate the ionospheric response
to the 20 March 2015 solar eclipse. Moreover, the study of
Prietrella et al. (2016) used the RMSE metric to compare the
performance of different ionospheric models in this same eclipse.
Additionally, both the RMSE and NRMSE metrics are commonly
used to evaluate ionospheric model studies (e.g., Araujo-Pradere
& Fuller-Rowell, 2002; Matsuo & Araujo-Pradere, 2011;
Pignalberi et al., 2021; Kosary et al.,, 2022).

Furthermore, to provide further statistical methods for the
comparison of the empirical data to the modelled values, the
two-sample Kolmogorov-Smirnov (K-S) test (Massey, 1951;
Teegavarapu, 2019) and the two-sample Wilcoxon rank-sum
(W) test (Gibbons & Chakraborti, 2011) are also evaluated.
These two non-parametric methods provide a verification of
the statistical distribution of the populations of the two time
series by performing a null hypothesis testing analysis. The
K-S test is a non-parametric hypothesis test that evaluates the
difference between the cumulative distribution functions of
the two datasets. Therefore, the verification of the null
hypothesis of the K-S test indicates that both distributions
are identical, independently on the type of statistical
distribution of the data. Alternatively, the W-test has a null
hypothesis that the medians of the two populations are
identical. The median of the distribution could be directly
compared to verify the accuracy of the prediction, although
the distributions are found different by the K-S test. On the
other hand, it is relevant to highlight that the real data
measured may contain a larger variance than the predicted
values due to measurement errors, instrumental resolution,
internal (thermal) and external (sky) noise, interferences, and
the additional
thermosphere or magnetosphere interactions or internal

ionospheric  variability —generated by
modifications (e.g., gravity waves, etc.).

These metrics were calculated for the different parameters
TEC
estimations calculated using the three techniques previously

obtained from the ionosonde stations and for the

described. All the previously mentioned comparisons have
been done for the entire daily variation (12 UT to 24 UT)
and also for the eclipse obscuration time. The analysis of
these two periods allows us to verify the correct model
reproduction of both the daily variations at each station and
their particular responses to the eclipse.
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3 Results
3.1 lonosonde parameters and TEC

The ionospheric critical frequency parameters (foF2, foFl,
and foE) are shown in Figure 2 for each of the selected stations.
This figure also represents the TEC calculated using the three
different techniques previously indicated. Moreover, these
parameters are compared to the SUPIM-INPE predicted
values (gray lines) calculated in Martinez-Ledesma et al. (2020).

In Jicamarca station, a good matching between the measured
parameters and the model is observed, although we can observe
only small variations during the eclipse time. Indeed, the effect of
the eclipse is very weak, barely a deviation from the reference
curve. The measured data shows a decrease in the values but,
unlike the other stations, a marked peak is not observed at the
moment of the maximum of the eclipse for that place. This is
related to the low percentage of obscuration received at this
location. On the other hand, the other three stations present
much clear disturbances related to the eclipse.

In the case of E-layer, the foE shows a good matching between
the observed and predicted values in Tucuman, Chillan, and Bahia
Blanca, despite the low number of observations obtained in the
latter station. Both, the model and the measured data, highly
deviate from the reference values, as expected, showing the most
significant decrease during the time of local maximum obscuration
at each site. The model fits well for the Chillin and Tucuman
stations, particularly in the recovery phase, after reaching the
minimum, which coincides with the moment of maximum
obscuration. But, at the beginning of the eclipse effect, the
model in particular for the Chillin station overestimates (~4%),
while for the Tucuman station it underestimates (~3%).

Analyzing the results of the F1-layer, we see that in the four
stations the model presents values slightly lower than the
measured values (<0.5 MHz). This deviation can be directly
associated with the usage of an iso-height curve at 190 km in
the modeled density profiles instead of a critical frequency. Even
s0, again at Tucuman, Chilldn, and Bahia Blanca, there is a good
correlation between the predicted curves and the observations.
Maximum reduction values are all centered on the time of local
maximum obscuration, except for the foF1 in Jicamarca which
shows a slight deviation after its maximum obscuration time.

In the F2-layer case, the comparison requires a more detailed
analysis. During the hours of the eclipse, both Chillin and Bahia
Blanca stations show a good matching with the prediction. Indeed,
these two stations are located at similar geographical latitudes and
obtained a similar obscuration percentage (de Haro Barbas et al.,
2022). After the eclipse hours (after 18 UT), the observations of
Tucumdn, Bahia Blanca and Chillan stations deviate from the
predictions. Tucumdn station shows a much larger deviation from
the predicted values, particularly after the eclipse maximum
obscuration. In particular, both Chillin and Bahia Blanca
stations show a peak around 22 UT exceeding the prediction,
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while Tucumén obtains values much lower than the prediction after
20 UT. In this last case, the reason is likely that SUPIM-INPE is not
able to reproduce some transport effects that may happen after
eclipses in equatorial and mid-latitude regions (Zhang et al., 2010).

In the case of the TEC, the three techniques evaluated provide
different results. The predictions are close to the TEC obtained
using the Seemala’s technique (blue line) both in Jicamarca and
Tucumadn stations, but overestimates by ~5 TECu in mid-latitudes
(i.e., Chillin and Bahia Blanca stations). Alternatively, Tucumén
and Bahia Blanca stations have similar values to the prediction
when using the TEC obtained with the PYTEC technique (green
line). Nevertheless, the predicted values at Jicamarca and Chillan
overestimate the TEC determinations obtained using this
technique (~21% and ~12% respectively). On the other hand,
the Ciraolo technique (red line) has a good TEC matching in the
mid-latitude stations, but it underestimates in Jicamarca (~10%)
and overestimates in Tucuman (~13%). Therefore, the methods
that provide the best matching to the predictions are PYTEC
(except in Jicamarca) and Ciraolo’s methods. Regarding the overall
behavior of TEC using different techniques, at the eclipse time any
of the methods are able to follow the predicted trend. The more
accentuated differences can be observed at the end of the day at
Tucuman, Bahia Blanca, and Chillan.

3.2 Latitudinal TEC

The magnetic latitudinal response in TEC derived from
GNSS receivers using the PYTEC code and its corresponding
model prediction are shown in Figure 3. This figure shows the
average TEC for quiet and eclipse conditions and their
differences (ATEC) along the magnetic meridian of Chillan.
In this figure, it can be seen a TEC reduction that occurs
during the eclipse shadow traversing. Nevertheless, some
negative values of ATEC are also observed before the event
starts. This negative behavior stars around 13 UT and extends
from —50° to 0° of magnetic latitude, having a slow recovery over
time. In addition, a secondary and minor reduction is obtained
almost simultaneously to the eclipse occurrence on the upper
magnetic hemisphere (between 10° and 20° magnetic latitude).
Indeed, this secondary reduction is consistent with the first
conjugate decrease of the SUPIM-INPE prediction (occurring
approximately between 17 UT and 20 UT). On the other hand, it
is observed that the ATEC values are about double the predicted
values. Additionally, it is relevant to note that TEC increases are
observed between —50° and —30° after 17 UT (consistent with the
foF2 observed at stations at these latitudes) and between -10° and
30" after 19 UT, being this second increase of much higher
amplitude. For comparison, similar figures have been
calculated using the other two TEC techniques and are
provided in the Supplementary Material. The results in ATEC
observed with these techniques present similar features to those

obtained in Figure 3, but with some differences in the amplitudes.
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FIGURE 2

Comparison of SUPIM-INPE prediction simulations under reference (gray dashed lines) and eclipse (gray continuous lines) conditions for TEC,

foF2, f190/foF1, and foE and observed data at different stations. TEC obtained from three different techniques (Seemala, PYTEC, and Ciraolo, in blue,
green, and red continuous lines, respectively) and ionosonde observed parameters (red circles) are shown. Eclipse onset, maximum obscuration,
eclipse end (shaded interval), and maximum percentages of obscuration are calculated at 300 km height.
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FIGURE 3

Total electron content response time evolution obtained with

the PYTEC technique for reference day (top), the 14 December
2020, solar eclipse (middle), and eclipse-modified differences of
TEC (ATEC, third row) along the magnetic meridian of Chillan
(36.6°S, 72.0°W) and the SUPIM-INPE predicted differences
(ATECprediction. bottom). Evolution of the eclipse obscuration mask
at 300 km height each 10% obscuration (magenta lines).

3.3 Vertical distribution

Figure 4 shows the true height electron concentration profiles
deduced from ionograms obtained at Chillan station (with 95%
obscuration conditions). At altitudes below 200 km, there is a
clear electron density reduction during the solar obscuration
event and a subsequent recovery at the end of it. This density
reduction and its posterior increase at low altitudes were
expected by the prediction due to the predominance of
photoionization processes at these heights. At the F2 region

Frontiers in Astronomy and Space Sciences

09

10.3389/fspas.2022.1021910

height (over 250 km), however, this decrease is delayed and
persists in time until 21.75 UT, when the density peak is
lower in height and higher in magnitude than the reference
profiles (as shown in Figure 2). It is worth mentioning that, in
this figure, as it previously indicated, density values are
modeled over the hmF2 (red line) by the POLAN code.
Therefore, the deviations shown above this peak height
are subjected not only to possible ionospheric modifications
of the upper profile but also are dependent on the quality of
the measured profile and/or ionogram. For comparison, the
fourth panel of Figure 4 shows the predicted deviation, which
presents a decrease in electron concentration that clearly
differs in its shape. The main difference to the prediction
is found particularly at altitudes around 250 km, well above
both E and F1 regions. Even so, at altitudes below 250 km,
the predicted electron density decrease is close in magnitude
to the measured profiles.

3.4 ISR of Jicamarca

The vertical distribution of electron concentration, along
with electron and ion temperatures, measured by the
Jicamarca ISR (with 17% obscuration conditions) are shown
in Figure 5. In this figure, a large number of data gaps are
obtained above the F2 peak (i.e., altitudes higher than ~350 km)
due to the filtering of the measurements with large estimation
errors previously indicated. This increase in the measurement
uncertainty is related to the low signal-to-noise-ratio obtained by
the radar at high altitudes and during the maximum obscuration
time, which is, in turn, due to the inverse relation of the received
power to the distance squared, the fainter backscatter received
from lower electron density areas, and the variation of the sky
noise captured by the antenna. However, the general ionospheric
trends are well represented in this figure, allowing us a direct
comparison to the predicted values (bottom row).

The electron density profile presents a reduction during most
of the representation period (from 12 UT to 23 UT) at altitudes
approximately between 200 and 400 km, indicating smaller
density values during the eclipse day than the reference curve.
Even so, during the eclipse obscuration, the largest decrease
values are obtained after the maximum obscuration time at an
altitude of around 300 km, agreeing with the predicted maximum
decrease in height and time. Nevertheless, the magnitude of the
maximum density decrease measured (~3x10" m™) is much
lower than the predicted one (~6x10'"" m™), although its relative
decrease percentage is much larger (40% and 12%, respectively).
This disparity in the magnitude decrease is obtained because of
the overall lower density obtained during the eclipse day relative
to the quiet days (~20% lower). On the other hand, the density
decrease uplift predicted to occur after the eclipse obscuration
cannot be observed due to the lack of information at high
altitudes. Additionally, the density reduction values obtained
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FIGURE 4
True height electron concentration profiles deduced from
the ionograms of the reference day (top), eclipse day (middle), and
eclipse-modified differences of the electron concentration (AN,
third row) over time in Chillan (36.6°S, 72.0°W) and the
SUPIM-INPE predicted differences (ANpegiction, bOttom). The
estimated peak height of the maximum electron concentration is
presented (red line). Eclipse onset, maximum obscuration, and
eclipse end (vertical lines) are calculated at 300 km height.

after the start of the eclipse are maintained at low altitudes until
~18 UT. Surprisingly, a much larger density decrease (~40%) is
observed at altitudes around 300 km, between approximately
20-22 UT. Moreover, an increase in density (~10%) is obtained
approximately 1 hour after the start of the previous decrease but
at higher altitudes (between 400 and 500 km height). Neither this
large density decrease nor the posterior increase at higher
altitudes is reproduced by the model prediction.

The electron temperatures (Te) represented in Figure 5
show a large increase (~250K) located between 250 and

Frontiers in Astronomy and Space Sciences

10

10.3389/fspas.2022.1021910

300 km height in most of the period (from 12 UT to
23 UT). This Te increase seems to be related to the overall
differences found between the eclipse day and the reference
pattern. This overall difference and a large number of data
gaps hinder the correct interpretation of the eclipse’s impacts
on the temperatures. Nevertheless, a clear Te increase of
approximately 250 K is located at altitudes between 300 and
350 km height after the maximum obscuration time until the
end of the eclipse traverse. During these same times, a Te
increase was obtained by the model prediction at similar
altitudes, although with a much smaller magnitude (about
50 K). The subsequent predicted uplift of the temperature
increase is not observed due to the lack of information at
high altitudes. Moreover, a much larger Te increase (~500 K)
is observed at altitudes between 200 and 250 km in height. This
large temperature increase occurs simultaneously with the
large density decrease 300 km
(approximately between 19 UT and 22 UT).
Alternatively, the ion temperatures (Ti) show a much large

found at in height

variability. Even so, during the eclipse traverse, a clear Ti
decrease of approximately 250 K is found around 300 km
height, the

temperature indicated.

increase of electron
the
prediction does not show ion temperature reductions at

simultaneously with
previously Nevertheless,
these altitudes during the eclipse. Indeed, the predicted
reductions were expected at higher altitudes, but no ion
temperature measurements are available at these heights.
The lack of low altitude ion temperature reductions in the
prediction is related to the fact that only atomic oxygen ion
(O+) temperatures are represented, and those are the main
species at altitudes above approximately 300 km height.
Therefore, we assumed that the measured Ti decrease is
mainly related to the response of molecular ion (NO+ and
02+) species during the eclipse. Unfortunately, no ion
temperature information is available at altitudes higher
than ~450km due to the filtering of data with high
uncertainty. Therefore, a comparison of the predicted
atomic oxygen temperature decrease and its posterior
increase is not feasible. On the other hand, a Ti decrease is
found between 200 and 250km height which occurs
the largest
increase that occurs after the eclipse (approximately
between 19 UT and 22 UT).

simultaneously ~with electron temperature

3.5 Satellite Measurements

Figure 6A shows the in situ electron density (Ne)
measurements made by the Swarm-A Lagmuir probes at
450 km altitude during the five selected geomagnetically quiet
days and the eclipse day. The comparison of the latitudinal Ne
profile of the day of the eclipse with the two closest trajectories to
the eclipse both longitudinally and temporally (4th and 16th of
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FIGURE 5

(first row)Vertical distribution of the reference days, (second row) eclipse day, and eclipse-modified differences of the (third row) measured and
(fourth row) SUPIM-INPE modeled values of (first column) electron concentration (N), (second column) electron (Te), and (third column) ion (Ti)
temperatures over time obtained by the Jicamarca Incoherent Scatter Radar (12.0°S, 76,8°W). Eclipse onset, maximum obscuration, and eclipse end

(vertical lines) are calculated at 300 km height.

December) are shown in Figure 6B. In the latitudinal profile at
the beginning of the eclipse (from 15.1 UT to 15.8 UT), a slight
decrease (—1.7x10° e/cm?, —33%) is seen in the southern crest of
the EIA during the day of the eclipse at meridian 70.6°'W (close to
Chillan meridian). Then, the percentage change of Ne close to the
totality zone relative to the control days was consistent with the
findings presented in (Cherniak and Zakharenkova, 2018;
Valdes-Abreu et al., 2022). Furthermore, after the maximum
of the eclipse (from 16.6 UT to 17.3 UT) a significant suppression
of both EIA crests is seen (—6.1x10° e/cm?®, —75%), although
already at the 94.0°'W meridian over the Pacific Ocean. Although
117.4°W meridian exhibited an enhancement, a slight electron
density decrease can still be observed between 3.5°S and 75°S
(-2.4x10° e/cm’®, —~48%) long after the end of the eclipse (from
18.2 UT to 18.9 UT). For purposes of determining the magnetic
conjugate, it is important to note that the magnetic Equator is
displaced from the geographic zero according to longitude (as
seen in the black line of Figure 6A). As seen in the location of the
EIA crests, the magnetic Equator location can be placed
around —12° in longitude at the 17 UT in panel 6b.
Additionally, Te obtained by the Swarm-A Lagmuir probes
are shown in Figure 6C. The comparison of the measurements
obtained during eclipse day and the closest trajectories shows a
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temperature response to the eclipse inverse to the response of the
electron density. A temperature increase is found in the
latitudinal profiles at the meridians 70.6"W, 94°W, and 114'W.
Moreover, this increase is simultaneous to the Ne reductions
previously indicated, showing the largest differences at the
suppressions of the EIA crests. At the beginning of the eclipse
(from 15.1 UT to 15.8 UT), Te shows its maximum increases near
the crests of the EIA at 0.4°S (812 K, 54%) and 30.7°S (656 K,
41%). After the eclipse totality (from 16.6 UT to 17.3 UT),
increases are found at both hemispheres, but a much larger
Te increase is observed in the Southern hemisphere at 27.3°S
(1243 K, 79%). Again, it is relevant to highlight that panel 6c¢ is
represented in geographic latitudes. Finally, long after the end of
the eclipse (from 18.2 UT to 18.9 UT), large remaining increases
are found at 22.7°S (735 K, 49%). It is relevant to note that the Te
differences obtained by Swarm-A in the comparisons of the other
transects are around 10%. These temperature observations are
different to the prediction both in magnitude and location (see
supplementary material of Martinez-Ledesma et al., 2020). The
model prediction provided initial temperature decreases of up to
400 K at the eclipse totality that were not captured by the satellite.
Moreover, after the eclipse obscuration, the model expected
maximum temperature increases of 300 K near the eclipse
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FIGURE 6

In situ plasma density (Ne) and electron temperatures (Te) measurements from the Swarm-A satellite at 450 km altitude. (A) Ne gathered
through the satellite orbit is present over the map during the five selected geomagnetically quiet days and the eclipse day (2020-12-14) between
75°S and 75°N in the first 2 rows. Magnetic equator is indicated with a black line. (B) Comparison of the latitudinal Ne profile of the day of the eclipse
(red line) with the two closest trajectories longitudinally and temporally (4th and 16th of December in green and blue, respectively). (C) Te data is
presented in the same way as Ne data. The time interval of the satellites passes are indicated.
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totality (at ~38°S) but about four times larger increases are
latitudes (of ~1250K 27.3°S).
Nevertheless, the model correctly reproduces the overall

observed at lower at
conjugate response to the eclipse, increasing the temperatures

of both hemispheres after the solar obscuration.

3.6 Model-measurement statistical
comparison

Different metrics are presented in Tables 1, 2 for evaluating the
performance of the model predictions when compared to the
measured data. The comparisons for the daily variation (12 UT
to 24 UT) are shown in Table 1. Alternatively, Table 2 presents the
comparison results during the eclipse obscuration time. The number
of data pairs evaluated in each case (Num) is also listed in both

10.3389/fspas.2022.1021910

Tables. The results obtained suggest that the model was able to
reproduce with high accuracy both the daily variation and the eclipse
impacts at low heights (layers E and F1) in the majority of the
stations evaluated. This can be seen in the low NRMSE found
between the measured and predicted values of foE at Tucuman,
Chilldn, and Bahia Blanca stations and their very high correlation
values. It is worth mentioning that the high correlation values
obtained at Bahia Blanca during the eclipse event are distorted
due the lack of measurements in lower regions and provide non-
significant results. Non-etheless, the comparison of foE at Jicamarca
station provides NRMSE of approximately 11% and much lower
correlation coefficients (r = 0.65 and p = 0.73) during the eclipse
time. The Jicamarca station differences are related to obtaining foE
values lower than the prediction in all the observation period and to
the high variability of the values measured (see Figure 2). Similar
results are observed for the F1 layer, in which high correlations are

TABLE 1 Model-Measurement statistical comparison for window interval (12-24 UT).

Param Station Num r p NRMSE (%) K-S W
foE Jicamarca 134 0.90 0.91 12.0 1 1
Tucumdn 62 0.96 0.94 42 1 0
Chilldn 33 0.98 0.97 34 0 0
Bahia Blanca 10 0.98 1.00 4.2 0 0
foF1/f190 Jicamarca 87 0.65 0.62 6.2 1 1
Tucumdn 77 0.94 0.82 6.9 1 1
Chilldn 85 0.99 0.96 11.2 1 1
Bahia Blanca 52 0.95 0.89 9.5 1 1
foF2 Jicamarca 144 0.67 0.73 7.7 1 1
Tucuman 107 0.74 0.73 13.7 0 0
Chilldn 103 0.85 0.84 6.7 1 1
Bahia Blanca 101 0.75 0.67 8.7 1 1
TECseemala Jicamarca 1440 0.96 0.96 49 1 1
Tucuman 1440 0.64 0.56 28.7 1 1
Chillan 1440 0.86 0.89 42.0 1 1
Bahia Blanca 1440 0.84 0.89 34.1 1 1
TECpyTEC Jicamarca 1441 0.95 0.93 282 1 1
Tucuman 1441 0.56 0.50 239 1 1
Chillan 1441 0.79 0.88 21.6 1 1
Bahia Blanca 1441 0.86 0.88 8.7 1 1
TECGiraolo Jicamarca 1441 0.98 0.98 10.7 1 1
Tucuman 1441 0.72 0.65 16.1 1 0
Chilldn 1441 0.89 0.90 10.5 1 1
Bahia Blanca 1441 0.85 0.90 8.4 1 1
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TABLE 2 Model-measurement statistical comparison for eclipse time interval (*non-significant values).

Station NRMSE (%)
foE Jicamarca 26 0.65 0.73 11.7 1 1
Tucuman 24 0.80 0.81 4.6 0 1
Chillén 10 0.96 0.99 4.3 0 0
Bahia Blanca 2 1.00* 1.00* 4.5 0 0
foF1/f190 Jicamarca 26 0.80 0.73 7.0 1 1
Tucuman 25 0.99 0.96 8.0 1 1
Chillin 50 0.99 1.00 13.7 1 1
Bahia Blanca 21 0.98 0.98 12.1 0 1
foF2 Jicamarca 26 0.88 0.88 5.4 1 0
Tucuman 34 0.98 0.99 10.3 1 1
Chillan 58 0.92 0.71 33 1 1
Bahia Blanca 35 0.82 0.55 3.4 1 1
TECseemala Jicamarca 257 0.80 0.54 6.1 1 1
Tucuman 356 1.00 0.96 3.4 1 1
Chillan 355 0.98 0.98 434 1 1
Bahia Blanca 356 0.66 0.53 30.2 1 1
TECpyrEc Jicamarca 257 0.90 0.74 213 1 1
Tucuman 356 0.98 0.81 9.0 1 1
Chillan 355 0.74 0.66 12.7 1 1
Bahia Blanca 356 0.06% 0.09% 39 1 1
TECGiraolo Jicamarca 257 0.98 0.54 15.0 1 1
Tucuman 356 0.72 0.94 13.0 1 1
Chillan 355 0.89 0.90 10.4 1 1
Bahia Blanca 356 0.85 0.14 5.6 1 1

obtained in all stations except in the daily variation of Jicamarca
station. Even so, higher NRMSE are found in all the evaluated
stations due to the usage of an iso-height curve at 190 km for the
determination of the prediction of this layer.

At the F2 layer, the comparison indicates small NRMSE
(<10.3%) at all stations during the eclipse periods. Even so,
during this period, a worst model reproducibility is obtained
at Bahia Blanca station highlighted by the low correlation
coefficient values (r = 0.75 and p = 0.67). This could be
related to the
Blanca during the eclipse obscuration. Moreover, the large
difference observed between the Pearson and Spearman
coefficients at Chilldn station during the eclipse (r = 0.92 and

faint foF2 modification observed at Bahia

p = 0.71) are related to a larger decrease of foF2 during the
maximum obscuration time (Figure 2), which presents a clear
non-linear response to the solar radiation reduction. On the
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other hand, the overall daily variation shows a worst
reproducibility of the model prediction. In this case, there are
lower correlation values and higher NRMSE (up to 13.7%), that
are mainly related to the incapacity to reproduce the variations
observed after the eclipse obscuration in Tucumadn, Chilldn, and
Bahia Blanca stations (starting approximately at 20 UT). It is
relevant to highlight that Tucuman shows the largest NRMSE
value in both evaluation periods due to a large foF2 increase that
starts during the eclipse recovery phase at ~17 UT.

The statistical comparison between modeled and calibrated
TEC shows that none of the selected calibration methods follow
SUPIM-INPE prediction consistently at all stations. The Seemala
method (Seemala and Valladares, 2011) provides very large
NRMSE (up to ~43%) at Chillin and Bahfa Blanca stations
during both evaluated periods. This effect is related to an
overall TEC decrease of this method with the increasing
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latitude (see Supplementary Material, Supplementary Figure S1).
Alternatively, the Ciraolo method (Ciraolo et al., 2007) shows the
smallest NRMSE (<16.1%) but provides small values of
correlation both at Jicamarca and Bahia Blanca during the
eclipse (p = 0.54 and —0.14, respectively). These stations show
large differences of Pearson and Spearman correlations,
demonstrating the non-linear relationship and the large
variability of the measured results. Finally, the PYTEC
method obtained similar difference values in all stations
during the eclipse except at Jicamarca. At this station, the
NRMSE obtained is 21.3% but the Spearman correlation is
higher than in the other two methods (p = 0.74), suggesting
that somehow the measurements better reproduce the eclipse
impact prediction with this method. It should be highlighted that
the smallest NRMSE during the eclipse are found with this
method at Bahia Blanca station (3.9%), but no correlation is
obtained with the prediction (p = —0.09, although with no
statistical significance). On the other hand, the comparison of
the different TEC methods during the 12h period provides
similar differences and high correlations at all stations except
at Tucumdn station. Indeed, Tucuman presented a clear
reduction of the TEC after the eclipse (~18 UT) obtained with
the three methods which were not predicted.

Additionally, Tables 1, 2 present the test result (1) of the two
non-parametric hypothesis tests evaluated. In our study, a test
result 1 = 0 implies accepting the null hypothesis with a
significance level of 0.05, and alternatively & = 1 means
rejecting it. Therefore, the rejection of the null hypothesis of
the K-S test indicates that the modeled and measured data series
are from different distributions. Similarly, the rejection of the
null hypothesis of the W test implies that they have different
median distribution values.

The K-S statistical test produced very few acceptations of the
hypothesis because the empirical and modelled data have
different statistical distributions (due to the random nature of
the that the
measurements). This is particularly true for the different TEC

multiple input variations may impact
calibrations, in which none of the tests the null hypothesis was
accepted either for the daily variation or the eclipse time. In these
cases, the W-test only accepted the null hypothesis on the Ciraolo
calibration at Tucumén in the daily variation. These results
indicate that the model predicted statistical distributions are
different from the distributions of the measured values in all
the TEC methods evaluated, but also the medians of the
distributions are not identical. This highlights the difficulties
to properly model the TEC and suggests further studies in this
area to accurately reproduce the ionospheric response.

On the other hand, the K-S test accepted the null hypothesis for
the foE in the majority of cases (i.e, at Chillin and Bahia Blanca
during the daily variation and at Tucuman, Chillan, and Bahia
Blanca during the eclipse). Also, in these cases the W-test for the foE
indicated that the medians were identical. These results highlight the

high accuracy of the model to properly reproduce the measurements
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at all locations but Jicamarca. Alternatively, the K-S and W tests did
not accepted the null hypothesis in almost all study cases for
foF1 and foF2. This may be related to the differences in the
selected height to predict the foF1 (ie., at 190 km by Martinez-
Ledesma et al, 2020) and the variability of responses of the
foF2 indicated in the literature (e.g, Le et al,, 2009).

4 Discussion

Historically, the SUPIM model has been used to reproduce the
South American ionosphere with high accuracy (e.g., Bailey et al,
1993; Paula et al., 1996; Souza et al., 2000a; 2000b). The adaptations
that have been made to this model at INPE have improved its
capability to reproduce the local characteristics and disturbance
conditions over the equatorial and low latitudes ionosphere on the
Peruvian and Brazilian longitudes (e.g., Batista et al., 2006, 2011;
Souza et al., 2010, 2013; Abdu et al., 2013; Nogueira et al., 2013;
Santos et al., 2016, 2017; Bravo et al, 2017, 2019). Although the
SUPIM model was previously used to study eclipse conditions
(MacPherson et al.,, 2000), the SUPIM-INPE version was further
modified to evaluate the 2 July 2019, total solar eclipse (Bravo et al,,
2020). These later modifications allowed its usage to predict the
following eclipse: the 14 December 2020, total solar eclipse
(Martinez-Ledesma et al., 2020).

One of the main characteristics of the total eclipse event of
14 December 2020, is that its totality occurred shortly before
noon (10-11 SAT), allowing to clearly see the response of the E
and F1 layers, in opposition to the 2 July 2019 total solar eclipse,
in which the totality occurred in the evening hours (16-17 SAT)
when the E and FI layers begin to disappear. In these layers, the
model predictions are very close to the measured responses for
almost all selected ionospheric stations, both during the eclipse
obscuration and the rest of the time period (see Figure 2). On the
other hand, the same cannot be said for foF2 and TEC, where the
predictions are not so close during the eclipse for Tucumaén.
Additionally, the variations of these parameters after the eclipse
in Tucuman, Chillan, and Bahia Blanca are not reproduced by the
prediction, suggesting that there could be late effects of the
eclipse, which are not being considered by the model. These
results are also verified by the empirical and modeled data
differences and their correlation coefficients (Tables 1, 2).

Multiple effects impacted the ionosphere during the 2 July
2019 eclipse, which occurred in a similar region of the low
latitude Southamerican sector. There was an anticipated pre-
reversal enhancement effect deduced from observations (Bravo
et al, 2020), and confirmed later by Jonah et al. (2020), that
altered the equatorial electrodynamics. Jonah et al. (2020)
suggests that it was the result of a perturbed ionospheric
dynamo due to the eclipse. In addition, the SUPIM-INPE
model used for the evaluation of the eclipse by Bravo et al.
(2020) did not considered the interaction with atmospheric
gravity waves due to this eclipse observed by Maurya et al.
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(2020) and Vargas et al. (2022), and the generation of TIDs
observed by Eisenbeis & Occhipinti (2021). Neither does the
model consider the changes in the neutral composition,
specifically in the O/N2 rate, recently observed by Aryal et al.
(2020a) from GOLD mission data during this event.

It is important to note that there are evidence of equatorial
counter electrojets (CEJs) frequently seen by magnetometers
(Mayaud, 1977). These
equatorial CEJs are even pronounced during Sun, Moon,

during the December solstices

Earth alignment days, i.e., full moon, new moon and therefore
during the occurrence of eclipses (Bhaskar et al., 2011; St-
Maurice et al., 2011; Panda et al.,, 2015). These conditions are
met during the 14 December 2020, total solar eclipse. The main
impact of the CEJ would be poor feeding of EIA due to the
severely weakened fountain effect on the eclipse day and adjacent
days. However, this effect has not been considered in the choice
of quiet days to make the reference curve. The selected dates of
December 04 and 07 are further from the eclipse date than days
15, 16 and 17. This could slightly affect the results for equator and
low latitudes in de Haro Barbas et al. (2022), and particularly, in
the results shown in Figures 3, 4 of this work. But it would not
affect Figures 5, 6, since this comparison analysis considers
other days.

Additionally, when we observe the evolution of the TEC
along the magnetic meridian (Figure 3), the shape of the ATEC
decrease obtained is very similar to that predicted by the model,
although twice as large. This difference is mainly observed in the
crests of the EIA on both sides of the magnetic equator. This
phenomenon can be corroborated with the in situ measurements
provided by the Swarm-A (Figure 6). To provide a further
verification, Figure 7 shows that the same decrease in electron
density can be seen in the South crest of the EIA at longitudes of
the Brazilian sector several hours after the eclipse traverse. These
data were obtained from the Ionogram-Derived Characteristics
of DIDBase (https://giro.uml.edu/didbase/scaled.php). Although
Cachoeira Paulista (22.7°S, 45°W) had a maximum of 30% of
eclipse obscuration, no differences in foF2 were observed during
the eclipse obscuration, as previously indicated by Resende et al.
(2022). However, a reduction can be observed after the time of
the eclipse, at approximately 19 UT. This foF2 reduction is very
similar to what was observed in Tucuman station in Figure 2,
both of which were not correctly represented in the prediction. It
is relevant to note that both Cachoeira Paulista and Tucuman
have similar magnetic latitudes (~-20°). Indeed, the largest
in foF2 at
Cachoeira Paulista occurs simultaneously to a foF2 increase in

density reduction observed Tucumén and
Chillan and Bahia Blanca (located at a magnetic latitude of ~ -26°
and ~-30°, respectively), at approximately 20 UT (Figure 2).
Simultaneously, a density enhancement is also observed in the
northern hemisphere in the TEC of Figure 3 and a decrease of
electron density measured by the Jicamarca ISR at 300 km
(Figure 5). The equatorial density decrease is also associated
with an increase of the electron temperature and a posterior
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FIGURE 7

foF2 variations over three stations in the Brazilian sector for

the day of the eclipse (14 December 2020). The measured data is
represented in red circles and the reference curve in black. Eclipse
onset, maximum obscuration, and eclipse end (vertical lines)

is calculated at 300 km height.

density increase at higher altitudes (400 km height). These results
suggest a possible modification of the fountain effect that is also
supported by a small increase of the vertical drifts measured by
the ISR (not shown) that commonly occurs during the evening.
Nevertheless, there is no clear indication of the origin of the
interhemispheric TEC asymmetry observed.

Since the photoelectrons have a key role in keeping the
than the in the
temperature of the electrons is expected during the eclipse.

electrons warmer ions, a reduction
Nevertheless, early ISR measurements at Jicamarca (on the
eclipse of 11 September 1969) obtained temperature increases
around 400-500 km (Sterling et al, 1972). Alternatively,
measurements of the Millstone Hill ISR at mid latitudes have
observed electron temperature decreases up to 700 K in the F
region during eclipses (e.g., Salah et al., 1986). The SUPIM-INPE
prediction indicated a small decrease followed by a large
that altitude.

Temperature decreases and posterior smaller enhancements

temperature  increase would grow with
have been previously observed at the Millstone Hill ISR after
the maximum obscuration time by Goncharenko et al. (2018).
Nevertheless, in our study, the observations obtained by the
Jicamarca ISR indicate only an increase of approximately 250 K
around 350 km height after the maximum eclipse obscuration
(see Figure 5). To the best of the authors’ knowledge, there is no
clear explanation of the disparity of eclipse impacts on electron
temperatures. Additionally, Figure 6 shows a clear temperature
enhancement measured by Swarm-A at the low latitude region
after the maximum of the eclipse (from 16.6 UT to 17.3 UT). This
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FIGURE 8
O/N2 ratio (L2 data product) from GOLD daytime disk scan measurements (https://gold.cs.ucf.edu/). The cyan circles show the locations of the
ionospheric stations used in this work.
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temperature increase is found at both hemispheres and it is
coincident with the locations at which the EIA crests present an
This
enhancement at 450 km height agrees with the predicted uplift

electron  density reduction. electron temperature
of the temperature increase after the eclipse obscuration shown
in Figure 5, providing additional temperature information that
was not observed by the Jicamarca ISR at such altitudes. Both the
electron temperature changes observed in ISR and Swarm-A are
underestimated by the prediction. The same was observed in
Aryal et al. (2020b), where the TIEGCM model grossly
the
observed in the GOLD mission near totality of the 2 July
2019 total solar eclipse by more than 150 K. On the other

hand, for the annular solar eclipse of 21 June 2020, Huang

underestimated eclipse-induced temperature change

et al. (2020) using measurements from the Swarm-B and C
satellites found no visible effects of the temperatures.

The results of the statistical comparison indicate that the
study of Martinez-Ledesma et al. (2020) provided an accurate
overall prediction of the ionospheric impact of the eclipse,
although large differences are obtained at high altitudes
(i.e., foF2 and TEC) after the eclipse event. These differences
are related to the difficulty to reproduce the plasma dynamics at
high altitudes in the equatorial and mid latitude region. Indeed,
there may be two input factors that are not considered in the
model that could make the simulations predicted by SUPIM-
INPE not agree with the observations after the eclipse. One input
factor is the thermospheric neutral wind that modifies the
eclipse-induced TEC affects
temperature and mass density responses through advection
(Dang et al, 2018; Cnossen et al., 2019). The other factor
could be the changes in the O/N2 ratio due to the eclipse that
should be very important in mid-latitudes.

The O/N2 ratio can be directly obtained from Global
UltraViolet TIMED/GUVI, (http://
guvitimed.jhuapl.edu/). However, near the geographic zones of

reduction and the neutral

Imager, observations
the maximum of the eclipse, GUVI generates a gap zone, due to
the South Atlantic Anomaly (figure not shown). To avoid this
constraint, we analyzed data from the Global-scale Observations
of the Limb and Disk (GOLD) mission over South America
(https://gold.cs.ucf.edu/). We analyzed the L2 product ON2 (or
O/N2 column density ratio) derived from daytime disk scan
measurements. This is an integrated daily product for
approximately 68 disk scan measurements performed per day
by GOLD in a nominal operation.

Figure 8 shows the daily O/N2 for the 13, 14, and 15th of
December 2020. Additionally, Jicamarca, Tucumdn, Chillan, and
Bahfa Blanca locations are marked as cyan dots for visual
reference. In this figure, it can be observed that during the
eclipse day the O/N2 ratio is considerably enhanced with
respect to the previous and next days, in particular at Bahia
Blanca station. During the 13th and 15th of December, the O/N2
(around the marked stations) varies approximately between
0.6 and 0.7, while during the eclipse day on the 14th it can be
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observed that such ratio is varying between 0.7 and 0.85,
approximately. It should be mentioned that, in this case, the
O/N2 is a daily integrated product (about 68 scans) which means
that the observed enhancement, during the eclipse day, is
significant. These changes are equivalent to an increase of
~30% under eclipse conditions, which is considerably less
than the ~80% obtained by Aryal et al. (2020a) from GOLD
measurements for the 2 July 2019 total solar eclipse. Thus, the
variations in the O/N2 ratio is an input that the model should
incorporate in the future, specially at mid-latitude stations.

5 Conclusion

In this work we conducted a detailed evaluation of the
SUPIM-INPE model under eclipse conditions using multi-
instrument data and GNSS derived TEC. In particular, we
studied the different ionospheric impacts of the 14 December
2020 eclipse at different South American stations covering
different latitudes and eclipse obscuration percentages.

The comparison results suggest that the SUPIM-INPE model
estimates accurately the effects produced by the solar eclipse. At the
different layers (i, E, F1, and F2 layers), the model does not present
variations during the eclipse greater than ~14% in relation to the
measured values. Moreover, the model predicts the conditions for the
E layer very well, except for a slightly larger difference at the Jicamarca
station. For the FI layer, there are very good agreements for the
Jicamarca and Tucumén stations, while for the higher latitude
stations, Chillain and Bahia Blanca, an increase in the difference is
observed. In the case of the F2 layer, an excellent agreement is
observed in all the stations, with differences that do not exceed 8%.

Additionally, three different methods of obtaining TEC are
used to compare with the model prediction. Although these
methods provide TEC with different amplitudes, all of them
obtain similar reductions to the prediction, except at Bahia
Blanca station and during the hours after the eclipse. In
particular, the Tucumdn station shows a significant decrease
after 19 UT, while Chilllin and Bahia Blanca show a peak
centered at 22 UT (also seen in foF2), all effects that cannot
be reproduced in the model. This suggests the occurrence of later
effects of the eclipse (and seen in the literature). A similar
situation is observed in the temporal evolution of the TEC
along the magnetic meridians. The general trend of the TEC
decrease is similar to the predicted profile although there exist
differences in amplitude. Additionally, the TEC shows effects on
the northern crest of the EIA similar to those predicted.

A statistical has
determination of the percentual differences and correlation

comparison been performed by
coefficients of the measured and predicted data both for the
eclipse period and for the overall daily variation. Results show
that for most ionospheric parameters there is a similar tendency
with the predicted curves, whether this is linear or non-linear. On

the other hand, the NRMSE values obtained were often less than
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10%, which, together with high correlation coefficients, suggest a
good performance in terms of modelling. These differences are
much greater when it comes to TEC (as expected, due to the
different calibration techniques). Again, quantitatively it is
observed that the prediction for Bahia Blanca does not
provide an accurate response at high altitudes.

Additionally, it has been shown that both the electron
temperature changes, as observed by the Jicamarca ISR and
the in situ measurements of the Swarm-A satellite, are
underestimated by the prediction.

Future versions of the SUPIM-INPE for eclipse conditions
should consider additional effects not yet considered within the
model. In particular, it is required to include the variations of the
thermospheric winds and changes in composition, specifically in
the O/N2 ratio, as observed from GOLD satellite measurements.
Nevertheless, the SUPIM-INPE model has proven to be a suitable
model to understand and predict ionospheric variability under
eclipse conditions.
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