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Abstract The path of totality of the 8 April 2024 solar eclipse traversed the fields-of-view of four US
SuperDARN radars. This rare scenario provided an excellent opportunity to monitor the large-scale ionospheric
response to the eclipse. In this study, we present observations made by the Blackstone (BKS) SuperDARN radar
and a Digisonde during the eclipse. Two striking effects were observed by the BKS radar: (a) the Doppler
velocities associated with ground scatter coalesced into a pattern clearly organized by the line of totality, with a
reversal in sign across this line, and, (b) a delay of ~45 min between time of maximum obscuration and
maximum effect on the skip distance. The skip distance estimated using a SAMI3 simulation of the eclipse did
not however capture the asymmetric time-delay. These observations suggest that the neutral atmosphere plays
an important role in controlling ionospheric plasma dynamics, which were missing in SAMI3 simulations.

Plain Language Summary The total solar eclipse on 8 April 2024 was the last one to be observed
over the continental United States until 2045. In addition to blocking the visible light from the Sun over a swath
ranging a few hundred kilometers, a solar eclipse will also partially obscure the Sun's extreme ultraviolet
radiation. As a result, an eclipse can drive significant changes in the ionosphere, a charged region in the Earth's
upper atmosphere that is predominantly ionized by solar radiation. A unique feature of this eclipse was that the
path of totality traversed the fields-of-view of three Super Dual Auroral Radar Network (SuperDARN) radars—
Fort Hays East, Blackstone, and Wallops Island. SuperDARN radars operate in the High Frequency (HF) range,
and radio waves in this frequency range are particularly sensitive to changes in the ionosphere. In this study, we
use observations provided by SuperDARN radars alongside a Digisonde to determine the temporal response of
the different ionospheric layers to the eclipse and compare these observations with modeled behavior.

1. Introduction

A total solar eclipse was observed over the continental United States on 8 April 2024. The path of totality began
over the North Pacific Ocean near Mexico and traversed across several US states from Texas to Maine. A key
feature of this solar eclipse is that the path of totality passed through large geographical sectors covered by the
fields-of-view of three SuperDARN radars—namely, Fort Hays East (FHE), Blackstone (BKS), and Wallops
Island (WAL). A coordinated observational campaign was conducted by researchers at Virginia Tech, Air Force
Institute of Technology, Dartmouth College, and the Johns Hopkins Applied Physics Lab to make measurements
of the ionosphere-thermosphere system during the eclipse. A key component of this campaign was to temporarily
deploy a Digisonde at the Wright-Patterson Air Force Base (WP-AFB), which is located in the fields-of-view of
two SuperDARN radars (BKS and FHE), and also along the path of totality.

A solar eclipse partially occults the Sun's extreme ultraviolet radiation coming from the extended corona and
provides an environment analogous to a “controlled” experiment, allowing for an assessment of the response of
the ionosphere's vertical plasma density structure to a sudden change in incident radiation. Several observational
(Adeniyi et al., 2007; Coster et al., 2017; Jose et al., 2020; Yau et al., 2018; Zhang et al., 2017) and modeling
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(Adeniyi et al., 2009; Cnossen et al., 2019; Miiller-Wodarg et al., 1998; Rishbeth, 1968; Wang et al., 2019) studies
examining previous eclipses have provided insights on the impact of eclipses on the ionosphere-thermosphere
system. These studies focused on monitoring the variations in ionospheric plasma density structure during an
eclipse and noted that peak change in plasma densities can lag the peak eclipse obscuration level, variously re-
ported as a delay of ~15 (Coster et al., 2017) or ~80 min (Jose et al., 2020). The relatively localized and swift
changes in solar radiation during an eclipse can generate a complex and asymmetric response in the upper at-
mosphere especially in the F-region and above (Adeniyi et al., 2007; Cnossen et al., 2019; Harding et al., 2018;
Rishbeth, 1968; Zhang et al., 2017). Plasma densities at the lower altitudes that is, below the F-region, are ex-
pected to be predominantly controlled by photochemistry and therefore to directly correlate with eclipse induced
changes in solar EUV radiation (Adeniyi et al., 2009; Rishbeth, 1968). At higher altitudes, especially in the F2
region, transport processes, ambipolar diffusion, and neutral composition are also expected to play important
roles in determining ionospheric variability (Wang et al., 2019). Physics-based modeling by Cnossen et al. (2019)
showed that the response of the neutral temperature lagged behind totality by ~35 min and that the neutral winds
had a noticeable influence on the Total Electron Content (TEC) during the 2017 total solar eclipse. Wang
etal. (2019) used the Thermosphere Ionosphere Electrodynamics General Circulation Model (TIE-GCM) to show
that the Moon's shadow can drive disturbances in neutral winds along its path which can alter F2 region electron
densities.

Radio waves in the High Frequency (HF) range (3-30 MHz) are particularly sensitive to changes in the iono-
sphere and have long been used to remotely sense the state of the ionosphere (Breit & Tuve, 1926; Bland
etal., 2014, 2018). The impact of the total solar eclipse of 21 August 2017 on SuperDARN was demonstrated by
Moses et al. (2021), who showed that ground scatter moved to farther ranges or vanished entirely based on the
look direction of the beam. A companion paper by Thomas et al. (2024) present first multi-frequency Super-
DARN observations made by the Christmas Valley SuperDARN radars during the annular eclipse that occurred
over North America on 14 October 2023. In this study, we present observations made by the BKS SuperDARN
radar and the WP-AFB Digisonde during the total solar eclipse of 8 April 2024. We compare these observations
with simulations of HF propagation through the eclipse obtained with the SAMI3 (Sami3 is A Model of the
Ionosphere) model (Huba & Liu, 2020) to analyze the impact of eclipse induced changes in solar radiation at
different altitudes.

2. Data Sets and Models
2.1. SuperDARN

SuperDARN is an international network of HF radars which are used for continuously monitoring ionospheric
space weather phenomena (Chisham et al., 2007; Nishitani et al., 2019). The radars use electronic beam steering
to typically scan through a total of 16-24 beams in 1-2 min, covering ~50° in azimuth. In this study, we analyze
ground backscatter power (signal-to-noise ratio) and Doppler velocities observed during the eclipse, as well as an
additional parameter called the “sky noise” which provides an estimate of the average noise level across all the
range gates. The sky noise parameter can be used as a proxy for ionospheric density variations in the D and lower
E regions because it detects changes in HF absorption or propagation conditions (Berngardt et al., 2018; Bland
etal., 2018). Lastly, we analyze changes in “skip distance” which is the distance from the radar to the closest point
where signals are reflected from the ground.

2.2. SAMI3 Model

SAMI3 (Sami3 is A Model of the Ionosphere) (Huba et al., 2008; Huba & Liu, 2020) is a physics-based model of
the ionosphere, which is based on Sami2 (Huba et al., 2008). In this study, we use SAMI3 simulated ionospheric
electron density profiles to model the impact of the eclipse on HF propagation using ray-tracing. SAMI3
nominally uses the EUVAC (Richards et al., 1994) model for solar radiation and the Richmond apex model for the
magnetic field (Richmond, 1995). The neutral composition, temperature, and winds in SAMI3 during this run
have been specified using Naval Research Lab Mass Spectrometer Incoherent Scatter Radar (NRLMSIS-00)
(Picone et al., 2002) and Horizontal Wind Model (HWM14) empirical models (Drob et al., 2015). The high-
latitude electric potential is specified by the Weimer (2005) model. The mask used in SAMI3 to obscure the
solar EUV radiation is similar to the one described by Huba and Drob (2017).
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2.3. Digisonde at the Wright Patterson Air Force Base

A Digisonde DPS-4D from the Air Force Research Laboratory Space Vehicles Directorate (AFRL/RV) was
temporarily installed at the Wright Patterson Air Force Base (WP-AFB), Ohio to determine the changes in the
bottom side ionosphere during the eclipse. WP-AFB lies along the path of totality and also within the fields-of
view of the BKS (Beam 6) and the FHE (Beam 22) radars, so the Digisonde provides important ionospheric
context for interpreting the radar observations. Ionograms recorded during the eclipse were manually scaled and
the critical frequencies of the E and F1/F2 layers determined at a 2-min cadence.

2.4. Ray-Tracing Through SAMI3 Eclipsed Ionosphere

Ray-tracing has provided insights into the propagation of HF radio waves in the ionosphere (e.g., Bristow &
Greenwald, 1995; de Larquier et al., 2013; Kunduri et al., 2022, and others). In this study, we use the ray-tracing
model developed by de Larquier (2013) which relies on a two—dimensional formulation of Fermat's principle in
the propagation plane (Coleman, 1998). The de Larquier (2013) model estimates the refractive index by ignoring
the impact of magnetic field and collisions. As a result, this approach cannot account for the differences in the
propagation of the O and X modes and the estimates of the location of ground and ionospheric scatter generated by
the ray-tracing simulations can be offset by 1-3 range gates. SAMI3 (Huba et al., 2008) simulations of the
eclipsed ionosphere are used to model BKS observations during the eclipse along beam 6 which overlooks the
WP-AFB Digisonde.

3. Observations

The upper panel of Figure 1 highlights the favorable alignment of the path of totality for the 8 April 2024 solar
eclipse with the fields of view of several US SuperDARN radars. The path of totality is marked by the gray shaded
region and contours of 20%, 40%, 60%, and 80% obscurity levels at 300 km altitude are also overlaid. The blue
cross indicates the location of WP-AFB where a temporary Digisonde was deployed as a part of the observational
eclipse campaign. It can also be seen from the figure that beam-6 to beam-22 of the BKS and FHE radars are
oriented to look directly over the location of the Digisonde. The lower panels show ray-tracing results through the
SAMI3 eclipsed ionosphere for beam-6 of the BKS radar at 17:30 UT (pre-eclipse), 19:30 UT (near totality), and
20:30 UT (post totality), respectively. Each ray is plotted in pink and the length of a ray path to a scatter point is
the slant range. Note, that at 17:30 UT (pre-totality) rays are expected to reach the ground between 700 km (skip
distance) and 1,500 km producing ground scatter. During totality (19:30 UT), the ground range of the skip
distance extends beyond 1,000 km because of the decrease in electron densities. Finally, post totality (20:30 UT),
the skip distance returns back to pre-eclipse levels to ~700 km once the ionosphere recovers. Overall, ray-tracing
through SAMI3 ionosphere suggests that we would expect the skip distance to change by ~400 km during the
eclipse, with the maximum offset expected to occur near 19:30 UT. The model suggests a small delay between the
maximum offset in skip-distance and peak obscuration which occurs at ~19:15 UT.

We will now analyze observations made by the BKS radar during the eclipse. In Figure 2, we show the impact of
the eclipse on the Doppler velocities of ground backscatter observed by the BKS radar at two different times. The
left panel shows observations at 19:00 UT just before totality (marked by the pink cross) enters the field-of-view,
and the right panel shows observations at 19:18 UT, when totality is inside the field-of-view. The background in
each scan plot is gray-scale color-coded by the level of obscurity in visible radiation. Prior to the arrival of totality
the velocities over the inner band that covers all beams are small (<10 m/s) and generally negative, consistent
with either a rising height of reflection or a changing index of refraction in the lower ionosphere (weak and
variable velocity is typical of day time ground-scatter which can be perturbed by traveling ionospheric distur-
bances or solar flares) (Davies, 1990).

There is a dramatic change in the ground scatter Doppler velocities (color-coded according to the color bar on the
right) as totality crosses the field-of-view of the radar. Specifically, at 1900 UT, we notice an increase in the
magnitude of negative Doppler velocities (dark red colors) to ~—25 m/s in the zonal beams which are closest to
totality. This shift is consistent with a increase in the refractive index or effective reflection height. At 1918 UT,
there is a transition in the Zonal beams from negative to positive Doppler velocities (now reaching ~20 m/s) as the
shadow crosses these beams and the ionosphere begins to recover. The meridional beams which are encountering
the ascending phase of the eclipse are experiencing a increase in refractive index or effective reflection height of
the signal, and therefore observe higher negative velocities. The sudden intensification and organization of
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Figure 2. Fan-plots of color-coded Doppler velocities measured by the BKS radar at 1900 UT (left) prior to eclipse totality and 1918 UT (right) during the eclipse
totality. The background is gray-scale color-coded by the level of obscurity with black being maximum. The totality location is identified by the pink cross.

Doppler velocities by the line of totality, defined as extending from the radar site to the “X-spot” and beyond is
striking.

Figure 3 shows the temporal response in SuperDARN ground backscatter and sky noise to the intensity of the
eclipse shadow. The top and bottom panels show Doppler velocities observed along beams 3 and 11 of the BKS
radar. The gray-black contours indicate the level of maximum eclipse obscuration corresponding to blockage of
the visible disk of the sun. The solar corona as a source of EUV increases the size of the disk that is effective on the
ionosphere by approximately 15% (Mrak et al., 2018). Consideration of this factor would shift the start and end
times of total obscuration by 5—-10 min. Three important features can be observed. First, a remarkable alignment
between the eclipse contours and the change in Doppler velocities is apparent. This alignment indicates that the
shadow intensity is directly correlated to the change in Doppler velocity. Second, sky noise increases with
increasing shadow intensity and vice versa. One possible reason for this behavior could be that HF attenuation
decreased during the ascending phase of the eclipse and increased during recovery. Lastly, there is a delay in the
response of skip distance to the eclipse contours such that the skip distance was observed to remain relatively
constant as the intensity of obscuration increased, and started to increase only after the totality had passed through
the field of view. A total delay of ~45 min between the peak obscuration and the maximum offset in skip distance
can be observed. The asymmetric response in the Doppler velocities/sky noise and the skip distance to the in-
tensity of the eclipse shadow will be examined further.

Figure 4 shows a comparison between the ray-tracing simulations and actual observations along beam-6 of the
BKS radar. Panel-(a) of Figure 4 presents relative sky noise across all beams as a function of UT time with the
gray-black contours indicating peak eclipse obscurity levels along each beam. Relative sky noise is calculated by
subtracting sky noise on the eclipse day (8 April) from a background level which is calculated using median
values (binned by beam over a 30 min interval) from nearby days: 6™,7" 9" and 10” April. This approach to
estimate relative sky noise is similar to the one taken by Bland et al. (2018), however, the main difference is that
they subtract median values of sky noise (binned by beam and frequency in 30 min intervals) from the previous
30 days. We limited our analysis to =2 days because of a major upgrade to the BKS electronics in the last week of

Figure 1. The path of totality passed through the fields-of-view of four US mid-latitude SuperDARN radars: Christmas Valley East (CVE), Fort Hays East (FHE),
Blackstone (BKS), and Wallops Island (WAL). The Fort Hays West (FHW) experienced lower levels of obscurity (<60%). The blue cross indicates the location of the
Digisonde at the Wright Patterson Air Force Base (WP-AFB), and beams 22/6 from FHE/BKS radar that overlap the Digisonde are also marked in the figure. The lower
three panels (b, ¢, and d) show Ray-tracing along beam-6 of the BKS radar through a SAMI3 eclipsed ionosphere at 17:30 UT prior to totality, 19:30 UT during totality, and
20:30 UT post totality. Electron densities are color coded according to the scale on the right and the pink lines represent rays between 5° and 50° elevation with 0.1°
spacing. The simulations were performed at the same frequency at which the radar was operating during the eclipse (12 MHz).
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Figure 3. Sky noise level and Range-Time-Intensity (RTI) plot of color-coded Doppler velocities measured by the BKS radar
along Beam-3 (top) and Beam-11 (bottom) between 17 and 22 UT. Overlaid as contours are the corresponding eclipse
obscurity levels along the beam.

March 2024, to a new system based on the one designed by Bristow (2019). Similar to the observations presented
in Figure 3, there is a direct correlation between sky noise and eclipse shadow intensity across all the beams.

In Figure 4b we present a direct comparison between the skip distance estimated using ray-tracing (Figure 1) and
actual SuperDARN observations. Also overlaid is the SAMI3 derived foF2 at WP-AFB as pink dashes. It can be
seen that the SAMI3 estimated skip distance is in reasonable agreement with actual BKS observations pre-
eclipse (with a difference ranging between 100 and 200 km) and post-eclipse (difference <100 km), suggest-
ing the model has captured important features of the background ionosphere well. However, there is a noticeable
delayed response in the BKS-observed skip distance such that the maximum offset in observed skip distance
occurs at 2000 UT, well past the time when maximum obscuration in eclipse shadow intensity is observed. The
SAMI3 simulations on the other hand predict the maximum skip distance offset to occur at 1930 UT, only
slightly behind maximum obscuration. This model-data offset in timing is further examined in panel-(c) where
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Figure 4. Panel-a (top) shows a time series plot of relative sky noise observed across all BKS beams. Overlaid as contours are the corresponding peak eclipse obscurity
levels. Panels (b, ¢) show Range-Time-Intensity (RTI) plots of color-coded backscatter Doppler velocities along Beam-6 between 1700 and 2130 UT. In Panel (b),
overlaid are the “skip-distance” estimated by raytracing through the SAMI3 eclipsed ionosphere and foF2 derived from Sami3 estimates at WP-AFB. In Panel (c),
observations of foE, foF1, and foF2 made by the Digisonde deployed at WP-AFB are overlaid.
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foF2 (pink dashed line), foF1 (purple dotted line), and foE (purple solid line) determined from the WP-AFB
Digisonde are overlaid along with the same BKS Doppler velocities measured along beam-6. Two major fea-
tures can be observed. First, WP-AFB foF2 drops to a minimum value of ~8 MHz at 2000 UT, similar to the
delay observed in BKS skip distance and changes in both the data sets are observed to be synchronized. Sec-
ondly, changes in foE and foF1 are well correlated with the intensity of the shadow of the eclipse and Super-
DARN Doppler velocities.

4. Discussion and Summary

A prominent feature in Figure 2 through 4 is the response of the Doppler velocities to the eclipse shadow intensity.
This behavior is consistent with observations presented in previous studies of solar flares (e.g., Kikuchi
et al., 1986; Watanabe & Nishitani, 2013) and solar eclipses (e.g., Jakowski et al., 2008) which showed that
changes in ground scatter Doppler velocity are correlated with the rate of electron density change in the bottom-
side ionosphere. In particular, we expect a decrease in the ionospheric electron densities and increase in refractive
index as the eclipse approaches and vice-versa as the eclipse moves away. A change in the refractive index of the
ionosphere can result in an apparent increase/decrease in the ray path and thereby produce the negative/positive
Doppler velocity shift that is observed in Figure 2 through 4. A key question that needs to be addressed, however,
is the relative contribution of the different layers (D, E, and F) to the Doppler velocity shift observed by the BKS
radar. The variations in sky noise in Figures 3 and 4a indicate a likely reduction in HF absorption, due to a
reduction in electron densities in the D and E regions (Berngardt et al., 2018; Bland et al., 2018), during the
ascending phase of the eclipse and vice-versa. Taken together, the direct response of the Doppler velocities and
sky noise to the changes in eclipse shadow intensity suggest that the lower ionosphere (the D- and E-regions) are
responding relatively quickly to the eclipse. Indeed, the swift response of WP-AFB foE, along with a delayed
response in foF2 and SuperDARN skip distance as shown in Figure 4c further confirm that the lower regions (D/
E) are responding almost simultaneously to the eclipse shadow, whereas, the higher altitudes (F2 region) are
showing a delayed response.

This leads us to an interesting question: What is causing the delay in the response of the F2 layer to the eclipse
shadow? A delayed ionospheric response to the eclipse shadow was reported during previous eclipses using
ionosondes (Adeniyi et al., 2007; Jose et al., 2020), and TEC observations (Coster et al., 2017; Zhang et al., 2017).
The ~30-60 min delay between the peak of the eclipse shadow and the maximum change in SuperDARN skip
distance (Figures 3 and 4) is in reasonable agreement with a 45-min delay in the response of the F-region reported
by Adeniyi et al. (2007) during the 29 March 2006 eclipse over an equatorial station, and a 60-min delay that was
reported by Jose et al. (2020) near the Indian sector. Wang et al. (2019) used TIE-GCM to determine the relative
contributions of different factors such as production and loss rates, ambipolar diffusion, neutral wind transport,
etc., to electron density changes at different altitudes during the 2017 eclipse at Millstone Hill. They reported a
delay of ~30-min in the F-region which increased at higher altitudes. While photochemistry dominated lower
altitudes (<200 km), the changes in density produced by transport of plasma from eclipse generated wind var-
iations and ambipolar diffusion played an important role in controlling the dynamics at higher altitudes (Cnossen
etal., 2019; Wang et al., 2019). Collectively, these results suggest that the contribution of the neutral atmosphere
can vary greatly with factors such as local time, and location with respect to the eclipse path. lonospheric response
during an eclipse is also related to occultation in the extreme ultraviolet (EUV)/X-ray bands (Cantrall et al., 2024;
Mrak et al., 2018). In particular, Mrak et al. (2018) used EUV occultation maps estimated from Solar Dynamics
Observatory Atmospheric Imaging Assembly images to show that large-scale TEC disturbances observed during
the great American eclipse of 21 August 2017 were produced by gradients in EUV illumination. Similarly, Mrak
etal. (2022) developed a model of a solar eclipse mask at EUV wavelengths, and showed using Global Ionosphere
Thermosphere Model (GITM) simulations that a modeled EUV eclipse mask can account for a 20% change in
TEC, F-region plasma drift, and F-region neutral winds. A geometrically symmetric approximation of the
occultation function may not fully express the impact of the eclipse shadow on the ionosphere-thermosphere
system since the highly variable solar corona can make a notable contribution toward X-ray and EUV radia-
tion. While the thermospheric response is likely the major contributor to the delay in the response of the F2 layer,
an EUV mask (Mrak et al., 2022; Verhulst & Stankov, 2020) might also account for a portion of this delay. Multi-
frequency experiments conducted with the CVE SuperDARN radar during the October 2023 annular solar eclipse
were analyzed in the companion paper by Thomas et al. (2024). The authors report that skip distance was well
correlated with the F,-layer density response, which lags the peak obscuration by ~30 min.
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A better simulation of the 8 April 2024 eclipse is needed to fully understand the features of the ionosphere-
thermosphere system. The discrepancy between the SAMI3 model estimates and observations seen in
Figures 1 and 4 may be attributed to at least two factors. First, the SAMI3 results presented in this paper used the
empirical models NRLMSIS-00 and HWM14 to define the thermospheric conditions; as such, they cannot
capture the response of the neutral atmosphere to the eclipse (i.e., cooling, modified wind patterns). Second, the
EUV mask used in SAMI3 is based on the ground location of the eclipse path. However, Verhulst and Stan-
kov (2020) show that the three-dimensional geometry of solar eclipses needs to be considered, especially with
regard to altitude. In fact, the path of the EUV masking of the central eclipse is height dependent and can affect the
response of the ionosphere by 30—60 min (Verhulst & Stankov, 2020). These factors will be considered in future
SAMI3 simulations. A comprehensive model-data comparison using observations made by multiple SuperDARN
radars, covering different levels of obscurity, across the North American sector, will be the focus of a follow on
study.

Overall, these observations demonstrate that the ionosphere-thermosphere system response to the eclipse is
complex and the neutral atmosphere can play an important role in controlling the dynamics of ionospheric plasma
density variability.

Data Availability Statement

Data underlying this manuscript are made accessible through the Virginia Tech Data Repository at Ruohoniemi
et al. (2024). Eclipse obscuration levels were calculated using Frissell (2017).
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