


motion at E‐ and F‐region altitudes. In the presence of a dense enough layer, the transmitted radio waves can be

fully refracted back toward the ground to produce backscatter echoes from the Earth's land and sea surfaces.

Despite the radar network's long history spanning more than three decades, only one published work has examined

SuperDARN measurements during an eclipse. Moses et al. (2021) present SuperDARN observations from the 21

August 2017 total solar eclipse over North America, finding an increase in the skip distance of the 1‐hop ground

scatter and a reduction in the total amount of backscatter seen by the mid‐latitude Fort Hays West (FHW) and

ChristmasValleyWest (CVW) radars. The response observed byCVWwas symmetric about the time ofmaximum

obscuration, while the FHW observations were asymmetric with the recovery time lasting longer than the onset

phase.More recently, another total solar eclipse occurring overNorthAmerica on 8April 2024was observed by the

mid‐latitude Blackstone (BKS) radar and is described in the companion paper (Kunduri et al., 2024). In this letter,

we present the first multi‐frequency SuperDARN radar observations of the ionospheric response to a solar eclipse;

specifically, the annular solar eclipse occurring over North America on 14 October 2023.

2. Methodology and Data

In this study, we use data from the Christmas Valley East (CVE) SuperDARN radar in Oregon (43.27°N, 120.36°

W), which forms a co‐located pair with CVW. From 15:00–20:00 UT on 14 October 2023, the Christmas Valley

radars were operated in a special mode that samples every other beam at a single frequency (10.6 MHz) during the

first 30 s of each 1‐min scan. In the remaining 30 s, the radars scan through nine frequencies (9.5–17.5 MHz)

along two selected beam directions (7 and 23 for CVE; 0 and 16 for CVW). Figure 1 shows the nominal fields of

view (FOVs) of each radar in geographic coordinates, with red and orange shading used to indicate the single‐

frequency beams sampled by CVE and CVW, respectively; the four multi‐frequency beams are shaded yel-

low. LOS Doppler velocities are obtained from the raw data samples using the FITACF 2.5 library contained in

version 5.0 of the Radar Software Toolkit (RST) (SuperDARN Data Analysis Working Group et al., 2022).

Contours of maximum obscuration at 300 km altitude during the eclipse are overlaid on Figure 1 in gray, with 20%

contour intervals marked by solid blue lines (Frissell, N. A., 2023). The center of the eclipse path is indicated by

Figure 1. Nominal fields of view of the Christmas Valley East and West SuperDARN radars shaded red and orange,

respectively, during a special multi‐frequency experiment for the annular solar eclipse on 14 October 2023, plotted in

geographic coordinates; beams highlighted in yellow sampled nine equally spaced frequencies from 9.5 to 17.5 MHz each

minute. Contours of maximum obscuration at 300 km altitude are overlaid in gray with 20% contour intervals marked in blue

(Frissell, N. A., 2023). The Boulder Digisonde (BC840) is indicated by the yellow star.
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the solid black line and labeled at 10‐min intervals starting from 16:10 UT. While totality (i.e., 100% obscuration)

does not occur anywhere within the radars' FOV, the radar site does lie within the band of 80%–90% maximum

obscuration and is only a few degrees poleward of the shadow center as it passes by at 16:15 UT. CVE's twomulti‐

frequency beams (7 and 23) look nearly perpendicular and parallel to the central eclipse path; therefore, we focus

on observations from CVE due to its more favorable viewing geometry relative to the eclipse.

We use data from the nearby Boulder Digisonde (BC840) to characterize the ionospheric vertical electron density

profile (Bibl & Reinisch, 1978). Daily autoscaled results for the week before and after the eclipse at 5 min cadence

are obtained from the Lowell Digital Ionogram DataBase (Reinisch & Galkin, 2011) to calculate median

reference values, while we have manually scaled the ionogram for the eclipse day. The geographic location of

BC840 (40.0° N, 105.7° W) is indicated by the yellow star overlaid on Figure 1.

3. Observations

The maximum obscuration at 300 and 100 km altitude over Boulder were 76.0% and 77.5%, occurring at 16:30

and 16:35 UT, respectively. Figure 2 shows a 24‐hr time series of (a) critical frequency and (b) peak height of the

E, F1, and F2 layers observed by BC840 on the eclipse day as solid pink lines. Lighter colored dots show indi-

vidual measurements of each layer parameter during the week before and after from 07 to 21 October 2023

(excluding the eclipse day), while the thick green, blue, and black lines correspond to median values. In Figure 2a,

the pink eclipse day critical frequencies match the 14‐day medians quite closely, except from ∼15:00–19:00 UT

when the eclipse shadow was passing nearby. Figure 2b shows an expanded view of this 4‐hr interval with the

obscuration above Boulder at 300 km overlaid in orange. The critical frequencies of all three layers begin

decreasing at 15:20 UT and reach a local minimum at 16:45 UT, corresponding to a reduction of ∼20% and

lagging the obscuration peak at 300 km altitude by 15 min. The E (foE) and F1 (foF1) layer critical frequencies

Figure 2. Boulder Digisonde (BC840) measurements of (a–b) critical frequency and (c–d) layer height at a 5 min cadence. Light green, blue, and gray dots indicate E, F1,

and F2‐layer measurements during the week before and after the annular solar eclipse, respectively; thick green, blue, and black lines correspond to smoothed median

values for each layer. The solid pink lines show the measured layer values on the eclipse day. Vertical dashed lines in panels (a, c) indicate the expanded 4‐hr time interval

shown in panels (b, d), where the eclipse obscuration at 300 km altitude is overlaid in orange.
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both recover to their median values within the next 60 min by 18:00 UT, while the F2 critical frequency (foF2)

does not reach its median value until 18:40 UT. In Figures 2c and 2d, no significant deviations from the median

layer heights are observed during the eclipse, with two exceptions. Likely signatures of traveling ionospheric

disturbances (TIDs) can be seen in both the F1‐layer height (hmF1) and foF1 after the eclipse maximum from

17:30–19:00 UT. There is also a slight increase in the F2 layer height (hmF2) by ∼20 km at 16:25 UT, although it

is within the range of daily observed values (gray dots).

Observations of daytime ground backscatter from CVE give insight into the spatial and temporal evolution of the

bottomside ionosphere during the eclipse. Figure 3 shows fitted LOS Doppler velocity measurements for the

single‐frequency CVE beams (i.e., red beams in Figure 1) from 15:10–17:50 UT at 20 min intervals. The

measured range and elevation angles are used to map the backscatter echoes to their ionospheric reflection point

Figure 3. Fitted line‐of‐sight Doppler velocity measurements from Christmas Valley East at 10.6 MHz from (a–i) 15:10–17:50 UT at 20 min intervals on 14 October

2023, mapped to the ionospheric reflection point using measured elevation angles and assuming 1‐hop propagation. Contours of eclipse obscuration at 300 km altitude

are overlaid on each panel, with contours at 20% intervals marked in blue; locations of obscuration values in Figure 5 are indicated by black diamonds. The location of

BC840 is indicated by the yellow star.

Geophysical Research Letters 10.1029/2024GL112450

THOMAS ET AL. 4 of 9

 1
9

4
4

8
0

0
7

, 2
0

2
4

, 2
4

, D
o

w
n

lo
ad

ed
 fro

m
 h

ttp
s://ag

u
p

u
b

s.o
n

lin
elib

rary
.w

iley
.co

m
/d

o
i/1

0
.1

0
2

9
/2

0
2

4
G

L
1

1
2

4
5

0
, W

iley
 O

n
lin

e L
ib

rary
 o

n
 [1

2
/1

2
/2

0
2
4
]. S

ee th
e T

erm
s an

d
 C

o
n
d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v
ern

ed
 b

y
 th

e ap
p
licab

le C
reativ

e C
o

m
m

o
n
s L

icen
se



assuming a 1‐hop propagation mode (Thomas & Shepherd, 2022); solid black lines are overlaid every 10 range

gates assuming a fixed virtual reflection height of 300 km for reference. Similar to Figure 1, obscuration contours

at 300 km altitude for each time step are overlaid in gray and BC840 is indicated by the yellow star. At 15:10 UT

(Figure 3a), when the 0%–10% obscuration contour covers both the CVE backscatter reflection points and BC840,

the observed LOS velocities are a mixture of small positive and negative values (±10 m/s). As the eclipse shadow

approaches CVE over the next 60 min (Figures 3b–3d) the LOS velocities become consistently negative (as

indicated by the predominantly red colors), until the footprint has passed equatorward of the radar at 16:30 UT

(Figure 3e) when more positive velocities (predominantly blue colors) begin to appear again. Over the next

60 min as the eclipse travels farther away from the radar to the southeast (Figures 3f–3i), the velocities are

consistently positive.

In addition to the single‐frequency results obtained across the entire CVE FOV, oblique multi‐frequency data

were collected along beams 7 and 23 to monitor the downrange bottomside ionospheric response to the eclipse.

Figure 4 shows range‐time intensity plots of the LOSDoppler velocity observed along beam 23 of CVE at the nine

sounding frequencies (9.5–17.5 MHz at 1 MHz steps) from 15:00–19:00 UT using the same velocity scale as

Figure 3. The solid white line indicates the smoothed skip distance of the 1‐hop ground scatter observed at each

frequency, and the dashed white line corresponds to twice this distance as an estimate for any possible 2‐hop

ground scatter. Overlaid on each panel of Figure 4 in black is the foF2 measured by BC840.

In all panels of Figure 4, the skip distance begins increasing by a few hundred kilometers at ∼15:30 UT until

16:45–17:00 UT, after which it decreases back to the initial measured slant range by 17:45–18:00 UT. The 2‐hop

skip distance estimate (dashed white line) tends to closely follow the near range of a farther ground scatter band

during the initial phase of increasing skip distance, however an offset of ∼100 km is observed during the sub-

sequent recovery phase. The LOS Doppler velocities are mostly negative from ∼15:30–16:30 UT, followed by

mostly positive velocities until 18:00 UT. The velocity magnitudes also appear to be inversely proportional to

radar frequency. Cross‐correlation analysis indicates foF2 is strongly anti‐correlated with the 1‐hop skip distances

at each frequency (−0.85 to −0.90), but the times of skip distance maximum span from 10 min before the

minimum in foF2 at the lowest frequency (9.5 MHz) to 15 min after for the higher frequencies (13.5–17.5 MHz).

CVE's other multi‐frequency beam (7) is directed nearly perpendicular to the eclipse path, and its observations are

largely similar to those along beam 23 shown in Figure 4; an equivalent figure is available in the Supporting

Information S1. The 1‐hop skip distance at each frequency along beam 7 is again strongly anti‐correlated with

foF2, which lags the skip distance maximum by 5 min. Unlike beam 23, there appears to be some periodic

structure in the observed Doppler velocities embedded within the ground scatter's overall trend from negative to

positive values.

4. Discussion and Summary

In this letter we have presented the first multi‐frequency SuperDARN HF radar observations of the ionospheric

response to a solar eclipse. Unlike the August 2017 total solar eclipse described by Moses et al. (2021), the 1‐hop

ground scatter band remained visible at all radar operating frequencies throughout the October 2023 annular

eclipse. Negative LOS Doppler velocities and increasing skip distance were observed in the 1‐hop ground

backscatter as the eclipse shadow approached the CVE radar's FOV, followed by positive Doppler velocities and

decreasing skip distance as the obscuration decreased. The nearby Digisonde observed a ∼20% decrease in foE,

foF1, and foF2 during the eclipse, while the peak layer heights remained relatively stable.

To better explore the relative timing of the multi‐frequency SuperDARN results with respect to changes in eclipse

obscuration, the top two rows of Figure 5 show the smoothed 1‐hop skip distance and median Doppler velocity

extracted along CVE's beams 23 and 7 in the left and right columns, respectively. The maximum skip distance

along each beam is indicated by the filled circles and connected by a dotted line. Along beam 23 (Figure 5a), there

is a clear time delay in the maximum skip distance moving from low to high radar frequencies between 16:35–

17:00 UT, whereas along beam 7 (Figure 5b) the maximum skip distance occurs simultaneously for all fre-

quencies at 16:39 UT. The obscuration at 300 km altitude along each beam near the skip distance reflection point

(black diamonds in Figure 3) is overlaid in white. Maximum obscuration occurred nearly simultaneously at 16:15

UT for both beams, with a peak value of 86.4% along beam 23 and 79.0% along beam 7, respectively. The changes

in skip distance therefore lag the peak obscuration by 20–45 min depending on both radar frequency and
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azimuthal beam direction (noting that beam 23 is more parallel and beam 7 more perpendicular to the eclipse

path).

The Doppler velocities shown in Figures 5c and 5d reveal values are negative or zero prior to ∼16:15 UT, after

which positive values are observed along both beams at all frequencies. The velocity magnitudes have a clear

frequency dependence with the largest values observed at lower frequencies, which is expected given the rela-

tionship between Doppler velocity (vD) and the Doppler frequency shift (Δf ) obtained from the autocorrelation

function and given by

vD =
cΔf

2f0
(1)

Figure 4. Fitted line‐of‐sight Doppler velocity measurements along CVE's beam 23 at nine frequencies as a function of measured slant range from 15:00–19:00 UT on 14

October 2023. The smoothed 1‐hop skip distance is overlaid as a solid white line, and the dashed white line indicates twice this range as a prediction of the 2‐hop skip

distance. BC840 measurements of the F2‐layer critical frequency (foF2) are overlaid in black.
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where f0 is the radar frequency and c is the speed of light (Baker et al., 1995; Ribeiro et al., 2013). Using

Equation 1 we convert the radar velocities to their associated Doppler frequency shifts as shown in Figures 5e and

5f, where the Doppler shift magnitudes at each frequency are nowmuch better aligned. A strong anti‐correlation is

found between the Doppler shifts along beam 23 and the time derivative of the eclipse obscuration at 300 km

(dObsc/dt), which is overlaid on Figures 5c–5f in white.

Typically during the initial stage of an eclipse when occultation is increasing (dObsc/dt> 0), a negative Doppler

shift is expected, followed by a positive Doppler shift as the occultation decreases (e.g., Chernogor et al., 2022;

Sindelarova et al., 2018). The October 2023 annular eclipse was observed by CVE and BC840 in the pre‐noon

sector (∼09:15 LT), so the expected negative Doppler shift due to increasing occultation is likely offset by the

diurnal increase in electron density (Figure 2a). After the peak obscuration (16:15 UT), the decreasing obscu-

ration (dObsc/dt < 0) and increasing electron density due to daytime production processes should both generate a

positive Doppler shift. The largest negative Doppler shifts were observed along CVE's beam 23, which is most

parallel to the eclipse path, while the negative Doppler shift along the perpendicular beam 7 was almost totally

Figure 5. Christmas Valley East observations along beam 23 (left) and beam 7 (right) of smoothed (a–b) 1‐hop skip distance, (c–d) line‐of‐sight Doppler velocity, and

(e–f) Doppler frequency shift at nine frequencies from 15:00–19:00 UT on 14 October 2023. The eclipse obscuration at 300 km in the near fields of view along each

beam is overlaid in white on panels (a–b), and the time derivative of the obscuration function is overlaid on panels (c–f) in white. Panels (g, h) show the fast Fourier

transform power spectral density of the Doppler frequency shifts in panels (e, f), respectively.
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suppressed. Because BC840 did not observe significant changes in layer height in response to the eclipse, we

believe the large‐scale Doppler shifts are more likely attributable to time changes in the bottomside electron

density (e.g., equation 8 in Chum et al. (2012)).

Interpretation of the Doppler shifts along CVE's beam 7 are complicated by wave activity, which is clearly seen

throughout this interval in Figure 5f. A nearly 180° phase shift is observed between the lowest and highest

frequencies from 15:30‐16:30 UT, suggesting each frequency corresponds to a different downrange ionospheric

reflection point as the disturbances propagate away from the eclipse path (e.g., Zhang et al., 2017). TIDs are also

known to exhibit phase variations at different altitudes, and so the reflection height at each frequency may play a

significant role (e.g., Panasenko et al., 2019). The bottom row of Figure 5 shows the fast Fourier transform (FFT)

power spectral density of the Doppler frequency shifts along each beam. A clear peak at 35 min is seen in the FFT

power spectrum for beam 7 (Figure 5h), whereas a smaller, broader range spanning from 25 to 45 min is found for

beam 23 (Figure 5g). Unfortunately, limited ground backscatter was observed prior to 15:00 UT making it

difficult to determine whether this wave activity preceded the eclipse. We do note that BC840 also observed TID‐

like signatures in the F1‐layer for 1.5 hr after the obscuration maximum.

The experimental setup between the October 2023 annular eclipse described in this letter and the April 2024 total

eclipse described in the companion paper (Kunduri et al., 2024) are quite similar, with a mid‐latitude SuperDARN

radar observing changes in the 1‐hop ground scatter skip distance and Doppler velocity sign near a Digisonde

providing vertical electron density profile measurements. However, several important differences should be

noted. First, the October annular eclipse reached CVE at ∼16:15 UT in the pre‐noon sector (∼09:15 LT), whereas

the April total eclipse did not reach the Digisonde deployed under the BKS radar FOV until several hours later at

19:30 UT (∼15:30 LT). During both events foE and foF1 responded nearly instantly to the eclipse shadow, while

during the April eclipse the foF2 response lagged the other layers by ∼45 min. Because of foF2's simultaneous

response during the October 2023 eclipse, we are unable to attribute the observed Doppler shifts to a particular

layer; the changes in skip distance however appear best correlated with foF2.

To summarize, the novel multi‐frequency experiment conducted with the CVE SuperDARN radar during the

October 2023 annular solar eclipse provides key spatial context to nearby vertical incidence measurements of the

bottomside ionosphere. In our future work, we will expand our analysis to include multi‐frequency data from

other radars and eclipses to further characterize the ionospheric response to these unique space weather events.

Data Availability Statement

The authors acknowledge the use of SuperDARN data. SuperDARN is a collection of radars funded by the

national scientific funding agencies of Australia, Canada, China, France, Italy, Japan, Norway, South Africa,

United Kingdom, and the United States of America. The raw SuperDARN data used in this study have been

uploaded to Zenodo (Thomas et al., 2024). The Radar Software Toolkit to read and process the Super-

DARN data can be downloaded from Zenodo (SuperDARN Data Analysis Working Group et al., 2022).

The Boulder Digisonde (BC840) was operated by University of Colorado Boulder on behalf of the National

Oceanic and Atmospheric Administration and data were obtained from the Lowell Digital Ionogram

DataBase, DIDBase (https://giro.uml.edu/didbase/) at the Lowell GIRO Data Center, LGDC (Reinisch &

Galkin, 2011). Manually scaled ionogram parameters from BC840 for the day of the eclipse have also

been uploaded to Zenodo (Thomas et al., 2024). The eclipse obscuration contours were obtained from

Frissell, N. A. (2023).
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