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Motivation and Science Questions

Motivation 

•"The April 8, 2024 “Great American Eclipse”—not to be confused with the August 21, 2017 
“Great American Eclipse”—was our last chance to see a total solar eclipse over CONUS for a 
long while..

•What was the ionospheric response to the total solar eclipse?
•How well do our models reproduce the ionosphere’s response to an eclipse?
•Is there an asymmetry in the ionosphere’s onset/recovery response to the eclipse? 

Today we’ll look at some:
•Ionosonde observations of the ionosphere’s response to the total solar eclipse.
•Amateur (“ham”) radio observations of the ionosphere’s response to the total solar eclipse.



Ionosonde Observations for April 8, 2024

Ionosonde Observations 

•Two ionosondes were operating under the path of 
totality.
•Wright-Patterson Air Force Base was installed for 
eclipse, thanks to collaborators at AFIT and 
AFRL.

•Observations were compared to SAMI3/SAMI3-
WACCM-X.



Ionosonde Observations 

Ionosonde Observations for April 8, 2024



Ionosonde Observations 

Ionosonde Observations for April 8, 2024

•SAMI3 performs reasonably well at several of the 
ionosonde sites.

•An interesting discrepancy is the notable lag between 
the predicted eclipse induced NmF2 depletion predicted 
by SAMI3 and observed by the ionosonde.
•This was first reported by Kunduri et al. (2024).

Figure 4. PanelHa (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, c) show RangeHTimeHIntensity (RTI) plots of colorHcoded backscatter Doppler velocities along BeamH6 between 1700 and 2130 UT. In Panel (b),
overlaid are the “skipHdistance” estimated by raytracing through the SAMI3 eclipsed ionosphere and foF2 derived from Sami3 estimates at WPHAFB. In Panel (c),
observations of foE, foF1, and foF2 made by the Digisonde deployed at WPHAFB are overlaid.
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Ionosonde Observations 

Ionosonde Observations for April 8, 2024

•Alternative SAMI3 runs were conducted and 
analyzed to try to reproduce the “lagged” 
depletion feature.

•SAMI3 with WACCM-X
•SAMI3 with WACCM-X and reduced photo 
electron heating.



Vertical transport of the neutrals 

How important is vertical transport of the neutrals?
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Figure 2. Temperature changes during the August 11, 
1999 solar eclipse at longitude 0 ø for 240 km altitude. 

change the composition since air from higher pressure lev- 
els with different relative gas concentrations is transported 
downwards. One sees in Figure 3 that densities of O and 
N2 increase during the first half of the eclipse, between 9:50 
UT and around 10:20 UT. As shown above, these density in- 
creases are consistent with the cooling. When plotting the 
change of the [O]/[N2] ratio (not shown) one will however 
see that the relative concentration of O increases, which is 
what one would expect from the downwelling, carrying [O]- 
rich gases from higher to lower pressure levels. This shows 
that both processes, cooling and downwelling, play a role 
here. The downwelling will upset diffusive balance, so molec- 
ular diffusion will act to restore the equilibrium. Molecular 
diffusion is thus the third process determining neutral gas 
densities in Figure 3. 

When discussing the IN2] behaviour, it is important to 
note that cooling and downwelling have competing effects on 
its concentration: while cooling leads to an increase of [N2], 
downwelling decreases it. As a result of the cooling, IN2] 
rises between 9:50 and 10:20 UT. After that, downwelling 
has become strong enough to dominate effects of the cooling 
and the N2 concentration begins to drop. As temperature 
increases again, after 10:50 UT, the atmosphere expands 
and further reduces the densities. As a result of both the 
downwelling and expansion, IN2] drops below the steady 
state level after 11:20 UT. Molecular diffusion of N2 into 
the previously eclipsed region eventually leads to an overall 
rise of IN2] after 14:30. 

The combined effects of downwelling and cooling lead to a 
sharp rise of [O] after 9:50 UT. After the temperature mini- 
mum at 10:50 UT, the O density in Figure 3 still increases for 
some time (due to the downwelling), but at a reduced rate 
(due to the heating), maximizing at 11:30 and then falling. 
The continuous decrease of [O] after 11:30 is a result of the 
atmosphere's expansion and molecular diffusion. 

In Figure 3, [NmF2] (solid line) increases during the 
eclipse by up to 4. 10•øm -s, or 8 % of the background 

value, corresponding to a change in the F2 layer critical 
frequency, foF2, by around 0.2 MHz. These changes are 
very small and hardly measurable, but nevertheless it is of 
interest to discuss what causes them. Some of this [NmF2] 
behaviour is due to the atmosphere's contraction and some 
can be explained from the neutral composition changes. It 
is well known that daytime F2 region electron densities are 
sensitive to neutral composition: production depends on the 
O concentration, while the loss rate depends on mainly the 
N2 concentration. As a rule of thumb, daytime [NmF2] 
increases with the [O]/[N2] ratio. During the eclipse, no 
photoionization of O occurs, so the O density is irrelevant. 
It was found earlier that N2 densities increase during the 
eclipse, which should lead to a decrease of [NmF2]. As 
with the neutral densities, though, the atmosphere's com- 
pression (due to cooling) also causes an increase in electron 
densities on a fixed plasma pressure level. So, the two pro- 
cesses ("thermal increase" and "chemical reduction") com- 
pete against each other. 

The fastest reaction leading to recombination of ions and 
electrons is via N2 and NO+, and reaction rate calculation 
reveal that an increase in IN2] by 5 % would over 30 minutes 
lead to a reduction of [NmF2] by around 1%. So, the "chem- 
ical reduction" is too weak to cause an overall decrease of 

IN2] in Figure 3. 
Initially, after the temperature minimum at 10:50 UT, 

[NmF2] does fall again as a result of the thermal expansion. 
About an hour later, though, photoionization under the en- 
hanced [O]/[N2] ratio causes an overall increase in [NmF2] 
to its second maximum, at around 13:30. The slow decrease 
of [O]/[N2] (due to molecular diffusion) during the after- 
noon hours then causes the observed reduction of [NmF2]. 
In summary, the initial increase of [NmF2] is a result of 
the atmosphere's compression, while the behaviour after the 
eclipse is linked to the neutral composition. 

Similar to the earlier findings about temperature pertur- 
bations, the electron density changes propagate as a wave 
away from the path of totality (not shown here). However, 
disturbances propagate into the equatorial regions only and 

CTIP F2 layer changes 50N/0E 

I x1014 _._.....•4.0x1010 

? •"\\ 11'0x1010 •'• 0 \\ 0 

IN2] "_ ...- ....... -' _1.0x1010 

,, I1,,, I I,, I,,, I,I, I I,, I,I, I I,, I,, -2.0x10 TM 
9 10 11 12 13 14 15 16 17 18 

UT 

Figure 3. Changes of parameters at and near the F2 peak 
height during the August 11, 1999 solar eclipse at latitude 
50 ø N and longitude 0 ø. The panel shows [NmF2] (solid) as 
well as O (dotted) and N2 densities (dashed) at the pressure 
level closest to the F2 peak. All densities are given in [m -3 ]. 
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Figure 1. The changes of neutral temperature and winds 
at 11:30 UT for 240 km altitude and 3 different latitudes, 
as predicted by the CTIP for the August 11, 1999 solar 
eclipse. Solid lines denote temperature, dashed and dot- 
ted lines northward- and eastward wind components, respec- 
tively. 

around 100 m/s, these eclipsed-induced changes in neutral 
winds are important. When producing a global snapshot 
of wind changes (not shown) one sees an anticlockwise flow 
around the low pressure region. Ion drag plays a minor role 
since the footprint of totality is far from the magnetic pole 
and auroral oval, and the flow is thus to a reasonable approx- 
imation geostrophic. The patterns of neutral temperature 
and wind changes agree well with those found by Roble et 
al., [1986] for the May 30, 1984 eclipse. Any discrepancies 
can be explained through the differences in the paths, with 
the 1984 eclipse occurring at lower latitudes, giving a weaker 
Coriolis force acting on the neutral winds. 

Figure 2 shows the change of temperature at longitude 
0 ø as a function of UT and latitude. The plot shows that 
the peak temperature decrease occurs at around 10:50 UT. 

However, the centre of the moon's shadow crosses this longi- 
tude at around 10:20 UT, so it is evident that there is a time 
lag of around 30 minutes between the totality and the peak 
temperature decrease; winds respond with the same time 
lag. A further interesting feature of Figure 2 is the global 
propagation of the temperature disturbance. One sees that 
the change of temperature is strongest at 50 ø N, where the 
path of totality crosses the longitude 0 ø meridian. In addi- 
tion, two wavefronts are formed, one propagating over the 
north pole to the opposite longitude (not shown) and the 
other equatorward into the southern hemisphere. The wave 
velocity is of around 300 m/s and agrees well with values 
measured by $ingh et al., [1989]. Although magnitudes of 
most temperature changes are not measureable with any of 
today's instruments it must be emphasized that the values 
presented here are a result of reduced in-situ absorption in 
the upper atmosphere only. This issue is discussed further 
in section 4. 

Ionospheric and Neutral Composition changes 
Changes occurring near the F2 peak altitudes at latitude 

50 ø N and longitude 0 ø are shown in Figure 3. The graphs 
are the changes of the F2 peak electron density ([NmF2], 
solid line) and of N2 and O densities (dashed and dotted 
lines, respectively) on the pressure level closest to the F2 
peak height. The beginning ("first contact" at 9:50 UT) 
and end ("fourth contact" at 11:16 UT) of the eclipse are 
marked by vertical bars. The following will discuss the neu- 
tral composition changes and outline how these may affect 
the electron densities. Although Figure 3 shows one partic- 
ular location only, the behaviour was found to be similar for 
others along the path of totality. 

One sees from Figure 3 that N2 densities increase during 
the first half of the eclipse by up to around 3 ß 10x3m -3, or 
around 5 %, then fall again and become smaller than the 
"steady state" values for around 10 hours after the eclipse, 
by up to 2. 1013m -3, or 3 %. The behaviour of the O 
densities is different in that they stay larger than the "steady 
state" values throughout the eclipse and for around 14 hours 
afterwards. Their largest increase occurs at around 11:30 
UT, reaching around 7- 1013m -3 , or 5 % of the background 
value. 

As a result of the falling temperature, one would expect 
densities on a level of fixed pressure to rise. It was shown 
earlier (see Figure 2) that the peak temperature decrease 
occurs around 30 minutes after totality, or 10:50 UT. Al- 
though it was there shown for a fixed altitude, the temper- 
ature behaviour on a fixed pressure level was found to be 
very similar. If cooling were the only process influencing 
densities, the curves of [O] and [N•] in Figure 3 should fall 
after 10:50 UT, due to the temperature rise after totality. 
However, the N• density already begins to fall before that, 
at 10:30 and [O] begins to fall only at 11:30 UT. So cooling 
alone cannot account for the observed behaviour. 

Another important process is the downwelling, or down- 
ward transport of gases. Downwelling is a result of the con- 
verging horizontal winds which surround the eclipsed region 
and cause a downward flux relative to pressure levels in or- 
der to conserve mass IRishbeth et al., 1969]. Cooling itself, 
without the downwelling, would cause no real composition 
change on a fixed pressure level, so the relative concentra- 
tions of gas components would remain unchanged IRishbeth 
and Miiller-Wodarg, 1999]. The downwelling, however, does 

•Vertical neutral transport can have a 
significant influence on NmF2 (Müller-
Wodarg et al., 1998).

•Downwelling of O and N2 can increase 
O/N2 ratio at a given pressure level, 
leading to an increased NmF2.
•This may also add to compression of 
natural at the same pressure level 
due to cooling effects.

(Müller-Wodarg et al., 1998)



Vertical transport of the neutrals 

Does the modeling show vertical transport of the neutrals?

•SAMI3/WACCM-X shows eclipse 
natural temperature and winds that is 
consistent with previous modeling, but 
not for neutral concentrations.
•Photo electron heating has also 
been reduced.



HamSCI and the “Great American Eclipse” 

HamSCI and the “Great American Eclipse”

•Get as many hams “on the air” to transmit and communicate with 
each other during eclipse period.

•Analyze ham radio community receiving networks.
•These receivers provide time, frequency, point of origin, point 
of reception information for individual communications.

•Observe eclipse effects with HF receiver.

KO4GQT WP3R 

Credit: U. Scranton



HamSCI and the “Great American Eclipse” 

HamSCI and the “Great American Eclipse”

Objectives
● Investigate the behavior of HF signals with respect to 

doppler residuals over time.
● Identify and characterize periodic patterns found in 

residual data.
● Correlate patterns with relevant geospace phenomena.

Methodology
● A Grape V1 low-IF receiver (K2MFF) was installed with a 

30m inverted vee antenna tuned to 10MHz at the Newark 
Institute of Technology (NJIT) in Newark, New Jersey.

● The 10MHz signal is generated by the NIST radio station 
WWV in Fort Collins, Colorado.
○ GNSS disciplined oscillator produces an extremely 

stable signal.

● The difference between the peak signal received by the 
Grape and 10MHz is calculated to acquire its doppler 
residual at a sampling rate of 1Hz.

Doppler Residuals at 40°42’, -89°-36’  (2022)

An Analysis of Doppler Residuals on a High Frequency Radio Link 
Between Colorado and New Jersey
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Results
● Doppler residuals detected during the daytime are more 

stable than those received during the nighttime.
● Daytime doppler residual measurements are significantly 

Cauchy distributed, whereas nighttime readings are 
exponential power / lognormal distributed.
○ Different from generally accepted Gaussian distribution 

of ionospheric measurements.
Best Fit PDFs (7-1-2021)

2023 Annular Eclipse
● A significant alteration from daily residual traces was 

detected during the event 2023 annular eclipse.
○ The time-local doppler residuals fell below expected 

values at 16:30 UTC, corresponding to 10:30 in 
Colorado - the approximate time of the annularity in 
that time zone.

Doppler Residual Traces (10-7-2023 to 10-14-2023)

Introduction
● High Frequency (3-30 MHz) skywave signals are used for 

radio communications across the globe.
● Analysis of the doppler residuals of these signals can be 

used to remotely sense bottomside ionospheric activity, 
such as fluctuations in total electron content and density.

● The Ham Radio Science Citizen Investigation (HamSCI) 
group has worked to develop and distribute a network of 
Personal Space Weather Stations (PSWS) both nationally 
and internationally in order to measure ionospheric 
phenomena.

● A Grape V1 PSWS node, a type of low-IF radio receiver, can 
monitor a single frequency with continuous time 
resolution along a single path (Collins³ et. al.).
○ SuperDARN radars have at best a 1 minute cadence.
○ Ionosondes typically have a 3-15 minute cadence.

■ Oblique ionosondes most similar to the Grape, but 
suffer in cadence when sweeping frequencies.

Discussion
● The median (50th percentile) was chosen as the most 

representative statistic to characterize longer-term 
residual trends.

Conclusions and Future Work
● A connection between incident solar irradiation above the 

midpoint of HF signal travel was established.
● The Grape receiver detected changes in ionospheric 

electron density due to geospace phenomena.
● The causes for fluctuations in residual measurements 

have not been isolated to a particular source.
○ Need to correlate patterns in Grape dataset with other 

datasets monitoring different geospace phenomena.
Change in Total Electron Content (TEC)

● Must determine the path of the signal using the PHaRLAP 
MATLAB ray tracing package to identify the region of the 
ionosphere which interacts most with the HF signal.
○ Assess the impact of multipath signal travel.
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Figure 1: A diagram indicating the relationship between the 
frequency of an HF signal and its path of travel through the 
ionosphere. Recreated from Space Weather Prediction Center¹.

Figure 2: A diagram indicating the proposed distribution of 
Grape receivers. In light purple is the path which the annular 
solar eclipse traversed in October 2023,  and in grey is the path 
that the total solar eclipse will traverse in April of 2024.

Figure 3: A diagram of the path of the 10 MHz signal. The 
ionosphere’s exposure to sunlight during local day is 
associated with a blueshift for HF signals, and vice versa 
(redshift) for local night. Recreated from Collins² et al.

Figure 4:  A scatter plot of the residual data collected in 2022. 
Each vertical slice contains a day of doppler residual readings. 
The data has been timeshifted from Newark local time 
(GMT-5) to the time local to the midpoint of the 10 MHz 
signal’s propagation path in Illinois (40°42’, -89°-36’) (GMT-6).

Figure 7: A graph plotting the 25th, 40th, 50th, 60th and 75th 
(from top to bottom, respectively) percentile traces of the 
residual data collected in July 2022.

Figure 8: A plot illustrating the delta TEC of the ionosphere 
along the 40th - 42nd line of latitude over time. Overdrawn 
lines highlight the direction of moving ionospheric 
disturbances. Courtesy of Shunrong Zhang of MIT Haystack.

Figure 5: A graph overlaying residual data for July 1, 2021 with 
red markers identifying the best fit probability distribution 
function for the local 5-minute time bin. The bold blue line 
marks the UTC time for sunset at the midpoint between 
Newark and Fort Collins, and the bold yellow line marks the 
UTC time for sunrise. The lines to the left and right of each 
mark the same times in Newark and Fort Collins, respectively.

Locations of Proposed Grape 2 Receivers

Doppler Residual Percentile Trend (7-2022)

Figure 6: A plot displaying the doppler residual readings for 6 
days of data collection prior to the annular eclipse (data from 
dates closer to Oct 14 is colored darker grey) overlaid with the 
doppler residual trace from October 14 in red. 

[K2MFF 40°44’31” -74°-10’-45” | Midpoint 40°42’32” -89°-36’-33” | WWV 40°40’32” -105°-2’-21”]

2024 total eclipse Grape data from K2MFF at NJIT in Newark, NJ

Plot courtesy of S. Fernandes, NJIT

Deployment of HamSCI infrastructure for 2023 and 2024 solar eclipses



HamSCI eclipse observations 

HamSCI eclipse observations
Oct 14, 2023 Apr 8, 2024



Epoch analysis of global eclipse observations 

Epoch analysis of global eclipse observations



Epoch analysis of global eclipse observations 

Epoch analysis of global eclipse observations

•Evidence of asymmetric (7 and 
28 Mhz) and symmetric (3.5 
and 21 MHz) ionospheric 
response to the eclipse.



Comparing HamSCI results to ray trace modeling 

Comparing HamSCI results to ray trace modeling 

Tx Rx

•The PHARLAP numerical ray tracer is used to 
simulate ham transmissions through SAMI3 and 
SAMI3-WACCM-X eclipse ionosphere.



Comparison of HamSCI results to ray trace modeling  - 7 MHz

Comparison of HamSCI results to ray trace modeling  - 7 MHz
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Summary

Summary

•Several ionosondes measured of the ionospheric reponse during the April 8, 2024 total solar 
eclipse. 
•Salient features of the response are reproduced by SAMI3 and SAMI3-WACCM-X 
simulations.
•The models do not reproduce observed “lag” the NmF2 depletion with respect to totality.
•Models will be refined with an aim of explaining the lag. 

•HamSCI analysis show clear effects of the April 8, 2024 eclipse on ham communications.
•Asymmetric and symmetric ionospheric responses are observed depending on the 
operating frequency.

•Numerical ray trace simulations are able to reproduce evolution of ham radio linkages 
observed during the eclipse.
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