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Using HF ray-tracing simulations and e-POP observations to study the impact 
of the December 4, 2021 eclipse on the ionosphere in Antarctica.

OBJECTIVE

INTRODUCTION
• Ray-tracing package: PHaRLAP (Cervera et al., 2014).

• Ionosphere: SAMI3.

• Magnetic field: IGRF 2016 model.

• Ray-trace honing algorithm (James, 2006)

• Transmitting frequency： 10.3 MHz.

• Transmitter location: McMurdo Station (77.8 S   166.7 E)

• Receiver: RRI on board e-POP spacecraft
Receiving zone is 100 m distance from the spacecraft

• Spacecraft trajectory : Location data with time increment 1 s. 

• RRI sampling rate : 62500.33933 Hz 

METHODOLOGY RESULTS DISCUSSION

CONCLUSION AND FUTURE WORK
• Ray tracing simulation under SAMI3 ionosphere has strong reliability in 

Doppler frequency detection between McMurdo and e-POP spacecraft. 

• e-POP RRI is sensitive enough to pick up tens Hz variation in frequency 
from SuperDARN transmitted signal.

• The ray tracing algorithm with Newton’s iteration significantly improves 
the compute efficiency and accuracy. It does not require high level 
hardware in computing.

• Further work will include deriving the TEC between McMurdo 
SuperDARN and e-POP spacecraft by using the RRI Doppler data.
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• High Frequency (HF; 3-30 MHz) radio waves are highly sensitive to 
plasma density variations in the ionosphere.

• A solar eclipse causes a significant reduction of the plasma temperature 
and plasma density, leading to a change in HF radio wave propagation 
conditions (refractive index) in the ionosphere.

• This work presents a raytracing simulation of the Doppler shift of 
McMurdo SuperDARN transmissions received by the Radio Receiver 
Instrument (RRI) onboard the e-POP during the December 4 eclipse along 
with several other measurements from November 29 to December 10 using 
PHaRLAP based on the ionospheric plasma density generated by the 
SAMI3 model and compares the predicted HF signal reception 
characteristics to RRI.

• SAMI3 is a three-dimensional model of the ionosphere/plasmasphere 
system (Huba et al., 2008) that can be used to study the effect of a solar 
eclipse on the ionosphere (Huba and Drob, 2017). 
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Figure 4 The RRI dipole 1 observation spectrum for eclipse and non-eclipse 
case. Color-coded with log10 of normalized amplitude(a) is for the e-POP 
trajectory Dec 4, 2021, 06:54:15-07:04:12 UT; (b) is for trajectory Dec 7, 
2021, 06:54:14 UT -07:04:11 UT.

(a)

Figure 3 2D interpolation in colatitude and longitude for finding
solution rays. Contours of constant azimuth 𝛽 of starting wave vector
are in dashed lines, and one contour of constant elevation angle 𝛼 is in dot-dash
line. (James, 2006)

• We assume that during the spacecraft conjunction the ionosphere and the 
radar radiation pattern are fixed.

• The received Doppler shift can be expressed in frequency as (Ponomarenko 
et al., 2009).
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• 𝜆଴ is the wavelength of 10.3 MHz in meters, n is the refractive index, B is 
the location of the receiver (e-POP here), A is the location of transmitter 
(McMurdo SuperDARN), ds is the differential path length. 

• Equation (1) can be re-expressed as: 
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• 𝑷𝒓𝒆𝒄𝒆𝒊𝒗𝒆 is the phase path at receiving point.
• In order to illustrate the effect of eclipse to the ionosphere in e-POP 

observation data, we select data on December 7, 2021 as the non-eclipse 
reference. 

• The ionosphere used in Figure 5 for Dec 7 conjunction is SAMI3 at 7:00 UT.
• Electron density variation in the ionosphere could be detected in the 

Doppler frequency aspect shown in Figure 6. 

• This table shows a statistical result of the reliability of ray tracing 
simulation on Doppler frequency with SAMI3 ionosphere for ten e-POP 
observations over 13 days time span. 

• First two columns is the time of observation periods
• Third column is the number of observed signal pulse peaks when their 

Doppler difference between simulation and observation larger than 10 Hz.
• Fourth column is the total observed signal pulse peaks during each 

conjunction
• Simulation error caused by size of receiving zone is approximately 3 Hz. 

The statistical result shows among 10 conjunctions, less than 10% of data 
points when the difference between simulation and observation larger than 
10Hz (except for Dec 5th and 9th).

Figure 2 Spacecraft trajectory (yellow trace;06:54:15 - 07:04:12 UT) with 
background as TEC difference between Eclipse and No Eclipse case. The high 
TEC area represents the eclipse. The orange arrow shows the direction of the 
spacecraft. The TEC values are derived from a SAMI3 model.

• ΔTEC is the TEC of No eclipse subtract the TEC of Eclipse. 
• The maximum of ΔTEC is approximately 1.8 TECU (1TECU=1016 m-2).

Figure 1 (a) The map above shows the e-POP trajectory (black) and the eclipse 
path (width of umbra’s path in blue). (b) e-POP diagram (Perry et al., 2017) 
focusing on RRI Dipole 1 measurements.

(b)(a)
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Figure 6 Doppler shift of simulation with SAMI3 ionosphere 0 to 23 UT on 
Dec 7 with 3-hour increment for the same e-POP conjunction. Time period 
shown in the title in UT. 

Figure 5 Doppler shift of observation result of the two trajectories and 8th 
order polynomial fit of O mode simulation for eclipse and no eclipse 
conjunctions. The central frequency is 10.3 MHz.

• Horizonal axis is the elapsed time in seconds during the conjunction.
• The Doppler maximum error in simulation is approximately 3 Hz at 10.3 

MHz signal caused by 100 m receiving zone. 
• With high accuracy raytracing result, the simulation matches observation 

well.
• There is mismatch between simulation and observation prior 297 second on 

Dec 4 conjunction due to low elevation angle.
• The maximum variation between simulation and observation Doppler on 

Dec 7 conjunction is about 10 Hz and 4 Hz on Dec 4 conjunction after 297 
second.

• Simulation shows more receiving signals at low elevation angle than e-POP 
observation data. 
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• Initial elevation angle 𝛼 and bearing angle 𝛽 derived from the line of sight 
between the transmitter and e-POP.

• Initial Δ𝛼 = 1°, Δ𝛽 = 10°

• In general, after 10 iterations, the distance between the ray and e-POP 
converges to a constant which may not be inside the receiving zone.

• If the converged distance is not within 100 m, then use the corresponding 
𝛼 and 𝛽 as new initial condition, use random Δ𝛼 and Δ𝛽 between 0° and 1°
to start a new iteration.

• This procedure is repeated until a ray reaches the receiving zone. If no ray 
reaches the receiving zone after 20 the procedure is repeated times is 
regarded as not received.

Percentage %e-POP signal pulse 
number

Number of pulses 
Doppler difference 
larger than 10Hz

Conjunction time
UTDate

027006:25:15-06:33:12Nov 29

3.33150507:33:15-07:41:12Nov 30

0122007:00:15-07:06:12Dec 1

7.2755407:35:15-07:41:12Dec 3

3.45203706:54:15-07:04:12Dec 4(eclipse)

10.992733006:21:15-06:29:12Dec 5

3.57224806:54:14-07:04:11Dec 7

6.21145906:21:14-06:29:11Dec 8

10.181081109:10:14-09:20:11Dec 9

1.87107206:55:14-07:03:11Dec 10

3.2991306:21:14-06:29:11Dec 11


