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Key Points
• Group range measurements for a High Frequency (HF; 3 - 30 MHz) 

radio link between the McMurdo and South Pole stations in 
Antarctica are analyzed.

• Raytracing simulation results for this link are compared with the data.

• Evidence of a multi-hop propagation modes between the stations is 
observed in the data and corroborated with the modeling. 

• Simulations indicate that ground reflections from the Transantarctic 
Mountains support the multi-hop modes.

•  This is contrary to prevailing wisdom that “HF multi-hop 
propagation modes do not occur in Antarctica”.
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Figure 1. The basic land structure of Antarctica with the geographic South Pole, McMurdo

Station, and Jang Bogo Station indicated. The figure is in polar stereographic coordinates.

di↵erent regions of the ionosphere. The five frequency channels used in our simulations113

are consistent with the observations of Chartier et al. (2020).114

2.2 Geomagnetic conditions115

The HF link observations started on February 28 and ended on March 14, 2019.116

The sunspot number was low during this period of time. Figure 2 shows two geomag-117

netic indices: SuperMAG auroral electrojet lower envelope (SML) and SuperMAG au-118

roral electrojet upper envelope (SMU) (Newell & Gjerloev, 2014) from February 28 to119

March 14, 2019, with the majority of SML larger than -500 nT, SMU was less than 500120

nT. Several substorms were observed during this period, according to the SuperMAG121

substorm list (Ohtani & Gjerloev, 2020). Although substorms and related auroral ac-122

tivity can have an e↵ect on HF radio wave propagation conditions by introducing sig-123

nal scintillation and/or plasma density irregularities, our assessment is that the substorms124

occurring during the period of time shown in Figure 2 did not have substantive influ-125

ence on our interpretation of the data or the numerical raytracing results.126

Figure 2. The SuperMAG data of the maximum auroral electrojet strength lower en-

velope (SML) and upper envelope (SMU) index on March 2 to 6, 2019, retrieved from

https://supermag.jhuapl.edu.

–4–

A. T. Chartier et al.: McMurdo–South Pole oblique ionosonde 3027

Figure 2. This figure shows histograms of received intensity, virtual height, Doppler velocity (positive for decreasing path lengths) and local
time of received echoes.

Table 2. Number of ionospheric echoes received between 28 Febru-
ary and 15 March.

Frequency (MHz) No. of echoes received

7.2 2234
6.4 1189
6.0 3474
5.1 21 517
4.4 0
4.1 2129
3.7 0
3.4 0
3.2 0
3.0 0
2.8 0
2.6 0

tensity, virtual height, and Doppler velocity of the working
frequencies are shown in Fig. 2. The full range–Doppler–
intensity time series are shown in the Supplement. The ob-
served ranges and Doppler velocities are tightly clustered
within physically realistic parts of the system’s un-aliased
observing scope, which covers more than 2500 km of vir-
tual height and 3000 m s�1 of Doppler velocity. The virtual
heights show two distributions, with E- and F-layer echoes
clearly separated on frequencies up to 6 MHz and only F-
layer echoes (> 200 km) at 7.2 MHz. The observed Doppler
velocities are typically small with a small negative bias. The
local time distribution of the echoes shows a clear peak be-
tween 15:00 and 21:00 LT on all frequencies, consistent with
the expectation that sporadic-F should occur in the local af-
ternoon or evening. The local time distribution may explain
the negative Doppler bias, given that the F region tends to
move upwards during this time interval.

A total of 30 543 ionospheric echoes were received. Of the
working channels, the largest number of echoes was received

on 5.1 MHz and the least on 6.4 MHz. The number of echoes
received on 5.1 MHz (21 517) is actually 25 % higher than
the number of minutes in the test period (17 280) because
echoes are frequently received at multiple ranges, from both
the E and F layers at the same time. This multi-mode prop-
agation is possible because the signal’s angle of incidence
is different for the two layers (larger for the E layer) and
because the signal scatters. Multi-mode propagation can be
seen clearly in virtual height–time–intensity data shown in
Fig. 3, especially on 5.1 MHz. The E layer is clearly visible
on 4.1, 5.1 and 6.0 MHz, with stable virtual height of 100–
120 km. The F-region echoes, by contrast, exhibit sporadic
variability on the higher frequencies. Some of these sporadic-
F enhancements are spread in virtual height by 500+ km,
most notably on 5.1 MHz.

3.2 Validation against Jang Bogo VIPIR

NmF2 from the McMurdo–South Pole experiment is com-
pared against that observed by the Jang Bogo VIPIR in Fig. 4.
The diurnal variability of NmF2 is consistent across both
datasets, though the oblique experiment observes a smaller
range of values due to its lower-frequency resolution. The
Jang Bogo VIPIR reports more NmF2 values due to its higher
sensitivity and due to the fact that it covers more frequencies.

3.3 Comparison with ground-based GPS TEC

MIDAS TEC data at the reflection point are compared
against the maximum-frequency (7.2 MHz) HF returns in
order to determine whether observed density enhancements
are correlated across the two datasets. High TEC values at
the midpoint between McMurdo and the South Pole could
be a predictor of maximum-frequency (7.2 MHz) links be-
tween the two stations because of the association between
NmF2 (and therefore critical frequency) and TEC. A 6 TECU
threshold was found to provide a good association with the
7.2 MHz propagation data. Several free parameters escape
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Table 1. Instrument characteristics.

Instrument parameter Value

Bandwidth 50 kHz (10⇥ oversampled, followed by integration and decimation)

Gaussian phase encoding 1000 bauds, each 20 µs in length

Frequency hopping 12 frequencies (see Table 2) each minute, 5 s dwell

Range 6000 at 6 km resolution

Virtual height 2885 at < 15 km (E layer), < 7 km (F layer)

Doppler 2885 at 11.5 m s�1 (for 2.6 MHz) down to 1042 at 4.2 (for 7.2 MHz)

Integration period 5 s (using 12 frequencies each minute)

Data budget 6.31 TB yr�1 raw IQ (50 kHz sc16), approx. 1 GB yr�1 retrieved parameters

Power budget Approx. 150 W at the transmitter, 30 W at the receiver

2.2.2 Receiver

At the receiver site, an inexpensive 1 m active broadband
dipole antenna is mounted around 2 m above the ice and
connected to the receiver by 183 m of RG-6 cable. The an-
tenna receives phantom power from a bias tee located in the
vault. Inside the vault, the signal is boosted ⇠ 20 dB by a
low-noise amplifier and connected to a USRP N210 with Ba-
sicRx daughter board and GPS-disciplined oscillator. The re-
ceiver’s oscillator retunes according to the pre-defined fre-
quency schedule based on a timed command triggered by the
GPS pulse-per-second signal.

2.3 Data processing

Ionospheric products are estimated by selecting the shortest
range returns at the highest frequencies in the E- and F-region
virtual height intervals (60–180 and 180–600 km). The short-
est range return at a given frequency is selected because it
represents the signal that has the smallest azimuthal devia-
tion from great-circle propagation. The signal’s angle of in-
cidence with the ionosphere is estimated following Eq. (3):

✓ = Csin�1 �
1MCM_ZSP/R

�
, (3)

where 1MCM_ZSP is the distance between McMurdo and the
South Pole (1356 km), R is the observed range, and C is a
calibration factor used to account for a reduction in the an-
gle of incidence due to signal refraction. Based on empirical
comparison with the Jang Bogo VIPIR data, we use a calibra-
tion factor of 0.9 in the E region and 0.75 in the F region. The
virtual height is calculated from the range assuming simple
triangular ray path geometry with a single reflection at the
midpoint between McMurdo and the South Pole. Earth’s ra-
dius at the midpoint (required to calculate the height of the
reflection) is taken from the World Geodetic System 1984
model (WGS84). Note that virtual height is larger than true
height because it assumes propagation at the speed of light

in free space and ignores signal refraction near the reflection
point.

2.4 Validation data

Data from the VIPIR system in operation at the Korean
Antarctic station Jang Bogo (Bullett et al., 2016; Kwon
et al., 2018) are used for validation. The VIPIR system
uses 4000 W transmitted power, a sophisticated log-periodic
transmit antenna and Dynasonde data processing, described
by Zabotin et al. (2006). There is approximately 1000 km
separation between the observing areas of the two instru-
ments, so the comparison with VIPIR is not expected to
be exactly one-to-one. However, ground-based GPS-derived
total electron content observations are available co-located
with our new system. We use TEC images produced using
the Multi-Instrument Data Analysis Software (MIDAS) al-
gorithm (Mitchell and Spencer, 2003; Spencer and Mitchell,
2007) at a 15 min cadence. The algorithm solves for electron
densities in a nonlinear, three-dimensional, time-dependent
algorithm based on dual-frequency GPS phase data. These
images are interpolated to the midpoint between South Pole
and McMurdo (83.93� S, 166.69� E) to provide a first-order
comparison against the data from our HF experiment. Note
that a single pixel of the TEC images extends about 500 km
horizontally, so the exact reflection location is not critical to
this comparison.

3 Results

3.1 Results of the McMurdo–South Pole demonstration

The system was operated between 28 February and 13 March
at 12 frequencies between 2.6 and 7.2 MHz. These are listed
in Table 2. No signals were received below 4.1 MHz, due to
absorption and reduced transmitter efficiency. No signal was
received on 4.4 MHz for unknown reasons. Histograms of in-

Atmos. Meas. Tech., 13, 3023–3031, 2020 https://doi.org/10.5194/amt-13-3023-2020

• “Low cost” HF oblique ionosonde installed by 
Chartier (Chartier et al., 2020).

• Data was collected between 2/28/2019 - 
3/15/2019.

• Chartier et al. (2020) reported:
• Stable E-layer.
• NmF2 validated well against VIPIR ionosonde 

at Jan Bono station.
• Sporadic “spread F”.

Tables from Chartier et al. (2020)

1000 at <

1000 at
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2.3 Summary of HF link observations127

A summary of the observations made by the HF link between February 28 and March128

14, 2029 is provided in Figure 3. From this figure, we can see that throughout the time129

interval of observation, 4.1, 5.1 and 6.0 MHz channels receive E-region reflection signals130

with a very stable group range of around 1380 km. Among those channels, 5.1 MHz stands131

out by a continuous E-region reflection signal. This propagation mode cuts o↵ at 6.4 MHz132

channel. The 5.1 MHz channel has the largest amount of received echoes. We only see133

received signals with a group range larger than 1800 km occur in 4.1 and 5.1 MHz chan-134

nels, and this type of signal occurs every day in 5.1 MHz. Starting from 5.1 MHz, the135

signal gets concentrated in the group range aspect as the frequency increases. Indicat-136

ing that higher frequencies have less chance to experience multi-path propagation be-137

tween McMurdo and the South Pole.138

Figure 3. The observation results of five frequency channels during the whole time period of

the experiment.

2.4 Raytrace simulation setup and execution139

Our simulations are conducted with a Matlab toolbox named Provision of High-140

Frequency Raytracing Laboratory for Propagation Studies (PHaRLAP 4.5.3)(Cervera141

& Harris, 2014) developed by the Defense Science and Technology Organization to study142

the propagation of radio waves through the ionosphere. PHARLAP provides various nu-143

merical raytracing engines in 2D and 3D. The ionosphere used by PHARLAP is given144

by the International Reference Ionosphere (IRI) 2020 empirical model (Bilitza et al., 2017),145

which is an inbuilt function of the toolbox. The IRI 2020 model provides monthly av-146

eraged electron density and ion composition to the ionosphere. The magnetic field is given147

by the International Geomagnetic Reference Field (IGRF) model.148
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Figure 6. Received signals collected by the receiver located at the South Pole (Chartier et al.,

2020), on March 2, 2019 color-coded by signal intensity.

ground range is the great circle distance from the McMurdo Station; the South Pole Sta-209

tion is at a ground range of 1356 km from McMurdo. We assume here that any ray that210

passes through a receiving zone defined as a circle with a radius of 3 km on the surface211

of the Earth and centered at the South Pole is captured by the receiving system located212

there.213

As Figure 7 illustrates, rays that are internally reflected in the ionosphere have re-214

flection points at di↵erent altitudes. Some rays with lower elevation angles get reflected215

in the E-region (around 100 km altitude); higher elevation angle rays get reflected in the216

F-region (around 200 km altitude). Rays whose first landing points are located within217

the receiving zone correspond to one-hop modes, and rays whose second landing points218

are located within the receiving zone correspond to a two-hop propagation mode. PHAR-219

LAP treats the ground as a perfect conductor with no absorptive properties.220

Additionally, Figure 7 shows rays that are cut o↵ at a ground range of approximately221

1356 km—these rays have propagated precisely to 90� S, which is a boundary for the ray-222

tracing simulation domain. Other rays travel beyond 1356 km in ground range because223

they do not propagate directly to the 90� S boundary and cuto↵, but rather they prop-224

agate eastward or westward. We are only interested in the ray information whose land-225

ing points are within the receiving zone.226

Figure 8 shows the landing points of the 4.1 MHz rays in the simulation at 23:06 UT227

on March 2, 2019, with a launch bearing angle range of 175� to 185� in increments of228

0.5�. The landing points indicate where 4.1 MHz transmissions from the McMurdo Sta-229

tion could be received at this time by a receiving system on the ground. The landing points230

are color-coded by total absorption between the McMurdo Station and the landing point,231

–8–
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Figure 6. Received signals collected by the receiver located at the South Pole (Chartier et al.,

2020), on March 2, 2019 color-coded by signal intensity.

ground range is the great circle distance from the McMurdo Station; the South Pole Sta-209

tion is at a ground range of 1356 km from McMurdo. We assume here that any ray that210

passes through a receiving zone defined as a circle with a radius of 3 km on the surface211

of the Earth and centered at the South Pole is captured by the receiving system located212

there.213

As Figure 7 illustrates, rays that are internally reflected in the ionosphere have re-214

flection points at di↵erent altitudes. Some rays with lower elevation angles get reflected215

in the E-region (around 100 km altitude); higher elevation angle rays get reflected in the216

F-region (around 200 km altitude). Rays whose first landing points are located within217

the receiving zone correspond to one-hop modes, and rays whose second landing points218

are located within the receiving zone correspond to a two-hop propagation mode. PHAR-219

LAP treats the ground as a perfect conductor with no absorptive properties.220

Additionally, Figure 7 shows rays that are cut o↵ at a ground range of approximately221

1356 km—these rays have propagated precisely to 90� S, which is a boundary for the ray-222

tracing simulation domain. Other rays travel beyond 1356 km in ground range because223

they do not propagate directly to the 90� S boundary and cuto↵, but rather they prop-224

agate eastward or westward. We are only interested in the ray information whose land-225

ing points are within the receiving zone.226

Figure 8 shows the landing points of the 4.1 MHz rays in the simulation at 23:06 UT227

on March 2, 2019, with a launch bearing angle range of 175� to 185� in increments of228

0.5�. The landing points indicate where 4.1 MHz transmissions from the McMurdo Sta-229

tion could be received at this time by a receiving system on the ground. The landing points230

are color-coded by total absorption between the McMurdo Station and the landing point,231
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Key Observations
• A close inspection of the data prior to sunrise reveals 3 - 4 discrete bands 

of group range values.

• 1-hop E-, 2-hop E-, 1-hop F-, and 2-hop F-layer reflections.

• Similar signatures often seen prior to Sunset over two weeks of data.

• Next, we use ray trace simulations to help narrow down what group 
ranges we should expect for the McMurdo to South Pole Station link.

Sunset 

> 1800 km
~ 1600 km
~ 1400 km
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HF Ray tracing 
• 3D numerical ray trace simulations performed using PHaRLAP.
• IRI ionosphere and IGRF magnetic field used.

• Temporal variability in IRI introduced by driving IRI function call with Jang 
Bogo VIPIR data.

• Simulated rays which landed within 3 km of receiver were considered 
“captured”.

• Earth treated as perfect conductor. 

manuscript submitted to Radio Science

Figure 7. Raytrace paths of 5.1 MHz O mode HF rays launched from the McMurdo Station

using 3D raytracing engine at 23:06 UT on March 2, 2019. The launch bearing angle is 180�

while the elevation angle ranges between 3� to 81� with an increment of 1�. McMurdo Station is

located at ground range 0, and South Pole Station is at ground range 1356 km. Rays in red mark

the two-hop rays launched from the McMurdo Station that fall within a 3 km radius of the South

Pole Station.

Figure 8. Landing points of 4.1 MHz rays originating from the McMurdo Station local noon

(23:06 UT), color-coded with total absorption for the ray in dB (a) The full continent of Antarc-

tica. (b) A zoomed-in view of (a). The axis is in polar stereographic coordinates.

a product of the raytracing software. The landing points with a larger ground range from232

the McMurdo Station experience larger absorption—as expected.233

In order to model the receiving signal at the South Pole on March 2, 2019, and to234

compare it with the data collected by the McMurdo - South Pole radio link, simulated235

rays whose landing points are within a 3 km radial distance from the South Pole were236

considered as received by the South Pole Station in our analysis. Information about those237

particular rays, including both one-hop and two-hop propagation modes, is plotted in238

Figure 9. Here, the horizontal axis shows UT, while the vertical axis shows the group239

range. The points are color-coded by absorption in dB; only rays with less than 40 dB240

absorption are plotted. Figure 9 (a) and (b) are the simulated receiving signal for the241

O- and X-modes, respectively.242

During local nighttime (approximately 09:50 - 16:13 UT at the McMurdo Station),243

because of the low electron density, higher elevation rays are not internally reflected by244

the ionosphere and “escape” through the ionosphere. This results in fewer rays being re-245

ceived at the South Pole. This e↵ect leads to a clear single cuto↵ in 6.0 MHz and higher246

–9–
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3.2 Comparison between simulation and observations - March 2, 2019275

In Figure 11, we compare our modeling results—Figure 10 (a)—to the HF receiver276

observations collected at South Pole Station on March 2, 2019—Figure 10 (b). Since the277

receiver located at South Pole Station could not distinguish between O- and X-mode sig-278

nals, we have plotted both modes in a single figure in Figure 11 (a).279

Figure 11. (a) Simulation results of O- and X-mode rays with less than 40 dB absorption

which land within 3 km of the South Pole. Signals received with a group range above 1800 km

are from a two-hop F-region reflection propagation mode. (b) Received signals collected by the

receiver located at the South Pole (Chartier et al., 2020), color-coded by signal intensity. Note

that the color scales in (a) and (b) are inverted with respect to one another to illustrate that

more strongly absorbed signals in (a) would correspond to less intense received signals in (b).

Figure 11b (the experimental results) shows a clear E-region reflection one-hop mode280

in 4.1, 5.1 and 6.0 MHz with a group range of 1380 km. The group range of this mode281

is very steady, with a variation of 6 km, which is the range resolution of the technique.282

The simulation reproduces receiving signals at the same group range at these frequen-283

cies with a reflection altitude in the E-region.284

–12–
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Figure 6. Received signals collected by the receiver located at the South Pole (Chartier et al.,

2020), on March 2, 2019 color-coded by signal intensity.

ground range is the great circle distance from the McMurdo Station; the South Pole Sta-209

tion is at a ground range of 1356 km from McMurdo. We assume here that any ray that210

passes through a receiving zone defined as a circle with a radius of 3 km on the surface211

of the Earth and centered at the South Pole is captured by the receiving system located212

there.213

As Figure 7 illustrates, rays that are internally reflected in the ionosphere have re-214

flection points at di↵erent altitudes. Some rays with lower elevation angles get reflected215

in the E-region (around 100 km altitude); higher elevation angle rays get reflected in the216

F-region (around 200 km altitude). Rays whose first landing points are located within217

the receiving zone correspond to one-hop modes, and rays whose second landing points218

are located within the receiving zone correspond to a two-hop propagation mode. PHAR-219

LAP treats the ground as a perfect conductor with no absorptive properties.220

Additionally, Figure 7 shows rays that are cut o↵ at a ground range of approximately221

1356 km—these rays have propagated precisely to 90� S, which is a boundary for the ray-222

tracing simulation domain. Other rays travel beyond 1356 km in ground range because223

they do not propagate directly to the 90� S boundary and cuto↵, but rather they prop-224

agate eastward or westward. We are only interested in the ray information whose land-225

ing points are within the receiving zone.226

Figure 8 shows the landing points of the 4.1 MHz rays in the simulation at 23:06 UT227

on March 2, 2019, with a launch bearing angle range of 175� to 185� in increments of228

0.5�. The landing points indicate where 4.1 MHz transmissions from the McMurdo Sta-229

tion could be received at this time by a receiving system on the ground. The landing points230

are color-coded by total absorption between the McMurdo Station and the landing point,231
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South Pole Station Received (Observed)

South Pole Station Received (Simulated)

• The parameter we are focusing on here is group range.



G. W. Perry DASP 2024 

• The multi-hop propagation mode is supported in the simulations by a 
perfectly conducting ground.

• Ice is highly absorptive at HF frequencies (Fujita et al., 2000), so if we are 
indeed observing multi-hop propagation modes in the McMurdo to 
South Pole HF link, how are they supported?
• Answer: the foot points of the multi-hop mode are coincident with the 

Transantarctic Mountain range.

manuscript submitted to Radio Science

fully consistent with the experimental data, which shows signals with a similar group range348

at approximately 06:00, 7:15 and 09:00 UT. For the three higher frequency channels (6.0,349

6.4 and 7.2 MHz), the simulations show two-hop propagation mode occurrences only af-350

ter 21:00 UT, while the experimental data shows almost no signal received with a group351

range above 1800 km at these frequencies. Therefore, we conclude that the two-hop mode352

is only supported at 5.1 MHz and below.353

According to Fujita et al. (2000), the real part of relative dielectric permittivity of354

Antarctic ice is about 3.18 at 250 K at MHz frequencies, which means the intensity loss355

caused by ice/air interface reflection is approximately 85% at 45�incident angle (two-hop356

ray first landing points incident angle is between 40�and 51�) and the imaginary part357

of relative dielectric permittivity at 252 K at MHz frequencies is about 0.1, which equates358

to a penetration depth about 5 m for MHz radio waves. Antarctica is covered by a thick359

layer of ice and snow which is a high-absorption material to HF radio waves. Therefore,360

a two-hop propagation mode is not expected to be achievable over most of the region.361

The simulation results suggest that a two-hop propagation mode exists between362

the McMurdo and South Pole Stations under certain ionospheric conditions. However,363

PHARLAP does not consider the ice covering or the conductivity properties of the sur-364

face of the continent. It treats the surface of the Earth as a perfect spherical conduc-365

tor. As such, we expect to see more two-hop mode signals in the simulation compared366

to the observation data—the model does not include ground scatter loss. However, not367

all of Antarctica is covered in ice. When rays land on exposed mountains and rocks, they368

can be reflected/scattered and enable multi-hop propagation modes. We hypothesize that369

a two-hop propagation modes is responsible for the 1800 km group ranges observed in370

the receiver data, and that this mode is supported by the Transantarctic Mountain range371

as a ground reflection point at the foot point of the first hop of this mode.372

Figure 13 helps visualize the footpoint of the ground scatter points (first landing373

points) of the simulated two-hop signals at all five frequency channels discussed earlier374

in Figure 12 (a), plotted over a computed satellite image of Antarctica. Figure 13 (a)375

is an image of the landscape of Antarctica. On the continent, black represents the ex-376

posed rocks, white represents snow, and blue represents exposed ice. The blue square377

highlights the general region of the first landing points of the two-hop propagation modes378

originating from the McMurdo Station, according to our simulations. From the satel-379

lite image, we can see that there are rocks exposed in the area or less snow/ice cover-380

age. This region is the Transantarctic Mountains.381

Figure 13. (a) An image of Antarctica with the red diamond representing the location of the

South Pole and the green star representing the location of McMurdo. (b) The first landing points

of the simulated two-hop propagation mode, color-coded with the frequency channels.

–15–
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• A closer look at the movement of the foot points of the multi-hop modes 
shows that they sweep across the latitude of the Transantarctic 
mountains.

• The greatest overlap occurs in the evening and morning.

• A sensitivity analysis was preformed to ensure that no other “realistic” 
ionosphere profile could reproduce the group-ranges observed by the 
McMurdo to South Pole HF link.

manuscript submitted to Radio Science

Figure 15. First landing points of 5.1 MHz ray latitude versus time in UT throughout the

day of March 2, 2019 with 180� bearing angle and all possible elevation angles from 40�and

above. The shaded latitude range represents approximately the Transantarctic Mountains. (a) is

O mode, (b) is X mode.

Figure 16. Experimental results of 5.1 MHz from February 28 to March 14, 2019. The hor-

izontal axis is the date, the vertical axis is the group range in km. Color-coded with receiving

power in dB. The 1800 km group range is indicated.

of interest: 00:00-01:00 UT, around 06:00 UT, 09:00 UT, and before 18:00 UT. All these455

TEC peaks are represented in our numerical raytracing simulations.456

In Figure 17 (b), the color of the signal points represents the altitude of the reflec-457

tion point in the ionosphere. As described in the result section, all the signal with a group458

range below 1800 km corresponds to one-hop via either E or F-region reflection. The re-459

flection that happens in the E-region corresponds to a group range of around 1400 km,460

while the great circle distance from the McMurdo Station to the South Pole Station is461

approximately 1356 km. The reflection that happens in the F-region splits into two groups:462

group range around 1600 km and above 1800 km. The reflection happens at approximately463

the same altitude but with a maximum group range di↵erence of 400 km. The distur-464

bance caused by large TEC (TEC>6 TECU) variations is less than 100 km in the group465

range, while the minimum group range separation between one-hop and two-hop prop-466

agation mode is above 200 km; the majority of the separation is about 400 km, which467

indicates that the receiving signals with group range above 1800 km are not a result of468

ionospheric variability.469

–18–
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Summary
• Group range measurements of HF radio link between the McMurdo 

and South Pole stations in Antarctica were analyzed.

• Evidence of a multi-hop propagation modes between the stations is 
observed in the data and corroborated with the modeling. 

• Ground reflections from the Transantarctic mountains support the 
multi-hop modes. 

• The prevailing wisdom in the Antarctic is that HF multi-hop propagation 
modes do not exist.

• This may not be true in cases where the multi-hop foot point are 
coincident with exposed rock.

• Manuscript (Liu et al., 2024) under review…

• Active international collaborations to deploy automated geophysical 
observatories.
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• By comparing the observed and simulated group range, we can get an 
estimate of the propagation modes are their corresponding group ranges.

manuscript submitted to Radio Science

1380 km at all five frequency channels, in both O- and X-mode; E-region reflection two-258

hop mode with a group range of around 1460 km only happens in 5.1 MHz O mode be-259

fore 1:57 UT with large absorption; F-region reflection one-hop mode with a group range260

of around 1600 km at all five frequency channels, in both O- and X-mode; F-region re-261

flection two-hop mode with a group range mainly above 1800 km. We have tried di↵er-262

ent ionosphere electron densities; the maximum group range for one-hop is 1800 km and263

only happens at 4.1 MHz with an absorption of over 100 dB. Thus, we are confident that264

all rays with a group range above 1800 km are the two-hop mode rays.265

Figure 10 shows the simulated ray landing pints within 3 km of the South Pole sta-266

tion color-coded with reflection altitude in km. This figure shows a clear separation of267

signals with reflection happening in the E- and F-region. The reflection altitude of the268

E-region one-hop is between 90 and 96 km; the reflection altitude of the E-region two-269

hop is around 98 km. The reflection altitude of signals with reflection in the E-region270

is very steady in both one-hop and two-hop modes. The reflection altitude of the F-region271

one-hop and two-hop have some overlap and spreads from 180 to 300 km. In Figure 9,272

we can also see the reflection altitude increases as the solar zenith angle increases, and273

the corresponding group range is larger.274

Figure 10. Rays with landing points within 3 km from South Pole Station including both

O- and X-mode. For all panels, color-coded by the reflection altitude in km. For the two-hop

propagation mode, the reflection altitude is for the second internal reflection that happens in the

ionosphere. It is clear that the received signals are divided into two groups by reflection altitude.

E-region reflection happens at an altitude of around 100 km, while F-region reflection happens at

around 250 km.
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South Pole Station Received (Simulated)
Color coded by reflection altitude


