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A B S T R A C T   

High Frequency (HF) radio propagation, and applications such as Over-The-Horizon Radar (OTHR), is sensitive 
to ionospheric disturbances caused by space weather. Improved ionospheric modelling and monitoring tech-
niques for the high-latitude and polar regions supports high quality OTHR long-range surveillance. One such 
ionospheric disturbance is Sporadic-E, a phenomenon in which a thin enhancement in E-region (approximately 
90–150 km altitude) electron density acts as a strong reflector of HF radio waves. In this study, we perform a case 
study of the effect a sporadic-E layer has on HF radio propagation for a layer that was detected over Eureka on 
July 11, 2012. We study this event using HF radio receiver measurements for a path intersecting the layer, 
simultaneous ionosonde measurements of the layer, and a series of ray traces through a model ionosphere 
containing a model of the sporadic-E layer. Utilizing these measurements and simulations, we show how 
sporadic-E can aid HF radio propagation in some cases, and show that a simple Gaussian sporadic-E model can 
replicate real HF radio measurements. We also comment on how sporadic-E could affect OTHR operation.   

1. Introduction 

Ionospheric disturbances resulting from magnetosphere-ionosphere- 
atmosphere coupling processes occurring both on a regular basis, and 
enhanced by space weather contributions originating from the sun, 
potentially impact high frequency (3–30 MHz; HF) radio wave propa-
gation (Cannon et al., 2013; Coyne, 1979; Davies, 1990, Goodman, 
1992; Hunsucker and Hargreaves, 2003; Newell et al., 2001). Electron 
density is a key ionospheric characteristic governing HF radio wave 
propagation dictating at what frequency radio waves are absorbed by 
the D-region ionosphere (e.g., Zawdie et al., 2017), reflected from or 
refracted through the E and F-region ionosphere (Davies, 1990), or 
transmitted through the ionosphere (e.g., satellite communications 
[SATCOM]). The band of HF frequencies at which HF radio wave 
propagation is possible for a given HF radio system is bounded by the 
lowest useable frequency (LUF) and maximum useable frequency (MUF) 
(Davies, 1990). Frequencies below the LUF are absorbed in the D-region 

ionosphere, and frequencies above the MUF penetrate the ionosphere 
and travel out to space. The LUF and MUF vary according to the level of 
ionization, primarily controlled by photoionization due to solar radia-
tion, and experience predictable daily and seasonal variations (Davies, 
1990). Since different radio receivers have varying levels of sensitivity, 
LUF is a system dependent quantity. D-region absorption, and subse-
quently the LUF also depends on the thermosphere/mesosphere neutral 
density and plasma temperature. Ionospheric disturbances caused by 
localized or large-scale enhancements of the ionospheric electron den-
sity thereby shift the LUF and/or MUF and alter the band of useable 
frequencies. 

Over-the-horizon radar (OTHR), used for long-range surveillance 
(Thayaparan et al., 2018; Cervera et al., 2018), relies on HF radio wave 
propagation, and is therefore sensitive to changes in the ionospheric 
electron density profile. Radio wave propagation modelling, or ray 
tracing, supports OTHR by predicting propagation paths to accurately 
range targets and optimize frequency selection (Thayaparan et al., 2018; 
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2019a; 2019b, 2020). This paper employs the High-Latitude Ionospheric 
Propagation Lab (HIPLAB) 3-D ray tracer toolbox to study the propa-
gation of radio waves through the ionosphere. The University of 
Leicester developed HIPLAB with funding and support from Defence 
Research and Development Canada’s (DRDC) All Domain Situational 
Awareness (ADSA) program (Warrington, 2020). HIPLAB is based on 
Warrington et al. (2016) as described in Zaalov et al. (2003, 2005). This 
model builds on Jones and Stephenson (1975) by incorporating the 
Empirical Canadian High Arctic Ionospheric Model (E-CHAIM) (The-
mens et al., 2017, 2019), which is designed for high-latitude and Arctic 
(>50◦) geomagnetic latitudes (Thayaparan et al., 2020). This model 
operates by performing numerical ray traces through a modelled back-
ground ionosphere and then introduces perturbations to the background 
E and F region to represent the dynamic electron density structures 
frequently observed in these regions. Thayaparan et al. (2020) provide a 
description of the effects of polar cap patches in the F-region ionosphere 
on OTHR operating in the high-latitude and Arctic region. This paper 
provides a similar analysis on the effects on E-region electron density 
structures known as sporadic-E, or Es. 

Es is a localized layer of enhanced E-region ionization establishing an 
additional reflection layer that can alter HF radio wave propagation 
(Davies, 1990; Hargreaves, 1992; Kirkwood and Nilsson, 2000; Mac-
Dougall et al., 2000; Stocker and Warrington, 2011; Thayaparan and 
MacDougall, 2005). Es is typically observed at ~90–150 km altitude, 
and ranges from ~100 m to a few kilometres thick. Es lasts on the order 
of hours, and occurs sporadically. Horizontally, Es can be arbitrarily 
shaped depending on ionospheric conditions. While Es layers have been 
observed with horizontal extents ranging from 50 to 400 km, the exact 
extent is less certain due to the field-of-view limitations of the observing 
instruments (typically incoherent scatter radar). Simulations of metal 
ion transport suggest they can have horizontal extents of up to several 
1000 km (Huba et al., 2019). The electron density can be high enough to 
cause the plasma frequency to exceed that of the F2 region with the 
observed critical frequency typically in the range of 4–10 MHz with 
values of up to 30 MHz possible (MacDougall et al., 2000; Thayaparan 
and MacDougall, 2005; Davies, 1990). Es layers are mainly composed of 
metallic ions originating from meteors that have then been compressed 
into thin layers by vertical wind shears and/or electric fields. Yue et al. 
(2016) provide an overall occurrence map of GNSS outages that they 
relate to auroral and Es structures in terms of magnetic latitude and 
magnetic local time based on a 5-year period of radio occultation signal 
amplitude observations and show Es occurrence has a two-cell pattern 
that peaks in the auroral zone at 00-06 MLT. They attribute this distri-
bution to small-scale electric field variations in the nightside ionosphere. 
This description is consistent with the literature (e.g., Kirkwood and 
Nilsson, 2000), and is evidenced by the agreement between the polar 
electric potential contours determined by the Weimer05 model 
(Weimer, 2005) for average solar wind and interplanetary magnetic 
field conditions over the same interval (see Fig. 3 of Yue et al., 2016). 

At high latitudes, Es takes on several characteristic forms including 
height-spread Es and thin Es. Height-spread Es is characterized by 
transient electron density enhancements over a range of altitudes. The 
electron density structure tends to be patchy such that the F-region is 
detectable. This phenomenon is most commonly observed during the 
late evening or midnight (local) hours with the occurrence maximum 
observed during the winter months (MacDougall et al., 2000). Thin Es, 
in contrast, is a narrow layer (≤5 km) and observed at the low end of the 
altitude range. Electron density tends to be intense, having a blanketing 
effect that blocks the F-region ionosphere from bottom-side observation. 
Thin Es is more frequently observed on the dayside and during the 
summer months due to the persistence of metallic layers caused by 
increased photoionization (Thayaparan and MacDougall, 2005; Kirk-
wood and Nilsson, 2000; MacDougall et al., 2000). Summer occurrence 
of height-spread Es is possible, but may be blocked due to the blanketing 
effect of thin Es (MacDougall et al., 2000). 

Es can be an efficient radio wave reflector capable of altering radio 

wave propagation paths from those predicted by ray tracing models by 
supporting unexpected E-region reflections (e.g., FEF propagation, in 
which radio waves bounce between the F and E regions) (e.g., Davies, 
1990; Lied 1967; Sherstyukov et al., 2009). For some frequencies the 
extra reflecting layer enhances the quality of the received signal by 
reducing the number of propagation paths through blanketing of the 
F-region. However, in some instances, multipath propagation intro-
duced by the extra reflecting layer causes signal degradation (Sher-
styukov et al., 2009). Es can also improve radio wave propagation by 
increasing the range of useable frequencies by raising the MUF. How-
ever, Es is not necessarily a reliable medium for improved radio wave 
propagation due to the unpredictable and transient nature of the phe-
nomena which can lead to irregular or inconsistent signal strength. 

This paper describes an initial investigation into the impacts of Es on 
HF radio wave propagation within the polar cap. This is accomplished 
through an event study in which an Es layer was clearly observed to 
facilitate consistent HF radio propagation at higher frequencies than 
normal over the Canadian Arctic for several hours. During this time, 
transmissions were received with a higher signal-to-noise ratio (SNR) 
than usual as well. These effects were modelled using HIPLAB to 
demonstrate the change in transmission paths for varying frequency. 
Section 2 describes the instrumentation and ray tracing model utilized in 
this paper. Section 3 presents the event, which is expanded on in Section 
4 to begin a discussion on the overall implications of sporadic-E on HF 
radio wave propagation at high latitudes. 

2. Instrumentation and ray tracing model 

2.1. HF transmitter network 

Natural Resources Canada (NRCan) operates a small HF network to 
study the effects of space weather on HF radio wave propagation 
(Cameron et al., 2021). 500 W transmitters with end-fed V antennas 
(https://www.bwantennas.com/acs.html) are located in Ottawa (OTT), 
Yellowknife (YKC), and Fort Churchill (FCC), and additional in-
stallations are planned for Resolute Bay and Iqaluit, see Fig. 1a. These 
are paired with a directional receiver (employing an array of elevated 
feed vertical monopoles) located in Alert (ALE). The selection of the 
transmitter sites allows the study of propagation paths that travel 
through the sub-auroral, auroral, and polar cap regions. 

While this study does not use any data from the NRCan HF radio 
network, it does use HF radio propagation data sourced from the Qaa-
naaq (QAN), Greenland, to Alert (ALE) link of a defunct transmitter 
network operated by the University of Leicester, upon which the NRCan 
network is based (e.g., Warrington et al., 2016, 2017). The two networks 
share a radio receiver, and share similar transmission schedules. The 
QAN transmitter also employed an end-fed V antenna, though it was 
supplied with only 100 W of power. The QAN-ALE link is considered in 
this study due to its short distance and high latitude location, making it 
ideal for observing impacts from high-latitude sporadic-E without 
contamination from lower latitude phenomena (e.g., auroral 
absorption). 

Each transmitter sends staggered Barker coded signals, at fre-
quencies of 4.6, 7.0, 8.0, 10.4, 11.1, and 14.4 MHz, multiple times per 
hour. The receiver listens on a set schedule for the Barker coded se-
quences at the corresponding frequencies. If the correct sequence is 
detected, the receiver software records information about the received 
signal. If multiple signals are detected (e.g., from multiple propagation 
paths), the receiver software records information corresponding to all 
paths, but flags the signal with the highest signal strength. These flagged 
signals are analyzed to derive a number of parameters including, for 
example, time of flight (TOF), angle of arrival, and signal power. 

2.2. Canadian Advanced Digital Ionosonde (CADI) 

Sporadic-E is typically observed on an ionogram as a horizontal trace 
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of echoes at E-region altitudes extending to frequencies >5 MHz either 
as a thin line or a diffuse band in altitude a few tens of kilometres thick. 
Some examples of Sporadic-E in ionograms are seen in Fig. 2. Focusing 
on the 19:00 UT ionogram, the horizontal band of signal at ~100 km 
virtual height is indicative of a blanketing sporadic-E layer with a peak 
frequency of at least 10–11 MHz. The subsequent horizontal bands at 
200 km, 300 km, and 400 km altitude are caused by multiple hops from 
the sporadic-E layer. 

This study uses ionosonde data collected from the Canadian 
Advanced Digital Ionosonde (CADI) instruments of the Canadian High 
Arctic Ionospheric Network (CHAIN) (Jayachandran et al., 2009). Sta-
tion locations are illustrated in Fig. 1b. Each CADI station is composed of 
a 4-antenna array of center-fed dipoles in a square (30-m length) 
configuration, with one receiver associated with each antenna, and 
produces one ionogram each minute at all sites except Eureka and Sachs 
Harbour, where they produce one ionogram every 5 min. In addition to 

ionograms, these ionosondes also measure plasma drift at 30-s time 
resolution using a fixed frequency mode (Jayachandran et al., 2009). 
The CADI located at Eureka, NU (EUA) with geographic coordinates of 
(79.99◦ N, 274.10◦ E) is considered in this study due to its close prox-
imity to the QAN-ALE transmission path. All ionogram data, used in this 
study to measure sporadic-E intensity and height, were processed 
manually by an expert experienced with the CHAIN CADI systems. 

This study also uses data from a Digisonde that operated in Qaanaaq 
(76.54◦N, 291.56◦E) during the time of the Es event. Data from this 
ionosonde were manually scaled by an experienced ionogram inter-
preter using the Global Ionospheric Radio Observatory’s (GIRO) SAO 
Explorer tool [Reinisch and Galkin, 2011]. All Qaanaaq Digisonde data 
used in this study were acquired through the GIRO repository, accessible 
through SAO Explorer with further information available at http://giro. 
uml.edu/. 

Fig. 1. (a) Map of the NRCan HF transmitter 
network. Red lines indicate currently running links, 
blue lines indicate future links, and the yellow line 
indicates a previous University of Leicester owned 
link. Green shading indicates the auroral zone region. 
(b) Map showing the locations of all CHAIN CADI 
instruments. Also included are an HF transmitter 
located at Qaanaaq, and an HF receiver located at 
Alert. Green shading indicates location of a model 
sporadic-E layer centered 200 km East of Eureka with 
a radius of 400 km.   
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2.3. HF radio wave propagation model 

OTHR surveillance is supported through a modelling technique 
called ray tracing which predicts high frequency (HF) radio wave 
propagation paths. Ray tracing uses numerical integration techniques to 
trace the paths of many radio waves through a model of the ionosphere, 

and it can be improved through the incorporation of real-time iono-
spheric measurements and models that represent ionospheric distur-
bances, such as sporadic-E or polar cap patches. This study uses the 
HIPLAB 3-D ray tracer toolbox. HIPLAB uses the ray tracer of Zaalov 
et al. (2003, 2005), and Warrington et al. (2012, 2016), a modified 
version of the Jones & Stephenson ray tracer (Jones and Stephenson, 
1975), which traces HF radio waves by calculating the index of refrac-
tion in a model ionosphere using the Appleton-Hartree equations and 
then solving for the trajectory by numerically integrating the Hamilto-
nian ray path equations (Haselgrove, 1963). HIPLAB can incorporate 
models for high-latitude features found in the polar cap, auroral, and 
sub-auroral ionosphere including a mid-latitude trough, polar cap 
patches, and a sporadic-E layer. 

In this study, the model ionosphere is generated in two steps: (1) a 
background ionosphere is generated, (2) model ionospheric distur-
bances are added in user specified locations. The background ionosphere 
employed in this paper is the Empirical Canadian High Arctic Iono-
spheric Model (E-CHAIM), which is an empirical model of ionospheric 
electron density in the high latitude (>50◦ geomagnetic latitude) region 
(Themens et al., 2017, 2018, 2019). E-CHAIM represents ionospheric 
density by a series of spherical cap harmonic expansions of various 
sub-models of ionospheric features. The parameters in these harmonic 
expansions are determined from millions of ionosonde and radio 
occultation measurements. E-CHAIM is able to reproduce diurnal, sea-
sonal, solar cycle, and some degree of geomagnetic variability in elec-
tron density, making it a suitable model for exploring how different 
ionospheric conditions affect HF radio wave propagation. Throughout 
this paper E-CHAIM version 3.1.1 was used. 

This study requires the addition of a model sporadic-E layer to the 

Fig. 2. CADI ionograms for 18:00 to 23:30 UT in 30-min intervals for July 11, 2012 for the Eureka station.  

Fig. 3. (a) Horizontal profile of electron density at the sporadic-E height (hEs), 
and (b) vertical profile of electron density at d = 0 for the model sporadic-E 
layer used in this study. 
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background ionosphere. A single sporadic-E layer is modelled as a 
horizontal, circular, disk-shaped enhancement in electron density. For a 
sporadic-E layer with a vertical thickness tEs, horizontal radius rEs, and 
peak critical frequency fc,  Es, the electron density n as a function of 
distance from the center of the layer d at altitude h, is given by 

n(d, h) = nmax exp

(

−

((
d

rEs

)2
)8)

exp

(

−

(
h − hEs

tEs

)2
)

(1)  

and 

nmax = 1.24 × 1010( fc,Es[MHz]
)2 m− 3. (2) 

Horizontally, the layer follows a Gaussian profile in which the con-
tent of the exponent has been taken to the power 8 (seen in the first 
exponent in Equation (1)), producing a profile with rounded edges and a 
flat-top. Vertically, the layer follows a typical Gaussian profile. Fig. 3 
shows horizontal (a) and vertical (b) profiles of electron density given by 
the above model equations for sporadic-E. The background ionosphere 
and modelled Es layer are merged by applying the larger density of the 
two models at overlapping points, so that the spatial transition from 
sporadic-E to background ionosphere is as smooth as possible. 

3. Event study: 10–12 July 2012 

To demonstrate the impact of Es on HF radio wave propagation, we 
selected a period from 10–12 July 2012 in which enhanced HF propa-
gation was observed from 16:50 to 21:35 UT July 11, 2012 along the 
QAN - ALE propagation path. The solar-terrestrial environment during 
this period is established to evaluate the likelihood of impacts to HF 

radio wave propagation from alternative sources. Fig. 4 shows relevant 
space weather conditions for the 10–12 July 2012 period. Solar wind 
and interplanetary magnetic field (IMF) parameters were evaluated 
based on data from the Advanced Composition Explorer (ACE) satellite 
data. For the 10–12 July 2012 period the IMF Bz varied between ±5 nT 
without any prolonged periods of negative IMF, and the solar wind 
speed slowly varied between 400 and 550 km/s. The AE index was 
somewhat elevated at ~500 nT prior to 09 UT on July 11, 2012, but 
dropped to <200 nT for roughly 12 h before rising to >500 nT until 
roughly 01 UT on July 12, 2012 where it once again dropped to <200 
nT. The Dst index (not shown) was >-20 nT, without any major 
fluctuations. 

Geostationary Operational Environmental Satellite (GOES) data 
were also examined to evaluate the solar X-ray flux and solar proton flux 
data for evidence of shortwave fadeout and polar cap absorption, 
respectively. The 0.1–0.8 nm GOES solar X-ray flux was observed to be 
< 10− 5 Wm2 (<M-class flare) on July 11th, the date on which the Es 
layer was observed; the largest flares observed were of magnitude C9.9 
and C5.6 peaking at 08:31 UT and 21:27 UT, respectively. There was an 
X1.4 flare that peaked at 16:49 UT on July 12th, hours after the Es event 
studied in this paper. During July 10th and 11th, the >10 MeV solar 
proton flux was <1 pfu, well below the 10 pfu threshold adopted to 
characterize a solar energetic particle event. There was a large increase 
in proton flux that occurred at 18:00 UT on July 12th, after the X1.4 
solar flare, > 12 h after the Es layer had disappeared. 

Across the three day interval 10–12 July 2012, NmF2 was gradually 
recovering from its depleted storm state due to geomagnetic activity that 
occurred on July 9, 2012. NmF2 returned to its normal state by the end 
of July 12th, as seen in Fig. 4g. The storm recovery also substantially 
modified the diurnal foF2 variation in the polar cap. Though the storm 

Fig. 4. (a) Interplanetary Magnetic Field Z-component (IMF Bz), (b) Interplanetary Magnetic Field Y-component (IMF By), (c) Solar wind flow speed, (d) AE index, 
(e) Solar X-ray flux, (f) Solar proton flux, (g) NmF2 over Qaanaaq from the Qaanaaq Digisonde for the 10–12 July 2012 interval. 
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recovery did result in a suppressed ionospheric critical frequency for 
part of the period, this effect can be separated from any enhanced 
propagation due to Es. Furthermore, based on the low activity demon-
strated by the solar wind and IMF parameters, various geomagnetic 
activity indices, and the GOES solar X-ray flux and solar proton flux, it is 
unlikely that HF radio wave propagation was influenced by sources 
other than the Es and the storm recovery during the time the Es was 
present. 

3.1. HF data for the QAN-ALE propagation path 

Fig. 5 shows data measured by the Alert receiver on 10–11 July 2012 
for the QAN-ALE propagation path. From the top down, panels show 
time series of the occurrence of signal reception, SNR, recorded time-of- 
flight (TOF), elevation angle of arrival, and azimuth angle of arrival. 
Frequencies plotted are: 4.6, 7.0, 8.0, 10.4, 11.1, and 14.4 MHz, which 
are each indicated by specific colors according to the legend. 

Over the three-day window, signal reception and SNR illustrated in 
Fig. 4 change with time. On July 10, 2012, only the 4.6 MHz signal is 
detected steadily from 00:00–06:00 UT with an SNR of ~35 dB. 

Detection of the 8.0 MHz signal at an SNR of ~ -10 dB is intermittent 
during this period, likely due to the lower density of the nightside 
ionosphere which is not sufficient to reflect the higher frequency signals. 
After 06:00 UT, the three lower frequencies (4.6, 7.0, 8.0 MHz) start to 
be steadily detected at Alert. The SNR for 7.0 and 8.0 MHz rises from 
~-10 to ~30 dB during this time, while the 4.6 MHz SNR lowers to ~20 
dB. The three highest frequencies (10.4, 11.1, 14.4 MHz) are detected 
intermittently from 12:00–24:00 UT, with SNRs ranging from − 10 to 30 
dB, though the period of most consistent transmission is from 
~13:30–19:00 UT. It will be shown in the following section that this 
period of enhanced transmission partially overlaps with a short-lived Es 
layer detected at Eureka and Qaanaaq. 

Moving to July 11, 2012, until 10:30 UT, only the 4.6, 7.0, and 8.0 
MHz signals are present in the data. At the start of the day, the 4.6 MHz 
SNR is ~35 dB, while the 7.0 and 8.0 MHz SNR is ~ -10 dB, having 
shifted from 30 dB over the last 2 h of the previous day. From 
10:30–16:50 UT, the 10.4, 11.1, and 14.4 MHz signals start to be 
received at Alert intermittently. During this period, the lower three 
frequencies have an SNR of ~30 dB, while the upper three frequencies 
are at an SNR of ~ -10. Starting at 16:50 UT, all six frequencies are 

Fig. 5. (a) Periods of HF reception of signals at the prescribed frequency, (b) Signal to Noise Ratio (SNR), (c) Time of flight (TOF), (d) Elevation Angle, and (e) 
Azimuth Angle, for signals transmitted from QAN and received at ALE for the 10–12 July 2012 interval. Frequencies recorded are: 4.6 MHz (blue), 7.0 MHz (orange), 
8.0 MHz (green), 10.4 MHz (red), 11.1 MHz (purple), 14.4 MHz (brown). 
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received at Alert steadily with ~30 dB SNR until 21:35 UT, when the 
14.5 MHz signal drops out. The other five frequencies continue to be 
detected for the rest of the 11th, though with lowered SNR for 10.4 and 
11.1 MHz. We show in the following section that this period of enhanced 
signal reception observed for 16:50–21:35 UT overlaps with a period in 
which a long-lived Es layer was detected at Eureka and Qaanaaq. 

On July 12, 2012, the lower three frequencies are received at Alert 
steadily until 16:30 UT. The 4.6 MHz SNR is again slightly higher at 
~35 dB, while the 7.0 and 8.0 MHz SNR drops from ~30 dB to ~ -5 dB, 
then rises back to 30 dB. Throughout the day the 10.4 and 11.1 MHz 
signals are received intermittently, occasionally joined by the 14.4 MHz 
signal, all with ~-10 dB SNR. Reception at 10.4 MHz becomes steadier 
after 12:00 UT, until all frequencies disappear in the last quarter of the 
day. This total dropout is likely due to a polar cap absorption event that 
started in the final hours of July 12, 2012 (See Fig. 3) caused by the 
enhanced solar proton flux. 

Analysis of other signal parameters recorded by the HF receiver and 
plotted in Fig. 4 help clarify the propagation paths used to reach Alert 
over this three day period. On July 10, 2012, the 4.6 MHz TOF varies 
between 2 and 5 ms until ~14:30 UT, after which it drops to ~2 ms. The 
other frequencies (when present) generally have lower TOFs closer to 2 
ms. Higher TOFs in general correspond to either paths involving more 
hops, reflections off higher ionospheric layers, or off-great circle prop-
agation. Angle of arrival information can help untangle this. Based on 
simple spherical geometry, if the E and F regions are assumed to be at 
100 and 250 km altitude respectively, then 1 and 2 hop E region prop-
agation would result in ~18◦ and 34◦ received elevation angles 
respectively, and 1 and 2 hop F region propagation would result in 39◦

and 60◦ received elevation angles respectively. The elevation angle of 
the 4.6 MHz signal before 14:30 UT is ~40◦, and the 7.0 and 8.0 MHz 
elevation angles are both ~15◦. This suggests that at this time, based on 
the above listed angles, the 4.6 MHz signal reached Alert through some 
combination of 1 and 2 hop F-region reflection and 2 hop E-region 
reflection, while the 7.0 and 8.0 MHz signals reached Alert via 1 hop, E- 
region reflection. After 14:30 UT, the 4.6 MHz angle of arrival also drops 
to ~15◦, indicating 1 hop E-region reflection. After ~21:00 UT, the 4.6 
MHz TOF rises back to between 2 and 5 ms, and the elevation angle of 
arrival rises back to 40◦. 

TOF and elevation angle of arrival for the first half of July 11, 2012 is 
largely similar to that of July 10, 2012, although there is some noise in 
the TOF data on July 11, 2012 in the 7.0 and 8.0 MHz signals at 6–12.5 
ms. TOF and elevation angle of arrival at 4.6 MHz are consistently 
higher than the same values for other frequencies (when present). 
Notably, during the period of enhanced signal reception (16:50–21:35 
UT, July 11, 2012), TOF is low for all frequencies (~2 ms), and elevation 
angle of arrival is low as well (~15◦). This is consistent with primarily 
single hop propagation off an Es layer at ~100 km altitude. TOF and 
elevation angle of arrival on July 12, 2012 again largely follows the 
pattern set on the 10th, until all signals drop out due to the polar cap 
absorption event at the end of the day. 

Azimuthal angle of arrival over all six frequencies is largely constant 
over the three-day period plotted in Fig. 4, with an average angle of 
between 180◦ and 200◦ from N. This is consistent with great circle 
propagation from Qaanaaq to Alert, which has an azimuth of 196.79◦. 
During the period of enhanced reception in the latter half of July 11, 
2012, there is notably less fluctuation from the great circle direction. 
This is consistent with Stocker and Warrington (2011) who indicate that 
off-great circle propagation is predominantly observed for F-region 
propagation paths and is less often observed for E-region reflection. 
There is an interval between 01:00 and 06:00 UT on July 11, 2012 where 
azimuthal angle of arrival for 7.0 and 8.0 MHz fluctuates between 100◦

and 200◦. At this time, the corresponding TOF is especially high, be-
tween 7 and 11 ms. The wide swing in azimuth, coupled with the high 
TOF points to a briefly stable off-great circle propagation path between 
Qaanaaq and Alert, possibly due to a convecting polar cap patch. While 
this period is not studied in this paper, off-great circle HF radio 

propagation is a topic of active research. For example, Thayaparan et al. 
(2021) presented simulations of off-great circle propagation due to polar 
cap patches in the context of OTHR operation. There is also a short 
period of 10.4 MHz signal being received at 150◦ azimuth. This signal 
has low SNR, and an associated TOF of 2.7 ms. The low TOF suggests 
that the propagation path was largely unchanged. Any deflection likely 
happened near Alert. 

3.2. Ionosonde data 

Fig. 2 shows ionograms for 18:00 UT to 23:30 UT at 30 min in-
crements on July 11, 2012 from the Eureka (EUA) CADI instrument. The 
echo distribution indicates clear and strong reflection at ~100 km alti-
tude, with an echo band of 15–20 km. This suggests an intense Es layer at 
~100 km altitude persisting from 18:30 UT until 22:30 UT, with some 
growth and fading evident in the 30-min periods both before and after 
this interval. The layer is blanketing, with no clear F-layer visible until 
the 23:00 and 23:30 ionograms. Multiple (1, 2, and 3) hop reflecting 
layers are clearly visible, with the greatest signal strength at 19:00 UT 
where the critical frequency of the reflecting layer varied between from 
~8 to 11 MHz. This time period overlaps with the period of high 
reception seen in Fig. 5 on 12–12 July 2012. 

Fig. 6 presents time series data from both the Eureka CADI instru-
ment (a-c), and from the Qaanaaq Digisonde (d-e). Fig. 6a shows the 
summed amplitudes at each ionogram virtual range over all frequencies 
measured at EUA for 10–12 July 2012. For the majority of the interval, 
echoes are observed at altitudes of >200 km, consistent with F-region 
reflections. From 16:45–18:00 UT July 10, 2012 there is evidence of a 
short-lived blanketing Es layer, characterized by a period of strong 
reflection at ~100 km altitude and a null in F-region echoes. The long- 
lived Es layer seen in Fig. 2, which may have caused the enhanced signal 
reception in Fig. 5, is observed beginning at 17:15 UT on July 11, 2012. 
It is characterized by a downward shift in echoes from roughly 150 
km–120 km altitude over a 2-h interval, with an additional shift to 
~100 km altitude from 18:00 UT to 23:00 UT and final termination of 
the Es layer at ~3:00UT on the July 12, 2012. Additional echoes are seen 
at this time at ~200 km and ~300 km altitude, representing 2 and 3 hop 
echoes. F-Region echo occurrence stops entirely during the later part of 
July 12, 2012, corresponding with the onset of a polar cap absorption 
event that began at 18:35 UT and peaked several hours later at 22:25 UT 
(see the solar proton event list maintained by NOAA SWPC at ftp://ftp. 
swpc.noaa.gov/pub/indices/SPE.txt). 

Data from the EUA CADI were manually evaluated to determine the 
critical frequency and height of the Es layers present during the 10–12 
July 2012 interval, see Fig. 6b and c. The short lived Es layer observed 
on July 10, 2012 from 16:45–18:00 UT is shown to have a critical fre-
quency that rises from ~5.3 to 6.5 MHz over the event lifetime, at an 
average height of 103 km. Focusing on the longer lived Es layer, at 17:15 
UT on July 11, 2012, critical frequency becomes elevated, quickly sur-
passing 5 MHz. Critical frequency varies over the layer’s lifetime, rising 
to a maximum value of 13.0 MHz at 19:00 UT, before generally falling to 
3.3 MHz at 03:15 UT, after which the layer disappears. Notably, there is 
a period from 23:30–00:15 UT in which the layer briefly is not observed. 
During the 17:15–03:15 UT interval, the height of the Es-layer generally 
decreases from ~150 km to ~95 km, where it remains for the duration 
of the Es layer. 

Fig. 6d and e show Qaanaaq Digisonde measurements of Es layer 
critical frequency and height, respectively. Green shading in Fig. 5 (d) 
and (e) indicate times where Es was detected at Qaanaaq based on 
ionogram data (not shown). While the Qaanaaq Digisonde largely de-
tects Es at times when Es was detected over Eureka, there are many 
other, short (~minutes) detections of Es over the entire interval not seen 
at Eureka. Although such short-lived events are not typically described, 
and are not described at length in this paper, Digisonde data does 
indicate these are blanketing layers that following the semi-diurnal tide 
signature of descent, consistent with Es. The lack of these structures at 
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Eureka could possibly be due to differences in sensitivity between the 
two ionosondes, but is more likely that these layers are smaller and do 
not extend over the Eureka instrument. Overall, the data from the 
Qaanaaq Digisonde is much more variable than what was seen at 
Eureka. Both the critical frequency and detection altitude varies signif-
icantly over the 3 day interval. The average Es layer critical frequency 
measured at Qaanaaq is lower than what is measured at Eureka (aver-
aging ~5 MHz). Altitude hEs varies from 100 to 200 km, with an average 
altitude of ~150 km, which is higher that the roughly steady 100 km 
reported at Eureka. Based on the ionogram data, the Es at Qaanaaq was 
generally thin. Variations in the layer height are attributed to gravity 
wave modulation of the layer convergence, which could induce turbu-
lence resulting in height-spread Es at times. On July 10, 2012, the short 
lived Es layer detected at Eureka is also detected at Qaanaaq. It persists 
from 17:45–20:45 UT, longer than what was detected at Eureka, with a 
critical frequency that fluctuates between 3.3 and 5.9 MHz, and an 
altitude that varies between 112 and 185 km. 

The long-lived Es layer detected at Eureka on 11–12 July 2012 is also 
detected at Qaanaaq from 16:15–03:15, with some short gaps in the 
middle of the interval. This layer has a critical frequency that varies 
between 2.7 and 9 MHz, at an altitude that varies between 103 and 191 
km. After this layer breaks up, there are intermittent detections of Es not 
seen at Eureka. 

The detection of a long-lived Es layer on 11–12 July 2012 at both 

Qaanaaq and Eureka suggests the enhanced propagation seen in Fig. 5 
was due to the presence of a sporadic-E layer wide enough to be detected 
over both locations, and over at least part of the Qaanaaq-Alert propa-
gation path. The distance between Qaanaaq and Eureka is ~450 km, 
likely suggesting an Es layer of >500 km diameter; larger than the 
50–400 km observations cited above. Additionally, the differences in 
critical frequency and height between the two stations implies that the 
layer was not uniform. In the following section, we utilize both the 
Eureka and Qaanaaq ionosonde data to build simple Es models, which 
are then used in ray tracing simulations of 10–12 July 2012. 

3.3. Modelled data 

We performed two sets of ray tracing simulations of radio wave 
propagation at six frequencies (4.6, 7.0, 8.0, 10.4, 11.1, 14.4 MHz) along 
the QAN-ALE propagation path, over the 10–12 July 2012 time period. 
In each set of ray tracing simulations, a model sporadic-E layer was 
added to the model background ionosphere, as described in Section 2.3. 
The two sets of simulations only differed in the parameters used to 
define the sporadic-E layer model. For one, the critical frequency (fEs) 
and height (hEs) of the Es layer were set to vary with time according to 
the EUA CADI ionosonde measurements presented in Fig. 6b and c. For 
the other, the critical frequency and height of the Es layer varied with 
time according to the QAN Digisonde measurements seen in Fig. 6d and 

Fig. 6. (a) Summed amplitudes versus virtual height and time measured by the Eureka CADI for 10–12 July 2012. Es layer (b) critical frequency, and (c) height 
derived from Eureka CADI measurements as a function of time for the same time interval. Es layer (d) critical frequency and (e) height derived from Qaanaaq 
Digisonde measurements as a function of time. The green shading indicates time intervals for which the Es layer was detected by the ionosonde. 
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e. Neither set of measurements perfectly captures the properties of the 
sporadic-E layer along the QAN-ALE propagation path. While the QAN 
Digisonde measurements capture the Es layer properties at the begin-
ning of the path, the EUA measurements were taken closer to ALE. By 
performing ray tracing simulations using both sets of Es layer properties 
and comparing the two, we will gain a better overall understanding of 
how this Es layer affected HF radio wave propagation. What follows is a 
description of the procedure used to perform the ray traces. 

Time steps were defined for 10–12 July 2012 at 15 min increments. 
For each time step, a background ionosphere was generated with E- 
CHAIM for that time, and supplemented with an Es layer at times when 
the critical frequency and height were non-zero, as seen in Fig. 6 (b) and 
(c), respectively. The ‘storm’ keyword was utilized in E-CHAIM in order 
to replicate the post-storm recovery conditions present at the time. The 
Es layer was modelled as a uniform 10-km vertically thick (tEs) circular 
Es layer having a 400 km radius (rEs) centered 200 km East of Eureka at 
(79.83◦ N, 75.71◦ W) geographic coordinates, using the Es model also 
described in Section 2.3. The size and position of the Es layer was chosen 
so that it overlapped with EUA, QAN, and the QAN-ALE great-circle 
path, which observed the effects of an Es layer. The modelled layer, the 
QAN – ALE propagation path, and EUA are illustrated in Fig. 1a. The 
critical frequency and height of the Es layer were set to vary with time 
for each set of ray tracing simulations as described above. 

At each interval, rays were traced through the model ionosphere 
outwards from QAN in 0.2◦ increments of elevation from 0◦ to 90◦ and in 
increments of 0.4◦ azimuth for a 10◦ wide wedge centered on ALE. Rays 
landing within a 100 km radius of ALE were recorded for each time step. 
At any given time the rays corresponding to the highest signal power 
were used to calculate modelled parameters including TOF and eleva-
tion and azimuth of arrival, similar to the processing performed on the 
measured HF data. While the Qaanaaq transmitter was supplied 100 W 
during operation, power losses inherent to the transmitter antenna 
design meant that a smaller signal power was actually output by the 
antenna. Additionally, further signal power losses were known to occur 
at the receiver as well. To account for these two sources of loss, the 
simulated transmitter power was set to 6.25 W, based on previous 
investigation of this transmitter-receiver link. The transmitter and 
receiver were both modelled as simple vertical monopoles. While the 
actual transmitter and receiver were not actually simple vertical 
monopoles, the gain patterns are similar enough that any resultant er-
rors are smaller than other possible sources of error (such as un-
certainties in the amount of D-region absorption, or in previously 
mentioned losses in the transmitter and receiver). Solar absorption was 
applied to each ray before signal power was calculated. Some space 
weather contributions to absorption can be modelled with the D-region 
absorption prediction (D-RAP) model. This model accounts for D-region 
absorption due to solar X-ray flux and solar energetic proton flux, and is 
run by the NOAA Space Weather Prediction Center (https://www.swpc. 
noaa.gov/content/global-d-region-absorption-prediction-documentati 
on). We compared the results of the ray tracing run with and without D- 
RAP absorption predictions applied, and found that the only appreciable 
absorption occurred during the first half of July 10, 2012, and the end of 
July 12, 2012. Neither of these times coincided with the Es studied in 
this paper. To simplify the description and analysis, we have omitted D- 
RAP absorption from the ray tracing results shown below. 

Signal power was calculated by assigning a signal power to each ray 
based on the transmitter power, transmitter and receiver antenna gains, 
D-region absorption, and the geometry of the ray distribution over the 
surface area of a sphere surrounding the transmit antenna. The signal 
power for every ray that reached the target was then summed together, 
resulting in the received signal power. SNR was then computed by 
comparing the received signal power to the estimated noise floor. This 
noise floor was calculated based on the International Telecommunica-
tion Union (ITU) recommendation on radio noise (ITU-R P.372-15, 
2021). 

All ray traces in this study were performed assuming ordinary (O) 

mode propagation. We performed additional ray traces for the entire 
event assuming extraordinary (X) mode propagation as a check (not 
shown). While there were differences in the resultant X mode propa-
gation paths, propagation during times when the Es layer was present 
was unchanged. 

Fig. 7 plots the results of ray tracing simulations in which the Es 
model was based on EUA CADI measurements. The same parameters are 
plotted as those seen in the measured HF radio propagation data (Fig. 5). 
On July 10, 2012, transmission is limited to the 4.6 MHz signal, until 
13:30 UT, when it is joined by the 7.0 MHz signal. At 16:00, signals at 
8.0, 10.4, 11.1, and 14.4 MHz appear in the data, due to the short lived 
model Es layer placed above the propagation path. The enhanced 
propagation lasts only until 18:00 UT, when all frequencies above 7.0 
MHz stop arriving at Alert. At 19:30 UT, 11.1, 10.4, and 8.0 MHz 
reappear very briefly, before all frequencies other than 4.6 MHz drop out 
for the day. 

On July 11, 2012, signal reception is very similar to 10 July until the 
long-lived Es layer appears. Only 4.6 MHz signals arrive at Alert until 
13:45 UT, when the 7.0 MHz signals begin to arrive. While the long-lived 
Es layer is modelled over the QAN-ALE propagation path beginning at 
16:45 UT, all 6 frequencies are received at Alert. This enhanced recep-
tion persists until July 12, 2012 at 04:00 UT. The 14.4, 11.1, and 10.4 
MHz signals drop out before the end of the interval, likely due to the 
decrease in the Es critical frequency in the hours before the Es layer 
disappears completely. There is also a brief dropout for all frequencies 
above 4.6 MHz from 23:15–00:15 UT, which lines up with the brief 
disappearance of the Es layer seen in Fig. 6. Transmission for the rest of 
July 12, 2012 is similar to the 10th and 11th, but without the effect of 
any more Es layers. 7.0 Mhz is detected from 13:45–19:45 UT, and 8.0 
MHz is detected from 16:30–17:30 UT. The 4.6 MHz is detected for the 
entire day. The signal dropout seen at the end of July 12, 2012 in the 
measured HF data is not seen here, as the effects of the enhanced solar 
proton flux, and subsequent polar cap absorption, were not modelled. 

Signal power for detected frequencies reaching Alert changes 
throughout the three-day period. On July 10, 2012, 4.6 MHz SNR varies 
quasi-sinusoidally between 12 and 30 dB, following diurnal ionospheric 
variation, likely due to changing D-region absorption. When present, 
7.0 MHz SNR varies between 5 and 12 dB. All SNR change dramatically 
when the short-lived Es layer is present. The 4.6 MHz drops to − 14 dB, 
while higher frequencies have successively higher SNRs between 12 and 
41 dB. SNR variation on July 11, 2012 is very similar to the 10th, until 
the Es layer appears. The 4.6 MHs SNR drops again to − 15 dB, and other 
frequency SNRs are spread out between 13 and 41 dB, with higher fre-
quencies having higher SNR. After the Es layer is gone on July 12, 2012, 
the 4.6 MHz SNR follows the same sinusoidal pattern, 7.0 MHz SNR rises 
to 24 dB when present, and 8.0 MHz SNR briefly appears with 9 dB. 

TOF and elevation angle of arrival over the three day interval largely 
transitions between two modes: ~2.4 ms TOF with ~40◦ elevation, and 
~1.8 ms TOF with ~20◦ elevation. The 4.6 MHz signal is generally at 
~2.4 ms TOF and ~40◦ elevation, and transitions to ~1.8 ms TOF and 
~20◦ elevation when the Es layers are present on 10 and July 11, 2012. 
The 7.0 MHz and 8.0 MHz signals are generally received at ~1.8 ms TOF 
and ~20◦ elevation when detected at Alert, regardless of the presence of 
the Es layer, except for a brief period on July 12, 2012 from 16:30–17:30 
when the 7.0 and 8.0 MHz TOF rises to 2.8 ms. The TOF and elevation 
modes seen here correspond to 1 hop propagation. While >1 hop paths 
did reach Alert, their associated signal power was lower than the 1 hop 
propagation. The change in TOF and elevation angle when the Es layers 
are present is due to the lower reflection altitude at these times. 
Azimuthal angle of arrival variation is minimal over the modelled three- 
day period. In general, it varies between 180◦ and 210◦, in line with the 
on-great circle direction to Qaanaaq from Alert (196.79◦). 

The ray traced HF radio data in Fig. 7 can be compared to the 
observed HF radio data in Fig. 5. While there are clearly major differ-
ences between the measured and modelled data, the effect of the Es layer 
on propagation is similar. Setting aside periods in which Es was present, 
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signal reception in the measured data is generally better than in the 
modelled data. This means that higher frequencies are detected more 
often, and appear earlier in the day in measured data when compared to 
the ray traced data. For example, 7.0 and 8.0 MHz are present for the 
majority of time in the measured data, but are only present near local 
noon, and when aided by Es in the ray traced data. This could mean the 
background ionosphere provided by E-CHAIM underestimates electron 
density along the path for this time period (10–12 July 2012). Fig. 9 
compares foF2 as measured by the Qaanaaq Digisonde to foF2 provided 
by E-CHAIM at Qaanaaq for 10–12 July 2012. The two curves follow 
approximately the same pattern, and at most differ by less than 0.5 MHz 
(apart from brief spikes). This suggests that any underestimation of 
electron density by E-CHAIM is occurring north of Qaanaaq. 

SNR for all frequencies in the ray traced data shows much less spread 
than the measured data. However, during times with no Es, the range of 
variation for the two is fairly similar, with 4.6 SNR ranging between ~15 
and 35 dB in both the measured and ray traced data. During times with 
Es though, the ray traced SNR exhibits much more stratification with 
frequency when compared to the measured SNR. TOF and elevation vary 
over similar ranges in the two figures, suggesting that the ray tracer is 
producing similar raypaths to what the real radio waves followed. Both 

the measured and ray traced azimuthal angle of arrival data are tightly 
clustered around the great circle direction from Qaanaaq to Alert (other 
than the brief interval on July 11th in the measured data). 

Fig. 8 presents results in which the model Es parameters were 
determined by the Qaanaaq Digisonde measurements. As expected, at 
times when no Es layer is present, all reported quantities are essentially 
identical to those seen in Fig. 7, since the propagation conditions for ray 
tracing were identical at these times. During the times the Qaanaaq 
Digisonde reported Es, the ray tracing derived quantities are different 
from what was seen in Fig. 7. Overall, the more frequent detections of Es 
at Qaanaaq has resulted in more overall scatter in the data, as inter-
mittent Es modifies propagation for a single time interval before dis-
appearing. The more variable, and overall lower Es critical frequency 
results in less overall propagation at high frequencies. For example, in 
Fig. 7a, the 14.4 MHz signal was detected almost the entire time the 
long-lived Es layer was present, from July 11, 2012 16:45 UT – July 12, 
2012 04:00 UT. In Fig. 8a, during the same time interval, the 14.4 MHz 
signal was only detected intermittently. This difference is also present 
for the shorter lived Es layer seen on July 10, 2012. Of the two Es 
models, the EUA informed model seems to better replicate the data seen 
in Fig. 5. 

Fig. 7. Ray traced model data replicating the event shown in Fig. 5 for 10–12 July 2012 using Eureka CADI data. The model ionosphere was generated using E- 
CHAIM v3.1.1 with the addition of a sporadic-E layer, as described in the text. From the top, plotted quantities are: (a) Periods of HF reception of signals at the 
prescribed frequency, (b) Signal-to-noise ratio (SNR) (dB), (c) Time of flight (TOF) (ms), (d) Elevation (◦), and (e) Azimuth (◦). Frequencies recorded are: 4.6 MHz 
(blue), 7.0 MHz (orange), 8.0 MHz (green), 10.4 MHz (red), 11.1 MHz (purple), 14.4 MHz (brown). Green shaded regions indicate times sporadic-E was detected by 
the Eureka CADI instrument. Time is indicated by day of month and HH:MM on the bottom x axis, with the month and year indicated in the lower right. 
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One other notable difference in periods of HF reception can be seen 
at the end of July 12, 2012. The Qaanaaq Digisonde detected Es at 
~18:00 UT, resulting in enhanced reception at this time in the ray trace 
results. This enhanced reception was not seen in the EUA Es model re-
sults (since EUA did not detect any Es), or in the measured data. The lack 
of any enhanced Es in the measured HF radio data is likely due to the 
polar cap absorption event that occurred on July 12, 2012. 

Other calculated parameters also show differences when compared 
to Fig. 7. Unlike Fig. 7b, the 4.6 MHz SNR does not drop nearly as much 
during times Es is present. Other frequencies show noticeable differ-
ences in SNR as well. The 7.0 and 8.0 MHz SNR is higher by ~5 dB. SNR 
for the upper three frequencies are lower by ~5 dB in some cases, and 
close to the same in others. Due to the overall higher Es altitude as 
measured at EUA, the ray traced TOF during times Es is present does not 
drop as much as it does in Fig. 7c. This is not surprising, since a higher Es 
layer would mean a longer propagation path. This same effect is seen in 
the EUA ray traced elevation (Fig. 8d), in which the higher Es layer 
means higher received elevation angles when compared to Fig. 7d. 
When comparing TOF and elevation to the measured HF radio data, the 
spread in the measured HF data makes it difficult to judge which model 
is more accurate than the other. Unsurprisingly, there is very little 

difference in the received azimuth. In both ray tracing simulations, 
propagation is entirely on-great circle. 

In general, during times when Es is present, signal parameters using 
both models change in similar ways to real data. All six frequencies 
arrive at Alert more often when the model or real Es is present, due to the 
relatively high Es critical frequency. TOF and elevation angle both 
decrease, due to the lower altitude of the reflecting Es layer than the F2 
layer. The only signal parameter that behaves differently in simulations 
when compared to the measured data is SNR. In the measured data, the 
Es layer causes the SNR to tightly cluster around 30 dB for all fre-
quencies. When Es is present in the ray traced data, as mentioned above, 
SNR is much more stratified, ranging from ~-20 to ~40 dB. While there 
are discrepancies in the SNR comparison, the rest of the parameter 
comparisons point to this simple Es model being able to replicate the 
change in propagation paths seen in the measured HF radio data. 

4. Implications of sporadic-E on HF radio wave propagation 

As demonstrated by the series of sporadic-E events that occurred 
from July 10–12 2012 presented in this paper, a sporadic-E layer has the 
potential to strongly impact HF radio wave propagation. Sporadic-E 

Fig. 8. Ray traced model data replicating the event shown in Fig. 5 for 10–12 July 2012 using Qaanaaq Digisonde data. The model ionosphere was generated using E- 
CHAIM v3.1.1 with the addition of a sporadic-E layer, as described in the text. From the top, plotted quantities are: (a) Periods of HF reception of signals at the 
prescribed frequency, (b) Signal-to-noise ratio (SNR) (dB), (c) Time of flight (TOF) (ms), (d) Elevation (◦), and (e) Azimuth (◦). Frequencies recorded are: 4.6 MHz 
(blue), 7.0 MHz (orange), 8.0 MHz (green), 10.4 MHz (red), 11.1 MHz (purple), 14.4 MHz (brown). Green shaded regions indicate times sporadic-E was detected by 
the Qaanaaq digisonde instrument. Time is indicated by day of month and HH:MM on the bottom x axis, with the month and year indicated in the lower right. 
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layers are vertically thin and flat, and therefore tend to improve HF 
radio propagation range and received signal power without disrupting 
the signal. This was demonstrated by these events as a focusing of the 
SNR at 30 dB and a complete loss of noise during the period where a 
sporadic-E layer was observed. Additionally, the measured HF radio 
data presented in Fig. 5 supported the results of Stocker and Warrington 
(2011) that sporadic-E layers do not refract radio waves in 
off-great-circle directions. None of the sporadic-E layers detected by 
either the Qaanaaq Digisonde or the Eureka CADI resulted in appre-
ciable off-great circle propagation as measured by the Alert HF radio 
receiver. It is not surprising that the ray traced data showed no off-great 
circle propagation either, since the model Es layer was placed directly 
above the propagation path. Any theoretical off great circle propagation 
due to sporadic-E would have to be the result of interaction with the 
edges of the thin layer. 

4.1. Generalized effect of Sporadic-E on HF radio wave propagation 

The effect of the strong reflecting surface provided by sporadic-E is to 
change the reflection altitude and critical frequency, in some cases 
allowing for signal propagation to locations not otherwise accessible via 
HF radio wave propagation. Fig. 10 illustrates the effect of sporadic-E on 
HF radio wave propagation with vertical plots of ray trajectories for one 
time slice of the Es event studied in the previous section. In the upper 
panel 5 MHz rays are propagated through an E-CHAIM generated 
ionosphere for 20:00 UT July 11, 2012. Rays are transmitted toward 
Alert from Qaanaaq at elevations angles ranging from 3◦ to 90◦ in 0.5◦

increments. Trajectories of all traced rays that landed on the ground are 
plotted on top of a map of vertical electron density along the great circle 
path from Qaanaaq to Alert. Rays with a sufficiently low initial elevation 
angle are refracted by the higher electron density in the F-region (~275 
km altitude) back toward the Earth, overshooting Alert, resulting in 
signal reception >1000 km from Qaanaaq (not shown in the plot). 

In the lower panel of Fig. 10, the same background ionosphere is 
supplemented by the model sporadic-E layer seen in the EUA CADI data 
for this time, and studied in the above event study. The sporadic-E layer 
parameters used were fEs = 9.44 MHz, h = 105.15 km, tEs = 10.0 km, rEs 
= 400 km. Only rays that landed within 50 km of Alert are plotted, for 
clarity. Compared with the upper panel, the sporadic-E layer refracts 
rays with higher initial elevation angles back toward the Earth. The 
lower altitude of the layer results in signal reception at Alert from 1 hop, 
2 hop, and 3 hop propagation paths (rays were only tracked for up to 
three hops). 

4.2. Impact of Sporadic-E on available frequencies and elevation angles 

To gain a better understanding of the impact of a sporadic-E layer on 
HF radio wave propagation consider the impact across the entire range 
of frequency and elevation angles by considering signal power. Fig. 11a 
shows signal power in terms of frequency and transmitted elevation 
angle generated from a series of ray tracing runs through an E-CHAIM 
v3.1.1 model ionosphere for July 11, 2012 at 20:00 UT. Signal power is 
estimated for a 500 W transmitter in Qaanaaq being received in Alert 
based on a series of ray traces at frequencies ranging from 3 to 18 MHz in 
0.2 MHz increments. Rays were traced in elevation increments of 0.2◦

from 0◦ to 90◦, and in azimuth increments of 0.5◦, in a 4◦ wide azimuthal 
range centered on the target direction. Signal power was calculated 
assuming a vertical monopole gain pattern with solar absorption (no 
space weather contributions) applied to the ray trace. Three clear signal 
bands can be seen in the image, corresponding to 1 hop (elevation 
<30◦), 2 hop (elevation 30◦–60◦), and 3 hop propagation (elevation 
>60◦). No signal propagation is seen above 6.6 MHz, due to the rela-
tively low ionospheric electron density. 

Fig. 11b was generated using the same parameters used to generate 
Fig. 11a, but with the addition of the sporadic-E layer modelled in Figs. 7 
and 8 in Section 2.3. At this time, the sporadic-E layer was at an altitude 
of 105.15 km, and the critical frequency was 9.44 MHz according to the 
EUA CADI data. Similar to Fig. 11a, three propagation paths are present. 
However, each are observed at much higher frequencies than the 6.6 
MHz maximum observed in Fig. 11a. One-hop propagation persists up to 
26.2 MHz, 2-hop propagation reaches 15.4 MHz, and 3-hop propagation 
reaches 12.2 MHz. All three paths involve propagation via reflection off 
the added sporadic-E layer. The higher critical frequency of the 
sporadic-E layer allows for much higher frequency reflection, especially 

Fig. 9. Qaanaaq Digisonde and E-CHAIM foF2 at Qaanaaq plotted from 10–12 
July 2012. 

Fig. 10. Comparison of 5 MHz vertical ray trajectories through an E-CHAIM 
v3.1.1 model ionosphere generated for 20:00 UT July 11, 2012 without (top) 
and with (bottom) the model disk shaped sporadic-E layer. Model parameters 
for the Es layer were taken from CADI measurements of the Es layer at this time 
(fEs = 9.44 MHz, h = 105.15 km), and the physical dimensions were the same as 
the model used in the previous section (tEs = 10.0 km, rEs = 400 km). In order to 
properly see the background ionospheric density, the color scale was set to a 
maximum of 4 × 105 cm− 3, though this saturates the Es layer, which has a peak 
electron density of 1.14 × 106 cm− 3. In the bottom panel, only rays that landed 
within 50 km of Alert are plotted. 
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when the waves reach the ionosphere at an angle. There is also a clear 
shift to lower elevation angles for the 2 and 3 hop propagation paths. 
This is due to a change in reflection height from the F region (~200–400 
km) to the sporadic-E layer (105.15 km). To reach the same target, a 
lower reflection height necessitates a lower elevation angle. The eleva-
tion required for 1-hop propagation does not change because 1-hop 
propagation was already occurring via the E-region for the lowest fre-
quencies, even in the absence of a strong Es layer. 

Sporadic-E is expected to impact longer propagation paths differ-
ently than shorter paths. Consider, for example, propagation from 
Resolute Bay to Alert (RES - ALE), representing a longer great circle path 
length of 1092 km. Fig. 11c and d show ray traced signal power vs 
frequency and elevation for propagation through the same ionospheres 
as Fig. 11a and b, from RES to ALE. Propagation in the absence of the 
sporadic-E layer (Fig. 11c) is limited to frequencies between 5 and 10.3 

MHz, at a range of elevations reaching up to 62◦. Similar to QAN-ALE, 
three propagation paths are present. The addition of the Es layer over 
Qaanaaq (Fig. 11d) improves propagation at higher frequencies, but 
impedes propagation at lower ones. Signal reception is seen at fre-
quencies from 9 to 40 MHz via three distinct propagation paths. The full 
frequency range is not shown in Fig. 11d, but was confirmed with 
additional ray traces. Unlike the QAN-ALE path, these paths all have 
initial elevations <16◦. This is due to the longer distance from trans-
mitter to target. For a ray to reflect off the bottom of the Es layer at a 
longer distance, it needs to have an even lower initial elevation angle. 
The reduction of lower frequency propagation is something that was not 
seen for QAN-ALE. In Fig. 11c, the lower frequency propagation 
occurred for high initial elevation angle rays. With the added sporadic-E 
layer in Fig. 11d only covering the latter part of the propagation path, 
these low frequency – high elevation rays reflected off the F layer, and 

Fig. 11. Ray traced signal power versus frequency and elevation detected by a receiver in Alert, Nunavut, through a model ionosphere generated by E-CHAIM 
(v3.1.1) for 22:00 UT July 11, 2012, for the following setups: (a) A transmitter in Qaanaaq (~574 km away), (b) a transmitter in Qaanaaq with an added sporadic-E 
layer, (c) a transmitter in Resolute Bay (~1092 km away), (d) a transmitter in Resolute Bay with an added sporadic-E layer, (e) a transmitter in Iqaluit (~2092 km 
away), (f) a transmitter in Iqaluit with an added sporadic-E layer. The thickness of some traces are due to the radius (100 km) of the collecting area used. In all cases, 
the transmitter operating power was set to 500 W, and the transmitter and receiver gain profiles were set to be a simple vertical monopole. The sporadic-E layer 
characteristics were the same as used in the case study presented in Section 3 for 22:00 UT on July 11, 2012. 
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then subsequently reflected upwards off the top of the Es layer into 
space, never reaching the target. One might wonder why the low 
elevation angle bands seen in Fig. 11d also aren’t present at frequencies 
lower than 9 MHz either. This is because the low frequency, low 
elevation angle rays experience too much absorption to be detected 
(received signal power is < − 130 dBm), even though they do reach the 
target. The increased absorption is due to a combination of the low 
frequency rays experiencing more absorption, as well as the low eleva-
tion angles causing the rays to spend more time in the D-region, also 
leading to more absorption. 

Fig. 11e and f show signal power vs frequency and elevation for 
propagation from Iqaluit to Alert (IQA-ALE), with a great circle distance 
of 2092 km. These two panels show propagation though ionospheres 
following the same pattern as Fig. 11a/c and 11 b/d. In Fig. 11e, 
propagation in the absence of the Es layer is more limited than in 
Fig. 11a and c. There is a band of propagation from 7.5 to 8.8 MHz, and 
another from 10.5 to 14.6 MHz. These propagation paths exist over a 
much more narrow range of frequencies and elevations, due to the much 
longer distance between IQA and ALE. The addition of the Es layer over 
Qaanaaq actually reduces the available frequencies for propagation to 
Alert, as seen in Fig. 11f. The maximum signal power is reduced as well. 
Due to the long distance between Iqaluit and Alert, the low altitude Es 
layer acts more as an obstacle for the rays than a propagation aid. Rays 
with elevation angles too high to slip under the Es layer are just reflected 
into space. This is likely more of an issue for longer propagation paths, 
since the farther away the transmitter is from the Es layer, the smaller 
the range of elevations is that will actually lead to rays slipping under 
the Es layer. 

5. Summary and conclusions 

In this study, we presented an event study for 10–12 July 2012 to 
illustrate the effect of sporadic-E on HF radio wave propagation, and 
demonstrated the ability of a simple sporadic-E model to supplement a 
ray tracing model. For this event, radio transmissions at frequencies 
between 4.6 and 14.4 MHz from an HF transmitter in Qaanaaq, 
Greenland, received by a directional receiver in Alert, Canada, exhibited 
signs of transmission aided by an Es layer. Evidence included the pro-
longed and consistent observation of frequencies of up to 14.4 MHz, 
uniformly high SNR, and low received elevation angle, consistent with 
reflection off a 100 km altitude ionospheric layer. Such observations 
were not observed during the same period for the preceding and 
following days where a sporadic-E layer was not observed. The simplest 
explanation for these observations is the presence of a strong reflecting 
layer at E-region altitudes. These observations were confirmed by ion-
osonde measurements taken from a CADI instrument located in Eureka, 
Canada, and a Digisonde located in Qaanaaq. 

A numerical ray tracer was utilized to model HF radio wave propa-
gation through a model ionosphere with an added model Es layer in 
order to recreate this event. Model ionospheres were generated using E- 
CHAIM for 15 min intervals from 10–12 July 2012. A model sporadic-E 
layer consisting of a thin Gaussian disc was added to the model iono-
sphere at times when the Es layer was detected. Two separate versions of 
this model were evaluated, one using the Eureka CADI measurements to 
inform the Es model, and one using the Qaanaaq Digisonde measure-
ments. In both sets of results, similar to the measured data, the results of 
the ray traces showed signal reception at all frequencies due to the 
presence of the Es layer. The effects on TOF, and most measured signal 
parameters other than SNR by the Es layer were replicated by the simple 
Es model and ray tracer. This suggests that the simple Es layer model 
used is sufficient for describing measured phenomena. 

The effect of Es on available propagation paths were explored via ray 
tracing at a range of frequencies between 3 and 30 MHz. Plots of signal 
power versus transmitted elevation angle and frequency through an 
ionosphere with and without the Es showed that the addition of the Es 
layer allows for propagation at much higher frequencies, as long as the 

propagation path is short enough that the layer is over a large enough 
portion of the propagation path. If the propagation path is too long, the 
effect the layer has on the propagation paths is not necessarily 
beneficial. 

Based on the example scenario presented, this study has shown that 
Es layers can significantly aid HF radio wave propagation for short 
ranges, by allowing for a wider range of available frequencies for 
propagation, and by increasing the signal power of received signals. 
Additionally, a simple Gaussian disc model is able to replicate these 
results in numerical ray traces. However, the success of this simple 
model does not mean that sporadic-E aided propagation paths are pre-
dictable. Since the occurrence and location of sporadic-E layers cannot 
easily be predicted in advance, the corresponding propagation paths 
cannot be predicted either. However, real-time ionosonde measure-
ments could be used with ionospheric models to perform ray traces for 
current ionospheric conditions to ascertain current propagation paths 
available for HF radio propagation between two locations. Knowledge of 
the available propagation paths could eventually lead to more reliable 
HF radio communications, and more accurate determination of target 
positions with OTHR. 
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