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Abstract High latitude ionospheric density structures such as polar cap patches and arcs are capable of
deflecting high frequency (HF) radio waves to off-great circle paths, and are likely detrimental to technologies
dependent on HF radio propagation. In this study, nearly 2.5 years of 4.6—-14.4 MHz data from a multi-frequency
HF radio link between Qaanaaq, Greenland and Alert, Canada are used to investigate high-latitude off-great
circle propagation in the polar cap. After an example of HF radio propagation affected by polar cap patches is
shown in detail, a statistical analysis of the occurrence and impacts of off-great circle deflections in the polar cap
is presented. Off-great circle propagation is shown to be increasingly common with increasing frequency up to
11.1 MHz, such that averaged over 1 year, received 11.1 MHz signals experienced deflections >30° from the
great circle direction 65.6% of the time. The occurrence of these deflections across the year is shown to be at a
maximum in the winter, while occurrence across the day varies with season. Trends across both time of day and
time of year for 11.1 and 14.4 MHz deflections are consistent with polar cap patch occurrence trends. Off-great
circle deflections are shown to be associated with increased time-of-flights, a larger range of positive and
negative Doppler shifts, increased Doppler spreads, and lower signal-to-noise ratios. These results are discussed
in the context of ionospheric phenomena in the polar cap, and implications for over-the-horizon radars operating
at high latitudes.

Plain Language Summary High frequency (HF) radio waves can travel long distances by bouncing
between the ground and the ionosphere; an upper layer of the Earth's atmosphere, allowing them to be used for
communications and surveillance in remote locations. However, strong space weather can change the paths
these radio waves take, causing problems for HF radio technologies. In this paper, radio transmissions sent
between Qaanaaq, Greenland and Alert, Canada are studied in order to better understand how often HF radio
waves are deflected by space weather at high latitudes, and what effect these deflections have on the signals
themselves. After a brief example of what space weather deflections look like, transmissions sent over a whole
year are studied to determine how deflections depend on radio frequency, time of day, and time of year. Then,
the effects these deflections have on other signal properties is studied. It is found that deflections are very
common at high latitudes, especially in the winter. Deflections tend to increase the travel time of signals, change
their frequency, and reduce their signal strength. These results are shown to be connected to polar cap patches
and arcs; which are common space weather phenomena near the poles.

1. Introduction

High frequency (HF) radio waves are frequently used for communications, surveillance, and ionospheric research
at high latitudes. The deflection of HF radio waves to off-great circle paths can be problematic for these tech-
nologies. Reception of the same signal from different propagation paths can lead to multipath errors, degrading
received signal quality. Off-great circle propagation is an important consideration for Over-the-Horizon Radars
(OTHRs), which use HF radio frequencies for long-range surveillance (Riddolls, 2006; Thayaparan et al., 2018).
OTHRs require detailed knowledge of the propagation paths available to reach a surveillance target, and the
deflection of signals to off-great circle paths can lead to significant errors locating these targets.

HF radio waves can be deflected to off-great circle paths by horizontal gradients in ionospheric electron density.
Early research focused on systematic deflections of radio waves caused by the solar terminator. Ross and
Bramley (1947) reported deflections of up to 20° near sunrise for an approximately 400 km north-south HF radio
link. These systematic deflections were periodically reported on in the latter half of the 20th century (e.g., Burtnyk
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et al., 1962; Morgan, 1974; Tedd et al., 1985). In these studies, the horizontal electron density gradients causing
the deflections were frequently characterized as a wrinkling, or tilting of the ionosphere. More recently, focus has
shifted to larger deflections caused by localized ionospheric electron density structures, rather than systematic
ionospheric tilts. Warrington et al. (1997) reported azimuthal deflections of up to 100° from the great circle
direction for HF transmitter links between a transmitter in Alert, Canada, and receivers in Thule, Greenland;
Halifax, Canada; and Iqaluit, Canada. These deflections took the form of repeated, monotonic “swings” about the
expected azimuthal angle of arrival. They were attributed to reflections off of polar cap density structures, such as
polar cap patches and polar cap arcs, and were shown to be consistent with moving reflecting surfaces following
ionospheric convection (Warrington et al., 1997).

Polar cap patches are drifting plasma density enhancements found in the polar cap at F-region altitudes (Hoso-
kawa et al., 2019, and references therein) typically when the z-component of the interplanetary magnetic field
(IMF B,) is negative. Patches are operationally defined to have peak electron densities that are twice the back-
ground density (Crowley, 1996), range from 100 to 1,000 km in diameter (Coley & Heelis, 1995), come in a
variety of shapes, and appear most often during local winter in the Northern Hemisphere (Chartier et al., 2018;
Coley & Heelis, 1998; Noja et al., 2013; Spicher et al., 2017). Patches generally drift anti-sunward across the
polar cap with ionospheric convection, though non-zero IMF B, is also known to result in dawn-dusk motion. A
statistical study of drift speeds showed that patch drift speeds range up to 500 km/s (Hosokawa et al., 2009),
however, faster speeds have been measured (e.g., Weber et al., 1984). Patches were first detected with ionosondes
by Meek (1949), though they were not studied frequently until Weber and Buchau (1981) observed patches with
all-sky imagers. They have also been investigated with in-situ measurements (e.g., Goodwin et al., 2015; Kivang
& Heelis, 1997; Spicher et al., 2015) and incoherent scatter radars (e.g., Dahlgren et al., 2012; Jin et al., 2019;
Oksavik et al., 2006; Perry & St.-Maurice, 2018).

Polar cap arcs are a kind of sun-aligned auroral arc that appear in the polar cap mainly during times of positive
IMF B, (Berkey et al., 1976; Hosokawa et al., 2020; Valladares et al., 1994). They can appear anywhere in the
polar cap with a variety of lengths and intensities, sometimes even stretching across the entire polar cap. Typi-
cally, larger and brighter arcs are referred to as “transpolar’ arcs, while smaller scale, dimmer arcs are called “sun
aligned” arcs (Hosokawa et al., 2020). Polar cap arcs predominately form in the evening sector when IMF B, > 0,
and in the morning sector when IMF B, < 0 (Fear & Milan, 2012). Once formed, they tend to move toward dusk
when IMF B, > 0, and toward dawn when IMF B, < 0 at speeds of a few hundred m/s (Hosokawa et al., 2011;
Valladares et al., 1994). As auroral arcs are comprised of precipitating energetic particles, they are also associated
with ionospheric electron density enhancements. Some global navigation satellite system (GNSS) total electron
content (TEC) measurements of polar cap arcs showed increased electron densities equivalent to up to 7 MHz in
critical frequency (Jayachandran, Hosokawa, et al., 2009; Jayachandran et al., 2012). The height of the bottom of
these electron density enhancements were seen at altitudes ranging from 110 to 300 km, likely depending on the
energy of the precipitating particles.

HF radio wave deflection by polar cap ionospheric density structures is an important consideration for radio
propagation models. Warrington (1998) compared an entirely polar cap propagation path to one in which the
reflection point was in the auroral zone. They found the polar cap path resulted in much greater azimuthal de-
viations (~35°) than the auroral zone path (~2.5°). Stocker et al. (2013) showed that Doppler spreads for polar
cap propagation paths were significantly larger than those measured for sub-auroral paths. Ray tracing methods
have been used to better understand how polar cap patches divert HF radio waves to off-great circle paths. For
example, Zaalov et al. (2003) compared measurements of off-great circle propagation due to polar cap patches
and arcs to ray tracing simulations of propagation through a model ionosphere with added model patches and
arcs. They found the simulations were able to reproduce the character of the observations, suggesting that ray
traces could be used to investigate propagation where observations are not available. The development of the ray
tracing model, as well as the model ionosphere and patches is further explained in Zaalov et al. (2005). War-
rington et al. (2012) presented coverage estimates for high latitude HF radio propagation derived from ray tracing
simulations, including how the presence of polar cap patches affects HF radio coverage. OTHR sensitivity to
electron density structures has also led to research on how polar cap electron density enhancements could affect
OTHR operation. Thayaparan et al. (2020, 2021) used an improved version of the model presented in Zaalov
et al. (2005) to demonstrate how polar cap patches could lead to dramatic changes in expected OTHR coverage
and ground range.
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Figure 1. (a) Map showing the geographic location of the Qaanaaq HF transmitter, Alert HF receiver, and Eureka CHAIN ionosonde in an orthographic projection.
(b) Map in geomagnetic latitude and magnetic local time (MLT) coordinates showing the location and orientation of the Qaanaaq to Alert HF radio link at 08:00, 16:00,
and 22:00 UT on 07 Nov 2013 relative to the polar cap boundary (set to 77° magnetic latitude), and to a theoretical anti-sunward, polar cap flow pattern representative of
B_-negative, two-cell ionospheric convection.

While previous work shows examples of patch-affected propagation, and quantified the magnitude of possible
deviations from the great-circle path, a comprehensive study of off-great circle propagation in the polar cap has
not been performed. In this study, nearly 2.5 years of data taken between 2012 and 2016 from a polar cap HF radio
link are used to evaluate both the occurrence of off-great circle propagation in the polar cap, and how off-great
circle propagation affects HF radio signal properties. Section 2 describes the instrumentation and data. Section 3
presents an example of off-great circle propagation caused by polar cap patches occurring over a typical day. This
is meant to establish that these deflections are due to polar cap ionospheric density structures, and show how
deflections and other signal parameters vary with time. A statistical analysis of the HF radio link data set is
performed in Section 4. The occurrence of off-great circle propagation is explored overall, in terms of time of day
and time of year. The dependence of other HF radio signal parameters on deflection from the great circle is
explored. Section 5 discusses how these results relate to HF radio interactions with polar cap patches and arcs, and
possible implications for HF radio technologies in the polar cap.

2. Instrumentation and Data

This study uses data from a 577 km HF radio link consisting of a transmitter located in Qaanaaq, Greenland
(77.47°N, 69.23°W; QAN) and a receiver located in Alert, Nunavut (82.50°N, 62.35°W; ALE). Qaanaaq and
Alert are both located in the polar cap, making this link especially useful for investigating the effects of polar cap
ionospheric phenomena on HF radio signals. The Qaaanaq transmitter operated at 100 W and utilized an end-fed
V antenna (https://www.bwantennas.com/acs.html) with a directional gain of O dB for transmissions. The Alert
receiver consists of an array of elevated feed vertical monopoles, connected to an 8 channel direction finding
receiver, and is now part of the Natural Resources Canada (NRCan) HF radio network (Cameron et al., 2021).
Figure 1a shows the location (in geographic coordinates) of the HF radio link relative to the Eureka Canadian
High Arctic Ionospheric Network (CHAIN) ionosonde used in the following section. Figure 1b shows the location
and orientation of the HF radio link at 08:00, 16:00, and 22:00 UT on 07 Nov 2013 relative to the polar cap
boundary and a typical anti-sunward, B_-negative flow pattern in geomagnetic coordinates. The anti-sunward
flow pattern shown is intended to be illustrative tool, and is not derived from specific measurements or models.

The QAN transmitter operated by sending 2 s long, GNSS time-synchronized signals at each of six distinct
frequencies multiple times an hour according to a prearranged schedule. Each transmission was a repeating 13-bit
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Barker coded signal, which was chosen to be easily identifiable from background noise. The ALE receiver
listened for and recorded matching Barker coded signals at the correct frequencies according to the same
schedule. Signals were recorded with a bandwidth of 50 kHz, and filtered down to 3 kHz before processing. For
each detected transmission, signal parameters including signal-to-noise ratio (SNR), time of flight (TOF),
Doppler shift, and Doppler spread were calculated and recorded.

The presence of ionospheric electron density structures in the polar cap make it a complicated propagation
environment for HF radio waves. HF radio waves often arrive at the receiver from a multitude of different
propagation paths, making it difficult to determine a single set of signal parameters. Accordingly, signal pa-
rameters such as the TOF and Doppler shift corresponding to the highest received signal power were calculated
and recorded for each transmitted signal. Elevation and azimuthal angle of arrival information were calculated
with a direction finding algorithm that compared signal characteristics detected by different antenna elements.
Often for low SNR signals, the received signal power is weak enough that the algorithms responsible for
calculating signal parameters become dominated by noise, leading to erroneous signal parameters being recorded.
This is most common for azimuthal and elevation angle of arrival measurements. In order to minimize the
prevalence of erroneous angle of arrival measurements, only signals with SNRs > 0 dB were considered in this
study.

This study considers data recorded by the QAN-ALE link between June 2012 and August 2016. There were some
periods of non-operation during this time due to the remote locations of both the transmitter and receiver. The
most notable gap is between October 2014 and February 2016. Factoring in these periods, the link was operational
for 855 days total. The set of frequencies signals were transmitted at, and their accompanying transmission rates
changed on 15 December 2013 to accommodate other transmitters. From June 2012 to 15 December 2013,
4.6374,6.9544,8.0081, 10.3914, 11.1184, and 14.3644 MHz signals were each transmitted at 30 signals per hour.
After 15 December 2013, the 10.3914 MHz transmissions were replaced with 18.3814 MHz transmissions, and
transmission rates were reduced to accommodate other transmitters such that 4.6374, 6.9544, 8.0081, 11.1184,
14.3644, and 18.3814 MHz signals were sent at rates of 4, 8, 24, 24, 24, and 8 signals per hour, respectively. For
the rest of this study, frequencies are written rounded to one decimal place for brevity. 18.4 MHz signals rarely
reached ALE at all, and are not considered in this study. Unfiltered QAN-ALE data recorded from 2012 to 2016
(including SNR < 0 dB and 18.4 MHz signals) can be found at the Harvard Dataverse (https://doi.org/10.7910/
DVN/RGDNRI1).

3. Example of Off-Great Circle Propagation

This section showcases an example of off-great circle propagation caused by polar cap patches, and the effect on
received signal parameters. 07 November 2013 was selected as an illustrative example of off-great circle
propagation due to signatures in the HF data of polar cap patches crossing the propagation path. Figure 2 shows
(a) IMF B, timeshifted to the magnetopause, (b) the auroral electrojet (AE) index, and the frequency of the F2
layer of the ionosphere (foF2) measured by an ionosonde in (c) Eureka for 07 November 2013. The location of the
Eureka ionosonde relative to QAN and ALE is shown in Figure 1. Two horizontal blue lines below the x-axis
indicate times in which IMF B, was negative. IMF B_ and AE index data was obtained from the OMNI data set
(King, 2005; King & Papitashvili, 2020), while Eureka ionosonde data came from CHAIN (Jayachandran,
Langley, et al., 2009).

Interplanetary and ionospheric conditions seen throughout the day suggest the presence of polar cap patches. IMF
B_ (Figure 2a) is primarily negative for the first half of the day, reaching —12.5 nT before transitioning to positive
at approximately 12:00 UT, and remains positive until 19:00 UT, after which it fluctuates between 0 and —5 nT
for the rest of the day. The AE index (Figure 2b), which is a measure of geomagnetic activity in the auroral zone, is
elevated during the periods of negative IMF B.. Polar cap patches are known to appear at times when geomagnetic
activity is occurring (Hosokawa et al., 2019).

The foF2 measured in Eureka (Figure 2c) varies substantially across the day. The ionosonde measures repeated,
10s of minutes long fluctuations in foF2 concurrent with the periods of negative IMF B, and elevated AE index.
These fluctuations range between 4 and 8.8 MHz during the first period of negative IMF B_, and between 3.6 and
7.6 MHz during the second period. These foF2 fluctuations are consistent with polar cap patches passing over the
Eureka ionosonde. The ionospheric electron density during these fluctuations reaches more than twice the
background density, consistent with the formal definition of a polar cap patch (Crowley, 1996).
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Figure 2. Summary plot of relevant interplanetary and ionospheric conditions for 07 November 2013. Panels show (a) IMF
B_, (b) AE index, and (c) foF2 measured by a Canadian High Arctic Ionospheric Network (CHAIN) ionosonde in Eureka.
Two periods during which IMF B, was negative are indicated with horizontal blue lines below the x-axis.

Figure 3 shows a selection of recorded parameters for all signals received by the Alert HF radio receiver on 07
November 2013. The panels on the left (a—e) show time series of (a) signal frequency (b) azimuthal angle of
arrival, (c) TOF, (d) Doppler shift, and (e) Doppler spread across the entire day. The two periods of negative IMF
B_ are indicated by horizontal blue lines below the x-axis. The panels on the right (f—) show a zoomed-in view of
the same signal parameters for 22:30-23:30 UT, intended to illustrate a single patch crossing. This time is
indicated with a red horizontal line below the x-axis. Throughout the day, all frequencies except 14.4 MHz arrive
consistently at Alert (Figure 3a), apart from a period between 14:00 and 20:00 UT, in which reception for 10.4 and
11.1 MHz signals becomes intermittent. This time corresponds to a period of low geomagnetic activity (indicated
by IMF B, and AE in Figure 2), and consequently low polar cap patch occurrence. This suggests that polar cap
patches aided in the reception of 10.4 and 11.1 MHz waves outside this period, and that the background iono-
spheric electron density was too low to consistently reflect these frequencies back toward Alert without the
patches.

The great circle heading (GCH) from Alert to Qaanaaq is an azimuthal angle of 196.79°. Deviations from this
value indicate off-great circle propagation. During the first period of negative IMF B_ (01:30-12:00 UT), the
received azimuth of radio signals at all received frequencies (Figure 3b) undergoes repeated “swings,” in which
the azimuth repeatedly changes from below the GCH to above the GCH. The azimuthal extent of these swings
varies by frequency, such that higher frequencies exhibit larger deflections. Deflections of >90° from the ex-
pected great circle azimuth are observed for the higher frequencies, consistent with previous observations of
azimuthal deflections thought to be caused by polar cap patches crossing the propagation path (e.g., Warrington
et al., 1997; Zaalov et al., 2003). Additionally, the higher frequency signals (10.4 and 11.1 MHz) during this
period are only detected at large deflection angles from the GCH. This is probably because these signals are at too
high of a frequency to be reflected back to Alert along the great circle. This is consistent with the relative absence
of 10.4 and 11.1 MHz signals during the subsequent Bz-positive period from 12:00-19:00 UT. They can only
reach Alert along propagation paths with large azimuthal deflections, since these paths interact with the iono-
sphere and patches at shallower elevation angles.

The swings in azimuth end at 12:00 UT, consistent with IMF B_ transitioning to positive. Geomagnetic activity
indicated by the AE index and fluctuations in foF2 also cease soon after. Between 12:00 and 19:00 UT, a large,
unstructured spread in azimuthal angle of arrival can be seen at all frequencies. After IMF B, becomes negative

CAMERON ET AL.

5of 24

85U8017 SUOWIWIOD BA1ER.1D 3ot jdde ) Aq peusenob a8 Ss[olLe O 88N 4O S8|nu 10} Azeiq18UIUO /8|1 UO (SUOIHIPUOD-PUE-SWSYWI0D" A3 (1M ARe.q Ul |UO//:SANY) SUORIPUOD Pue Swie | 81 88S *[202/80/50] U0 ARiq1TaUIUO AB|IA ‘0SWOI L 1IN - AeMION Jo AiSIBAIUN 9101y Aq 26800SHEZ02/620T OT/10p/LI0Y A8 |1 Areiq 1 jput|uo'sqndnBe//:sdny Wwoiy papeojumoq ‘v ‘720z ‘X66L7v6T



A~
MMI
ADVANCING EARTH
AND SPACE SCIENCES

Radio Science 10.1029/2023RS007897

® 46 MHz @ 70MHz @ 80MHz @ 104MHz @ 11.1MHz @ 14.4 MHz
> 137 (@) A - ! : 1®
O I 1 ]
[=hew 1 1 1
o E 10 S T - P : - ;-_i—' _looe oo ocococeccoceccccececsed
o= ! ! !
[ B 1 1 1
SRR . : - — — S S—
S 360 ;
S (9) .
8 E 270 7 ﬁ.‘lw‘?i‘\’ -.. - 7“: ° ®eod
| “,-‘"c - w 'r':vz..' o -_..-..-o;
: _mo o ©
(h)
.:.0.0'.’ ..“.. "‘ 0000°°
T (I) ‘ o o L

L5

—T T T T T T T T T T

Doppler
Spread (Hz)

00: 00

(1)
: apL . ; : / .i :“ o oi E i....“
04.: 00 08:00 12:00 16:00 20:00 22:30 23:00 23:30

Time (UT), November 7-8, 2013

Figure 3. Summary plot of HF radio signals for the Qaanaaq to Alert propagation path on 07 November 2013. Panels (a—e) from the top-down show (a) Periods of HF
reception of signals at the prescribed frequency, (b) azimuthal angle of arrival, (c) time of flight (TOF), (d) Doppler shift, and (e) Doppler spread across the entire day.
Panels (f—j) show a zoomed in view of the same signal parameters from 22:30-23:30 UT. 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). 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. The dashed horizontal lines in (b, g) indicate the great circle heading (GCH) from Alert to Qaanaaq. Three vertical dashed lines in panels (a—e) indicate
times the orientation of the HF link was shown in the right panel of Figure 1. Two periods of negative IMF B_ are indicated with horizontal blue lines, and the zoomed-in
period shown in panels (f—j) is indicated by a horizontal red line below the x-axis.

again at 19:00 UT, the azimuthal angle of arrival exhibits azimuthal swings transitioning from approximately the
GCH to ~100° below the GCH. Figure 3g shows a zoomed in view of a single, especially coherent azimuthal
swing likely associated with a polar cap patch. The azimuthal angle of arrival for each received frequency follows
the same general curve, varying from above the GCH to below the GCH over the hour, though azimuths measured
at the same time for different frequencies do differ by up to 30° at times. This is likely the result of different
frequencies reflecting off different parts of the patch, since higher frequencies will penetrate farther.

Other signal parameters exhibit distinct behavior during the two negative IMF B_ periods. During both periods,
the TOF at all frequencies (Figure 3c) undergoes repeated rises and falls between 2.2 and 6.8 ms that line up with
the swings in angle of arrival, such that signals with the largest azimuthal deflections from the GCH also have the
highest TOFs. This is not surprising since signals that experience larger azimuthal directions likely also take
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longer paths to reach Alert. Correspondingly, higher frequencies generally reach larger TOFs, since they also
experience larger deflections. The TOFs for all frequencies seen in Figure 3h are largest at the beginning and end
of the crossing. The TOFs for individual frequencies are clearly stratified according to frequency as well.
Referring back to the full interval, from 12:00-19:00 UT when IMF B, is positive, the TOF at all frequencies
undergoes slower and large variations. During this time signals are received with TOFs of up to 8.0 ms, larger than
what is seen when IMF B_ is negative.

Doppler shifts (Figure 3d) also exhibit “swings” that correspond to swings in azimuthal angle of arrival during the
two negative IMF B, periods. During the first period (01:30-12:00 UT), Doppler shifts repeatedly change from as
high as ~30 Hz to as low as ~—25 Hz. Higher frequency signals generally experience larger positive and negative
Doppler shifts. During the second period of negative IMF B, (18:00-24:00 UT), repeated swings in Doppler shift
from 0 Hz to as low as —30 Hz can be seen concurrent with azimuthal angle of arrival swings. Notably, while the
azimuthal angle of arrival swings reverse direction between the first and second negative IMF B, periods, the
accompanying Doppler shifts do not. Doppler shifts at all frequencies for the single patch crossing (Figure 3i)
drop from above to below zero Hz across the interval, lining up with the azimuthal swing. However, swings for
different frequencies do not line up. Instead, the slope of the swings in Doppler shift get larger with increasing
frequency.

Doppler spread (Figure 3e) is a measure of the size of the range of Doppler shifts a given HF radio signal was
received at. Doppler spread for all frequencies varies between 0 and 20 Hz from 00:00 UT until midway into the
first negative IMF B, period at 04:30 UT. At 04:30 to 12:00 UT, larger variations in Doppler spread of up to 65 Hz
can be seen at all frequencies. 04:30 UT is approximately the time when the AE index (Figure 2b) becomes
elevated past 250 nT. For the rest of the day, Doppler spread varies again between 0 and 20 Hz at all frequencies.
There is a small population of isolated 10.4 and 11.1 MHz signals with Doppler spreads between 45 and 65 Hz
during the second period of negative IMF B_. Doppler spreads measured for the single, clear patch crossing during
this period (Figure 3j) are generally low. This contrasts with the increased Doppler spreads seen for other patch
crossings. It could be that the patch responsible for the swing from 22:30-23:30 UT contained less internal
structuring. Simpler internal structuring would result in smaller Doppler spreads since there would be less
variation in the Doppler shift experienced by a single transmission. It is also consistent with the reduced scatter in
azimuthal angle of arrival compared to the first interval, since a spatially simpler patch would reflect HF radio
waves in a more consistent way.

4. Statistical Analysis
4.1. Occurrence and Magnitude of Off-Great Circle Deflections

A complete year of Qaanaaq to Alert transmissions from April 2013 to April 2014 was used to study the
occurrence and magnitude of off-great circle propagation in the polar cap. This period represents the most
consistent 1-year interval of data collection, allowing examination of the data without seasonal bias. It should be
noted that this period occurred during solar maximum, and therefore observes higher geomagnetic activity, and is
expected to observe a higher occurrence of polar cap density structures than in surrounding years. Additionally,
the data only represents transmitted signals that actually reached and were detected by the receiver. This does not
include signals that experienced too much absorption to reach Alert, signals that escaped to space, or signals that
never reached the receiver due to azimuthal deflections.

Figure 4 shows normalized histograms with 2° bins representing the distribution of deflections from the GCH for
all received QAN—-ALE HF radio signals from 01 April 2013 to 01 April 2014. Since the transmission rates for all
frequencies changed in December 2013, deflections were weighted by the inverse of the transmission rate to
ensure all parts of the year were represented equally in time. The histograms were also normalized to ensure the
sum across all bins is 1. From the top down, panels show distributions for (a) 4.6 MHz, (b) 7.0 MHz, (c) 8.0 MHz,
(d) 11.1 MHz, and (e) 14.4 MHz. The distribution for 10.4 MHz is omitted since the frequency was not trans-
mitted for the entire year. The vertical axis range cuts off the strong peak observed in all distributions at 0°
deflection to emphasize the features away from the great-circle heading. All distributions show significant
populations of deflections that are distinct from the peak at 0°. The distribution for 4.6 MHz has a distinct
population that peaks at —22° deflection. Distributions for frequencies >4.6 MHz contain sizable populations of
positive and negative deflections, that increase in relative size with increasing frequency up to 11.1 MHz. The
distribution for 14.4 MHz contains a smaller sized population of deflections (>30°) compared to 11.1 MHz. Since
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QAN-ALE, April 2013 - April 2014
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Figure 4. Normalized distributions of deflection from the great circle heading for all signals received at Alert from Qaanaaq
from 01 April 2013-01 April 2014. Panels show distributions for (a) 4.6 MHz, (b) 7.0 MHz, (c) 8.0 MHz, (d) 11.1 MHz,
(e) 14.4 MHz. Vertical dashed lines in each panel indicate £30°, and the vertical dotted line indicates 0°. The y-axis range in
each panel was chosen to focus on the distribution away from the great circle heading. The percentage of received signals
with deflections >30°, the total number of signals received, and the peak distribution density are reported in the top right of
each panel. Deflections were weighted by the inverse of transmission rate to ensure all parts of the year were represented
equally.

considerably fewer signals were received at 14.4 MHz compared to the other frequencies, some discrepancies at
14.4 MHz may be due to the smaller sample size.

At the higher frequencies, these populations of deflections have distinct positive and negative peaks. For example,
the distribution for 11.1 MHz (panel d) has localized west and east peaks at approximately —70° and 60° from the
GCH. At frequencies >11.1 MHz, there are local minima at approximately +30° deflection, where the decreasing
on-great circle population meets the increasing off-great circle population. This minimum can also be seen for
negative deflections in the 8.0 MHz distribution. Dashed vertical lines at = 30° show this transition point in each
panel. On average over the year, received 4.6, 7.0, 8.0, 11.1, and 14.4 MHz signals had deflections larger than 30°
15.9%, 32.1%, 45.1%, 65.6%, and 38.1% of the time, respectively. These distributions are also asymmetric. More
signals arrive with negative deflections than positive deflections for all frequencies, which corresponds to more
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Figure 5. (a) Weekly median magnitude of deflection of HF radio signals from 01 April 2013-01 April 2014 for (blue) 4.6, (orange) 7.0, (green) 8.0, and (purple)
11.1 MHz signals. Frequencies are also distinguished by line style. Vertical dashed lines indicate winter and summer solstices. The shaded region indicates local winter.
(b) Scatter plot of deflection from the GCH versus time for 11.1 MHz signals received from 01 April 2013-01 April 2014. Individual signals are indicated with purple,
semi-transparent points. The solid and dash-dotted curves show the weekly median deflection for positive and negative deflections respectively.

signals arriving from east of the great circle heading than west. Again averaged over the year, received 4.6, 7.0,
8.0, 11.1, and 14.4 MHz signals arrived from the east of the GCH 61.2%, 59.8%, 56.6%, 55.9%, and 58.5% of the
time, respectively.

These results were determined from an analysis of individually received signals and their accompanying de-
flections. However, for operation of HF radio technology at high latitudes, it may be more useful to understand
what percentage of transmitted signals can be expected to be deflected to off-great circle paths, rather than the
percentage of received signals. To do this, the number of hour-long intervals in which the median magnitude of
deflection from the GCH was larger than 30° was compared to the total number of intervals for which the QAN—
ALE link was operational. The percentage of intervals where the median deflection was >30° was 11.8%, 29.1%,
43.1%, 36.1%, and 9.6% for the 4.6, 7.0, 8.0, 11.1, and 14.4 MHz frequencies, respectively, for the April 2013 to
April 2014 period considered. The drop in percentage for the higher frequencies is due to the much lower number
of signals received compared to the lower frequencies. Due to the short length of the QAN-ALE path, high
frequency signals are more likely to escape to space.

Since the occurrence of polar cap density enhancements thought to be responsible for signal deflections vary
significantly with season and time of day, it is useful to explore how deflections from the GCH also vary with
time. To investigate how the magnitude of off-great circle deflections changed over the year, the median
magnitude of deflection from the GCH was calculated for signals received during each week from 01 April 2013—
01 April 2014, for each frequency. Week-long bins were chosen to smooth out day-to-day variability caused by
changing geomagnetic activity, while still preserving variation on longer time scales. Figure 5a shows this weekly
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median deflection for (blue) 4.6, (orange) 7.0, (green) 8.0, and (purple) 11.1 MHz. 14.4 MHz signals were omitted
because too few signals were received per week to calculate consistent weekly medians. Weeks for which less
than 10% of transmitted signals were received were also omitted on a per-frequency basis for the same reason. The
shaded region in the figure indicates local winter (between the fall and spring equinoxes).

The median weekly deflection for all frequencies reach minimum and maximum values near the summer and
winter solstice, respectively. Median weekly deflections for all frequencies during the summer are especially
close to zero. Comparing different frequencies, median weekly deflection generally increases with increasing
frequency. This relationship can be seen throughout the year, though the median daily deflection for 7.0, 8.0, and
11.1 MHz reaches a consistent maximum near the winter solstice. Median daily deflection reaches ~30° on
average for 4.6 MHz, and ~50° on average for 7.0, 8.0, and 11.1 MHz in the winter months. During the first week
of 2014, the weekly median deflection for 11.1 MHz temporarily drops to close to zero.

Figure 5b shows a scatter plot of individual deflections experienced by 11.1 MHz signals across the same time
period as panel (a). Overlaid are weekly medians for just positive and negative 11.1 MHz deflections. Comparing
the individual deflections to the medians, changes in the weekly median deflection seem to be due to changes in
the occurrence of large deflections compared to on-great circle signals, rather than changes in the magnitude of
the off-great circle deflections. During the summer, the occurrence of 11.1 MHz off-great circle deflections is
close to zero, while large deflections are extremely common in the winter. The occurrence of received 11.1 MHz
signals is lower near the winter solstice, likely because polar cap ionospheric electron density is consistently low
at the time due to the lack of solar photoionization.

To investigate how deflections from the GCH varied across the day, received signals were binned by time of day
(UT) in 2-hr increments and day of year in 21-day increments, and the median magnitude of deflection from the
GCH was calculated for each bin from 01 April 2013 to 01 April 2014. As with Figure 5, bin sizes were chosen to
ensure enough signals fell in each bin to calculate consistent medians while still showing changes across the day
and year.

Figure 6 shows the median magnitude of deflection from the GCH versus time of day and day of year for (a) 4.6,
(b) 7.0, () 8.0, (d) 11.1, and (e) 14.4 MHz signals. The solstices and equinoxes are marked with solid and dashed
white vertical lines, respectively. The majority of deflections for all frequencies occur in local winter. How
median deflection varies across the day clearly changes with both frequency and time of year. During the winter
months, for the lower three frequencies, the median magnitude of deflection peaks in the UT morning, and the
duration of the day for which large deflections occur gets wider with increasing frequency. For instance, the
median magnitude of deflection is >45° from 10:00 to 12:00 UT for 4.6 MHz, from 00:00-16:00 UT for 7.0 MHz,
and from 00:00-18:00 UT and 22:00-24:00 UT for 8.0 MHz. During summer months only the 8.0 MHz signal
experiences significant deflections, with a peak at ~06 UT.

The distribution of median deflection with respect to time of day and day of year for the two higher frequencies is
noisy due to the relatively lower number of received signals, especially 14.4 MHz. However, there are clear
differences in the variation of median deflection across the day when compared to the lower frequencies. Focusing
on 11.1 MHz, median deflection near the beginning and end of local winter is high across the day and largest in the
morning, matching the lower frequencies. Near the winter solstice however (from roughly mid-November to mid-
January), the median magnitude of deflection is close to zero from 02:00 and 14:00 UT, and almost entirely >50°
after 14:00 UT and before 02:00 UT. While there is more noise due to the lower number of received signals, the
median deflection distribution for 14.4 MHz signals generally agrees with the pattern for 11.1 MHz, except that
large deflections are only detected from 18:00-22:00 UT near the winter solstice.

4.2. Effects of Off-Great Circle Propagation on HF Radio Signal Parameters

This section examines how off-great circle propagation affects other relevant HF radio signal characteristics.
From the set of all signals received during local winter (between the fall and spring equinoxes) between June 2012
and August 2016, 2D histograms of signal deflections from the GCH and a selection of relevant HF radio
properties for each of six frequencies (4.6, 7.0, 8.0, 10.4, 11.1, and 14.4 MHz) were generated. The counts in these
histograms were converted to 2D discrete distribution densities so that the sum over all bins, multiplied by the bin
widths would be 1. To focus on off-great circle signals, which were shown in Figure 5 to be much more common
in winter, only local winter signals were considered.
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Figure 6. Median magnitude of deflection from the GCH from 01 April 2013-01 April 2014 for HF radio signals binned by
time of day (UT) in 2-hr increments and day of year in 21 days increments for (a) 4.6, (b) 7.0, (c) 8.0, (d) 11.1, and

(e) 14.4 MHz signals. Medians were not calculated for bins containing <10 received signals, and those bins are marked
white. Solid white lines indicate the winter and summer solstices and dashed white lines indicate the spring and fall
equinoxes.

Figure 7 shows the discrete distribution density of local winter signals versus TOF (0.2 ms bins) and deflection
from the GCH (8° bins) for (a) 4.6, (b) 7.0, (c) 8.0, (d) 10.4, (e) 11.1, and (f) 14.4 MHz. The range of TOFs seen
for all frequencies has a hard cutoff which is consistent with the 1.91 ms on-great circle speed of light travel time
between QAN and ALE. The range of signal deflections extends from —180° to 180°. All frequencies show two
distinct populations. Closest to the 1.91 ms lower cutoff, there is a population of largely on-great circle signals
separated in TOF from the rest of the distribution for all frequencies. This population has a limited extent in
deflection that increases with increasing frequency. At the higher frequencies (10.4-14.4 MHz), increasing
deflection does lead to a small increase in the TOF. The TOF associated with the peak of this part of the dis-
tribution is consistent with the TOF expected for on-great circle propagation from QAN-ALE, with a single
reflection off the E region (~100 km altitude).
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Figure 7. Discrete distribution density of received signals versus time-of-flight and deflection from the great circle heading
for (a) 4.6, (b) 7.0, (c) 8.00, (d) 10.4, (e) 11.1, (f) 14.4 MHz. All distributions are plotted with a logarithmic color scale to
better highlight off-great circle signals. Only radio signals received during local winter (between fall and spring equinoxes)
were considered. Zero deflection is indicated by a vertical white dashed line. The red and light blue overlaid curves show the
expected time of flight assuming radio waves reflected off patches crossing halfway between Qaanaaq and Alert at 300 and
100 km altitude respectively.

The rest of the TOF range is represented by a population of signals with TOFs ranging from 2.4 ms to up to 10 ms,
with deflections ranging from —180° to 180°. This population is very similar at all frequencies, except for
4.6 MHz, for which the range of TOFs is reduced. At all frequencies, signals with larger deflections tend to also
have larger TOFs. The population also shows a spreading in the off-great circle part of the distribution, such that
signals with increasingly larger TOFs have a larger range of possible deflections. The TOF associated with the on-
great circle part of this population is consistent with on-great circle propagation from QAN-ALE with a single
reflection off the F-region (300 km).

Figure 8 shows the discrete distribution density of local winter signals versus Doppler shift (1.5 Hz bins) and
deflection from the GCH (8° bins). At all frequencies, the peak distribution density occurs for zero Doppler shift
and zero deflection from the GCH. Away from zero deflection, all frequency distributions are largely symmetric
with respect to Doppler shift and deflection. All frequencies show a pattern in which larger deflections from the
GCH up to 90° yield a larger possible range of positive and negative Doppler shifts. This range also increases with
increasing frequency. For deflections larger than £90°, the distribution density tapers off such that the largest
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Figure 8. Discrete distribution density of received signals versus Doppler shift and deflection from the great circle heading
for (a) 4.6, (b) 7.0, (c) 8.0, (d) 10.4, (e) 11.1, (f) 14.4 MHz. All distributions are plotted with a logarithmic color scale to better
highlight off-great circle signals. Only radio signals received during local winter (between fall and spring equinoxes) were
counted. Zero deflection is indicated by a vertical white dashed line, and the red overlaid curves show the expected Doppler
shift assuming radio waves reflected off patches crossing halfway between Qaanaaq and Alert at 300 km altitude.

deflections tend to have Doppler shifts closer to zero. The 4.6 MHz distribution shows an asymmetry in which
negative azimuthal deflections lead to a larger range of Doppler shifts than positive deflections. This may be
related again to the relatively small number of off-great circle 4.6 MHz signals when compared to the other
frequencies.

Figure 9 shows the discrete distribution density of local winter signals versus Doppler spread (1 Hz bins) and
deflection from the great circle heading (8° bins) for (a) 4.6, (b) 7.0, (c) 8.0, (d) 10.4, (e) 11.1, and (f) 14.4 MHz.
Similar to Doppler shift, the peak distribution density occurs at zero Doppler spread and zero deflection from the
GCH for all frequencies. Signals with higher Doppler spreads are observed at all frequencies primarily at non-zero
deflection angles from the GCH. These high Doppler spread signals generally fall in two bands, one at positive
deflection angles, and one at negative deflection angles. The width and horizontal location of these bands likely
just indicate the deflection angles most off-great circle signals arrived at (also seen in Figure 4). The range of
Doppler spreads with appreciable distribution density increases with frequency up to 11.1 MHz, with the range for
14.4 MHz somewhat lessened. Doppler spreads of up to ~24 Hz are observed at 4.6 MHz, while Doppler spreads
of up to ~35 dB are observed at 11.1 MHz. Similar to Figure 8, 4.6 MHz signals with negative deflections are seen
to lead to larger Doppler spreads than signals with positive deflections.
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Figure 9. Discrete distribution density of received signals versus Doppler spread and deflection from the great circle heading
for (a) 4.6, (b) 7.0, (c) 8.0, (d) 10.4, (e) 11.1, (f) 14.4 MHz. All distributions are plotted with a logarithmic color scale to better
highlight off-great circle signals. Only radio signals received during local winter were counted. Zero deflection is indicated
by a vertical white dashed line.

Figure 10 shows the discrete distribution density of local winter signals versus SNR (1.0 dB bins) and deflection
from the GCH (8° bins) for (a) 4.6, (b) 7.0, (c) 8.0, (d) 10.4, (e) 11.1, and (f) 14.4 MHz. All frequencies show a
peak in distribution density at close to zero deflection. This peak extends from 30 to 35 dB SNR for 4.6-8.0 MHz,
while it is much more tightly focused around 35 dB for 10.4-14.4 MHz. For deflections away from zero, the
distribution density at all frequencies is lower, and ranges in SNR from O to approximately 35 dB. The 4.6 MHz
distribution is an exception to this pattern, where appreciable distribution density only reaches as low as
approximately 10 dB for off-great circle signals. This is probably due to the comparative low number of off-great
circle signals received at 4.6 MHz compared to the other frequencies (seen in Figure 4).

Focusing on SNR < 25 dB for the higher five frequencies, there is appreciable distribution density in three distinct
bands extending downwards in SNR to —15 dB. These bands are separated by relative gaps in distribution density.
One 10° wide band is centered around zero deflection, with more distribution density negative of zero. The other
two bands span approximately —150° to —45°, and 30° to 100° in deflection from the GCH, though they widen
slightly with decreasing SNR. The negative deflection band is generally wider than the positive deflection band at
all frequencies.
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Figure 10. Discrete distribution density of received signals versus SNR and deflection from the great circle heading for
(a) 4.6, (b) 7.0, (c) 8.0, (d) 10.4, (e) 11.1, (f) 14.4 MHz. All distributions are plotted with a logarithmic color scale to better
highlight off-great circle signals. Only radio signals received during local winter were counted. Zero deflection is indicated
by a vertical white dashed line.

Because there is comparable distribution density for on and off-great circle signals at low SNR, it is hard to tell
from Figure 10 if off-great circle signals tend have low SNR more often than on-great circle signals. It is possible
that they do, but the generally higher occurrence of on-great circle signals leads to similar occurrence frequencies.
To untangle this, the pointwise mutual information (PMI) between SNR and deflection from the GCH can be
calculated (Lizier, 2014). PMI is defined as

&)

PMI(x;y) = logz( P(x.y) ),

p(0p(y)

where p(x) and p(y) refer to the probability distributions of the random variables X and Y respectively, and p(x, y)
is the joint probability distribution of X and Y. PMI quantifies whether specific values of x and y occur together
more or less often than would be expected if their distributions were independent, such that a PMI of n bits means
the corresponding x and y values occur together 2" times as often. In this case, p(x) and p(y) are approximated with
1D histograms of deflection and SNR respectively, while p(x, y) is approximated with the 2D histogram of
both. Cameron et al. (2019) contains a more detailed explanation of PMI, as well as a few illustrative examples of
its utility.
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Figure 11. Pointwise mutual information between SNR and deflection from the great circle heading for (a) 4.6, (b) 7.0,
(c) 8.0, (d) 104, (e) 11.1, (f) 14.4 MHz. Only radio signals received during local winter were counted. Zero deflection is
indicated by a vertical black dashed line, and bins with no data are indicated with gray.

Figure 11 shows the PMI between SNR and deflection from the great circle heading for (a) 4.6, (b) 7.0, (c) 8.0, (d)
10.4, (e) 11.1, and (f) 14.4 MHz. The histograms used to calculate PMI used the same bin widths as Figure 10. At
every frequency, the PMI shows that off-great circle signals are much more likely to have SNR < 30 dB, while on-
great circle signals are much less likely to have SNR < 30 dB. The apparently high distribution density of low
SNR, on-great circle signals is simply because so many more on-great circle signals were recorded than off-great
signals. Interestingly, the PMI for SNR > 30 dB is highest for deflections between —45° and 45°, with a clear gap
at 0°. This suggests that the signals with the highest SNR experienced non-zero deflections of less than 45° more
often than expected.

5. Discussion

In this study, off-great circle propagation in the polar cap was studied using nearly 2.5 years of data from a polar
cap HF radio link. An example of a day of patch affected HF propagation was presented in Section 3. Repeated
~30 to —60 min long swings in the azimuthal angle of arrival occurred in two periods during the day when IMF B,
was negative. These swings were attributed to polar cap patches crossing the propagation path. As each patch
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approached, crossed, and then receded from the propagation path, the azimuthal angles of radio waves that re-
flected off the patch and reached the receiver changed smoothly from one side of the GCH to the other.

The orientation of the azimuthal swings reversed for patches observed 01:30-12:00 UT and 18:00-24:00 UT,
which can be explained by the rotation of the Earth under the polar cap convection pattern, illustrated in the right
panel of Figure 1. During the first period, patches moving with ionospheric convection from the dayside to
nightside of the Earth crossed the QAN-ALE path from roughly east to west, resulting in azimuthal swings from
below to above the GCH (see 08:00 UT in Figure 1). During the second period, which was ~12 hr later, the Earth
and the QAN-ALE path had rotated under the convection pattern so that patches crossed from west to east, and
the corresponding swings were in the opposite direction (22:00 UT in Figure 1).

The effects these deflections had on other parameters are also consistent with the patch crossings. Signals with
larger deflections from the GCH traveled longer paths to reach Alert, leading to larger TOFs. Positive to negative
Doppler shift swings are the result of reflection off the moving patches. As a patch approaches perpendicular to
the path, the reflected radio waves experience Doppler shifts that get progressively smaller, since the component
of the patches' velocity parallel to the wave propagation direction decreases with the magnitude of deflection. As
the patch recedes, the reflected radio waves experience negative Doppler shifts that get progressively larger. This
pattern is the same regardless of which side the patches approach from, explaining why the Doppler shifts are
positive to negative during both periods. Increased Doppler spreads may be caused by the interaction of the HF
radio waves with spatial structuring associated with patches.

There is an asymmetry in the azimuthal swings (relative to the GCH) and associated Doppler shifts during the
beginning of the second negative IMF B, period that was not seen during the first. This asymmetry may be
because the Qaanaaq to Alert path was at an oblique angle relative to the convection flow during this time,
affecting both the azimuthal swings and the Doppler shifts. Patches or arcs moving near the propagation path but
not directly crossing would lead to partial swings entirely on one side of the GCH, and entirely positive or entirely
negative Doppler shifts.

During the period when IMF B, was positive, less structured deflections were still observed at all frequencies.
Accompanying Doppler shifts were generally low and negative during this period. This behavior is also consistent
with ionospheric convection. When IMF B, turns positive, ionospheric convection largely slows, but patches don't
immediately disappear. These deflections and accompanying Doppler shifts could be caused by deflections off of
decaying, still-moving patches. It is also possible that some deflections during this time are due to interactions
with a polar cap arc, since polar cap arcs are associated with positive IMF B..

In Section 4.1, a mostly uninterrupted year of QAN—-ALE transmission data was used to quantify the occurrence
and magnitude of polar cap off-great circle propagation. The distribution of HF radio signal deflections across the
year for 6 frequencies from 4.6 to 14.4 MHz (Figure 4) showed that deflections from the GCH are common, and
that the occurrence and magnitude of these deflections increase with frequency up to at least 11.1 MHz. This
behavior is consistent with the supposition that polar cap patches and arcs are responsible for these deflections.
4.6 MHz waves are reflected back toward the ground at a lower altitude than higher frequency waves, rarely
reaching a high enough altitude to have their trajectories altered by patches or arcs. Higher frequency waves are
able to penetrate higher into the ionosphere, and are more likely to interact with patches or arcs. If the wave
frequency is too high however, these waves may pass through patches or arcs completely, escaping to space. This
may explain the lower occurrence of off-great circle deflections for 14.4 MHz compared to 11.1 MHz. Since polar
cap arcs have been known to occur at E-region altitudes, it is possible that lower frequencies are more likely to
experience deflections caused by arcs than patches, since patches are primarily F-region phenomena.

Plots of the weekly median magnitude of deflection showed that deflections were largest in the local winter and
were close to zero in the summer, for frequencies up to 11.1 MHz. Plots of the median magnitude of deflection
signals binned by hour of the day (UT) and day of year showed that deflections for frequencies up to 8.0 MHz
peaked in the UT morning (~06:00 UT) across local winter. Deflections for 11.1 MHz signals also peaked in the
UT morning at the beginning and end of local winter. Near the winter solstice however, 11.1 MHz median de-
flections were found to be close to zero from 02:00-14:00 UT, and high (generally >50°) for the rest of the day.
The observation that deflections are highest in the winter months and close to zero in the summer months
is consistent with polar cap patch occurrence statistics reported for the Northern Hemisphere by Noja et al. (2013),
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Spicher et al. (2017), and Chartier et al. (2018), who all observed that patch occurrence is highest in the winter
months and close to zero in the summer months.

Comparison of the observed distribution of off-great circle deflections across the day with patch occurrence
statistics requires some care, since more factors than just the occurrence of ionospheric enhancements affect the
occurrence of deflections. For a signal to experience a deflection from a patch, the wave frequency must be high
enough compared to the background electron density to reach the F-region, but still low enough relative to the
patch density that it experiences a deflection instead of escaping to space. Since 11.1 MHz signals experienced
deflections more often than the other frequencies, the distribution of 11.1 MHz deflections across the day is most
likely to match up with studies of patch occurrence. A study of the occurrence rate of patches using local winter
(January—March and September-December) observations from the Resolute Bay Incoherent Scatter Radar-
Canada (RISR-C) (Ren et al., 2018) reported that 60% of patches were observed from 1200 to 2400 MLT
(19:00 to 07:00 UT), with the maximum patch occurrence occurring from 21:00 to 02:00 UT. This is approxi-
mately consistent with the observed distribution of 11.1 MHz deflections, since deflections were only observed
consistently across the entire winter from 14:00 to 02:00 UT and only at the beginning and end of winter at other
times.

David et al. (2016, 2019) investigated polar cap patch occurrence with respect to UT time and day of year with
maps of TEC. In both studies, they found that in the Northern Hemisphere, patches were most common around
00:00-12:00 UT near the spring and fall equinoxes. In the middle of winter however, patch occurrence was close
to zero from around 02:00-12:00 UT, and high after 12:00 and before 02:00 UT. Kagawa et al. (2021) observed a
similar pattern studying patch occurrence with in-situ plasma density measurements, where patches were most
common near the solstice from 15:00-24:00 UT. Results from all three studies match the occurrence of 11.1 MHz
deflections well, and all report the same “hole” in patch occurrence near the solstice in the UT morning (e.g.,
Figure 3 from David et al. (2019)). These studies attribute variation in patch occurrence across the day and year to
an explanation of patch formation in which patches are created when high density, sunlit plasma is drawn into the
lower density polar cap by the polar cap convection pattern. According to this explanation, patch occurrence is
highest during times when most of the polar cap is in darkness, but there is still significant overlap between the
solar terminator and the polar cap convection pattern. The “hole” in the winter patch distribution exists because
near the winter solstice, polar cap convection can only draw in lower density nightside plasma because the solar
terminator is too far south. Figure 4 in David et al. (2019) shows this clearly with patch-to-background ratios
calculated from Utah State University Time Dependent Ionospheric Model (TDIM) runs for different times of day
and year, based on earlier work by Sojka et al. (1993). This “hole” is also present in climatological observations of
TEC irregularities reported by Jin et al. (2022).

The correspondence of 11.1 MHz deflections to patch occurrence with respect to UT and time of year suggests
that a significant amount of these deflections are caused by polar cap patches. The distribution of deflections at
other frequencies can be compared to patch occurrence as well, given the other factors affecting the occurrence of
deflections. The 14.4 MHz distribution of deflections also lines up approximately with the patch distribution
whenever enough signals were received to calculate median deflections, except there is a drop in deflections in the
UT evening near solstice compared to 11.1 MHz. This could be because the patch-to-background ratio at this time
is expected to be lower than the surrounding weeks (seen in Figure 4 of David et al. (2019)), meaning 14.4 MHz
waves are deflected less, but 11.1 MHz waves are not at a high enough frequency to be affected.

The deflection distributions for the lower three frequencies do not show a “hole” in the winter solstice UT
morning at all. This difference between the lower and higher frequency UT distributions suggests that the lower
frequency deflections at this time are caused by ionospheric electron density enhancements with peak densities
too low to deflect 11.1 MHz signals, but still high enough relative to the background density to deflect 8.0 MHz
and lower signals. These enhancements could be too low density to be considered patches according to the
classical definition (twice the background density), explaining their absence from patch occurrence trends. They
could, for example, be the result of plasma ionized by electron precipitation in the auroral region, or simply higher
density plasma closer to the solar terminator, being drawn into the polar cap by convection. Some of these low
frequency deflections could be due to polar cap arcs as well.

The final part of this study investigated the effect off-great circle deflections have on other signal characteristics.
Signals that experienced large positive and negative deflections from the GCH tended to have larger TOFs, a
larger range of possible positive and negative Doppler shifts, and larger Doppler spreads. The connection between
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(a) ALE (b)

Figure 12. Diagram showing an idealized 1-hop vertical reflection with lateral deflection off of an electron density
enhancement. The left side (a) shows a top-down view, while the right side (b) shows a vertical view.

SNR and deflection from the GCH was hard to untangle from the occurrence of deflections, but an analysis of the
PMI between the two showed that signals with larger deflections were more likely to have lower SNRs than what
would be expected if the two quantities were independent.

A simple, illustrative model of localized density enhancements crossing the QAN—ALE propagation path can be
used to explain the shapes of the TOF - deflection distributions seen in Figure 7. These enhancements could be
polar cap patches, polar cap arcs, or any other localized electron density structure capable of reflecting HF radio
waves. In this model, the QAN-ALE propagation path is aligned along the y axis, and the z direction is corre-
sponds to straight up. A localized electron density enhancement at a height % crosses the QAN—-ALE propagation
path exactly halfway between the two locations, moving at some velocity v in the x direction. Meanwhile, an HF
radio signal leaves the QAN transmitter at the azimuthal and elevation angles required to reach the enhancement,
reflects off it, and then reaches the ALE receiver. In order to simplify the model, it is assumed that the refractive
index is 1 (meaning the signal travels in a straight line at the speed of light) before and after reflection. In reality,
the speed of an HF radio wave varies as it travels through the ionosphere. However, this effect only becomes
significant near the reflection point for the signal. This model can be thought of as a limiting case for the actual
dependence of TOF on deflection angle. The simplifying assumptions made about the enhancement crossing
exactly halfway between QAN and ALE, moving exactly perpendicular to the path, are likely larger sources of
error than assuming signals travel at the speed of light. Figure 12 illustrates the coordinate system, and the ge-
ometry of the one-hop propagation, with the horizontal deflection off the patch on the left (a), and the vertical
reflection on the right (b).

The expected TOF for the radio signal is simply twice the length of the vector from QAN to the enhancement
<r =/} +7 ) divided by the speed of light (c). Referring to Figure 12, the horizontal component of this vector

() 18 %, where d is the distance from QAN to ALE, and 6 is the deflection from the GCH. The vertical

component of the vector from QAN to the enhancement (r,) is simply the reflection height 4. Therefore,

2 d
4cos20’

2
TOF(6) = %, [h* + (c‘i/s 2 9) . 3)

Overlaid in red and light blue on each panel in Figure 7 is the expected TOF as a function of deflection angle,

2

and the expected TOF is

assuming the one-hop deflection described in Equation 3. The red curves were calculated assuming a reflection
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height of 300 km (F-region) for deflections between —90° and 90°, while the blue curves were calculated
assuming a reflection height of 100 km (E-region) for deflections between —45° and 45°. In each panel, the red
TOF curves overlay the densest parts of the higher TOF population, suggesting that this part of the distribution
is due to reflection off of F-region electron density enhancements such as polar cap patches or arcs. The spread
around the red curves is likely due to variability in the reflection height over time. The light blue curves overlap
the lower TOF population for deflections between —30° to 30° deflection, but predicts a higher TOF than the
lower population indicates for deflections larger than that. These E-region azimuthal deflections could be due
to low altitude arcs, but the separation between the two populations suggests an exclusively E-region phe-
nomenon. Sporadic-E layers have been known to exhibit tilts of up to ~20° or more with respect to the horizon
(e.g., From & Whitehead, 1978; Parkinson & Dyson, 1998; Paul, 1990). It is possible that some deflections in
the lower TOF population are due to reflections off of tilted sporadic-E layers. There are also >90° deflection
signals in Figure 7, especially for the lower three frequencies, with lower TOFs than would be expected. These
signals are possibly on-great circle signals that were deflected by nearby electron density enhancements drifting
behind the receiver. They could also be signals that experienced local deflections near the receiver before being
recorded.

This simple model can also be used to explain the shape of the Doppler shift - deflection distributions seen in
Figure 8. The total Doppler shift experienced by an HF radio wave in the ionosphere is the accumulation of
Doppler shifts experienced along the path as the wave travels through a non-stationary medium. In Figure 8, on-
great circle signals for all frequencies experience little to no Doppler shift, suggesting that the majority of Doppler
shifts are connected to azimuthal deflections. This is consistent with the simplifying assumption that the signal is
in vacuum before and after reflection, and the total Doppler shift is entirely due to reflection off the density
enhancement. The expected Doppler shift of a signal reflected off a surface moving parallel to the signal is

2 f
2

af 4)

where v, is the component of the velocity of the surface parallel to the wave vector, and fis the frequency of the
wave. Since the electron density enhancement is moving in the x direction, the component of the enhancement
velocity parallel to wave vector can be expressed as

ve=vi, ©)

r
where v is the speed of the enhancement, 7 is the length of the vector from QAN to the enhancement, and r, is the x
component of that vector. r was found above in Equation 2, and r, = ‘—2’tan (0) based on Figure 12. Pulling these

together,
v,.(0) = vﬂ, (6)
2\/ W+ 455229
and the expected Doppler shift is
ao) =2 L8 ™

¢ |12 &
h +400529

Overlaid on Figure 8 in red are curves showing Doppler shift versus deflection assuming a reflection height of
300 km, for enhancements moving at 600 m/s relative to Qaanaaq and Alert. This speed is near the upper limit of
possible speeds for an ionospheric density enhancement relative to the propagation path. It is the sum of the upper
end of the distribution of polar cap patch speeds measured by Hosokawa et al. (2009) (~500 m/s), and the rotation
speed of the Earth at the latitude of Qaanaaq (~100 m/s). In reality, these enhancements could be moving at a
variety of speeds lower than 500 m/s, and at oblique angles relative to the propagation path, which in both cases
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would result in smaller Doppler shifts. Therefore, the red curves in Figure 8 can be considered upper limits on
possible Doppler shifts for this radio link.

The Doppler shift curves bound the distributions of Doppler shifts at all frequencies well. An analysis of the data
set showed that these Doppler shift limits bound at least 89% of signals with positive and negative deflections
from the GCH between 2° and 90° for all frequencies, and at least 97% for the upper three frequencies. For the
three lower frequencies, the distribution density does not reach the Doppler shift curves for deflection angles close
to 90°. This is probably because there were not enough signals received at these deflection angles for an
appreciable amount to have reflected off density enhancements moving perpendicular to the QAN-ALE line at
sufficient speeds.

One final consideration that could influence the effect of off-great circle deflections on HF radio signal pa-
rameters is vertical motion of electron density enhancements. The drift of polar cap patches via ionospheric
convection occurs due to an E X B drift involving the convection electric field and the Earth's magnetic field.
There is a non-zero vertical component to this drift wherever magnetic field lines are not oriented vertically,
meaning patches tend to move upwards when drifting toward the pole and downwards after crossing the pole with
speeds of tens of m/s (Hosokawa et al., 2019; Perry et al., 2013). If the reflection height changes with a constant
speed,

o) = hy + Vvitan(ﬂ) ®)
2v

where h is the reflection height at the crossing point, and v, is the vertical drift speed. Inserting this into
Equation 3 shows that a vertical drift speed of even 100 m/s (with an £ of 300 km) does not result in a perceptible
difference in the expected TOF. An additional vertical drift changes the expected Doppler shift equation, since it
changes the component of the enhancement velocity relative to the wave vector. Accounting for vertical motion,
this component is

Ty r,  vre+v,h(6)
V,=v=o4y,—=——"T—7-,
r r r

)

and the expected Doppler shift becomes
f vdtan 6+ 2v,h(0)

c / 2
h(g)z + 4Cz529

As with TOF, a vertical drift speed of even 100 m/s with iy, = 300 km leads to an imperceptible difference in

Af(6) = (10)

Doppler shift, at least for the simple patch crossing model described here.

6. Conclusions

This study evaluated nearly 2.5 years of 4.6—-14.4 MHz radio propagation data from a high-latitude HF radio link
to study off-great circle propagation in the polar cap region. A single day of received HF radio signals in which
polar cap patch activity occurred was presented to establish how polar cap density enhancements can cause
deflections from the expected angle of arrival. “Swings” in the azimuthal angle of arrival relative to the great
circle heading (GCH); previously connected to polar cap patch crossings (Warrington et al., 1997), occurred
during the parts of the day when the IMF B_ was negative. These swings were shown to be concurrent with time-
of-flight (TOF) increases, Doppler shifts that transitioned from up to 30 Hz to as low as —25 Hz, and enhanced
Doppler spreads of up to 65 Hz.

To determine the prevalence and magnitude of these deflections in general, a statistical analysis was performed.
Examination of the distribution of signal deflections from the GCH for a largely uninterrupted year of trans-
missions showed that off-great circle propagation is commonly observed in the high-latitude ionosphere, and
becomes increasingly prevalent with increasing frequency up to 11.1 MHz. This is because higher frequencies
reach the F-region ionosphere more often, and can therefore be deflected by F-region density structures more
often than lower frequencies. From April 2013 to April 2014, received 11.1 MHz signals arrived with deflections
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from the GCH of >30° 65.6% of the time. The prevalence of these large deflections are highly dependent on time
of day and year. An analysis of the weekly median magnitude of deflections over the year indicated that median
deflections are largest in the winter for all frequencies, and tend to be close to zero in the summer. Further
investigation of the prevalence of deflections versus UT time of day at different times of year showed that de-
flections for lower frequencies (4.6-8.0 MHz) are most common in the morning across the winter, while high
frequencies (11.1-14.4 MHz) experience little to no deflections in the morning near the winter solstice. The high
frequencies do experience significant deflections in the morning at the beginning and end of winter, however. The
variation of deflections with respect to time of day and time of year for the high frequencies are consistent with a
theory of patch generation involving dayside plasma being drawn into the polar cap by convection. The difference
in UT distributions between high and low frequencies suggests a significant amount of lower frequency de-
flections (at least near the winter solstice) are due to electron density enhancements with peak densities or peak-
to-background ratios too low to be considered polar cap patches.

An analysis of the full 2.5-year data set showed how the following HF radio signal properties change when the
signals undergo large deflections from the GCH:

o Signals deflected to off-great circle paths have generally larger TOFs, due to their necessarily longer prop-
agation paths. The rate of increase in TOF with deflection is consistent with a simple model of reflection off of
drifting localized enhancements at F-region altitudes crossing between QAN and ALE.

o The range of observed Doppler shifts is strongly dependent on deflection from the GCH, where larger de-
flections have a larger range of possible positive and negative Doppler shifts. This dependence is consistent
with the same simple model of reflection off of drifting F-region enhancements, assuming the enhancements
have drift speeds of up to 600 km/s relative to the propagation path.

o Off-great circle signals are associated with increased Doppler spreads, with spreads of up to ~35 Hz observed
for 11.1 MHz signals.

¢ An analysis of the pointwise mutual information (PMI) between deflection from the GCH and signal-to-noise
ratio (SNR) showed that signals with deflections of >~20 deg are more likely to have SNRs of <~30 dB.
Conversely, signals with deflections of <~20 deg are more likely to have SNRs of >~30 dB.

Over-the-horizon radar (OTHR) operation is particularly sensitive to the deflection of HF radio waves to off-
great circle paths and the accompanying TOF changes, since locating a target with OTHR requires knowledge
of the propagation path to the target. These results suggest that any OTHR performing surveillance in the polar
cap will frequently have to account for off-great circle deflections, especially in the winter. Left unaddressed,
these deflections could lead to increased uncertainty in target location, while associated Doppler shifts and
spreads could introduce uncertainty to velocity determination as well. As mentioned in the introduction,
research is ongoing on how polar cap density enhancements affect OTHR coverage (Thayaparan et al., 2020,
2021). The results shown here could inform future research focused on mitigating the effects of off-great circle
propagation on OTHR.

These results also represent a likely significant challenge for scientific OTHRSs that are subject to polar HF radio
propagation conditions—such as the polar component of the Super Dual Auroral Radar Network (SuperDARN).
Off great-circle path deviations with SuperDARN radars have been reported in the past (e.g., Perry et al., 2016),
but have not yet been specified or characterized with that system. Adding to the challenges is the fact that a
reliable technique for identifying patches or instances of great-circle propagation has not yet been developed for
the SuperDARN system. SuperDARN geolocation algorithms assume great-circle propagation (Chisham
et al., 2008) which—as our results show—is often not the case in the polar-cap region. Studies are currently
underway to determine the degree to which SuperDARN geolocation can be affected by off great-circle path
deviations.

Data Availability Statement

QAN-ALE HF radio data for 2012-2016 are available online at the Harvard Dataverse (https://doi.org/10.7910/
DVN/RGDNRI1). OMNI data can be accessed via NASA's Coordinated Data Analysis Web (https://cdaweb.gsfc.
nasa.gov/). CHAIN ionosonde data can be found on the CHAIN website (http://chain.physics.unb.ca/chain/
pages/data_download).
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