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Key Points:

« Modelling HF propagation at very high latitudes is complicated by highly dynamic
processes in the ionospheric plasma

e SuperDARN represents a convenient tool for direct observations of HF propaga-
tion characteristics

e SuperDARN interferometry data are utilised to build a climatological model of
HF propagation
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Abstract

Conventional forecasting of high-frequency (HF, 3-30 MHz) radio wave propagation is
based on a combination of ionospheric and propagation models. However, at very high
latitudes this approach is seriously undermined by the intrinsically dynamic ionospheric
conditions regularly perturbed by energetic particle precipitations and strong electric fields.
From this perspective, the multi-year observations of HF propagation characteristics by
SuperDARN radars across auroral and polar cap regions represent a unique opportunity
for systematic validation of the conventional approach, as well as for creating an empir-
ical propagation model directly from the radar observations. Qualitative identification

and quantitative characterisation of the propagation modes requires an accurate knowl-
edge of the vertical angle of arrival (elevation angle) across the high-latitude part of the
radar network. This information has become available only in recent years, facilitated

by the development of reliable data-based calibration techniques for SuperDARN inter-
ferometry. We present the solar-cycle/seasonal/diurnal climatology of HF propagation
characteristics at very high latitudes derived from two-frequency observations by the Rankin
Inlet SuperDARN radar.

Plain Language Summary

High-frequency (HF, 3-30 MHz) radio waves are used for long-distance communi-
cation, navigation and surveillance purposes, as they can propagate over the horizon due
to consecutive reflections from the ionosphere and the ground surface. The conventional
forecast of HF propagation at mid and low latitudes relies on ionospheric models that
are used to derive HF propagation characteristics. However, this approach becomes less
reliable at auroral and polar cap latitudes due to the intrinsically high variability of the
high-latitude ionosphere. In this work we lay an experimental foundation for an alter-
native propagation model based on direct observations of the HF propagation charac-
teristics by Super Dual Auroral Radar Network (SuperDARN). This approach eliminates
the necessity of using an ionospheric model by utilising accurate SuperDARN angle-of-
arrival information obtained for a full solar cycle.

1 Introduction and problem formulation

Forecasting of high-frequency (HF, 3-30 MHz) radio wave propagation is conven-
tionally performed using ionospheric models (e.g, IRI, Bilitza, 2018) and assumptions
about HF propagation modes, like Breit and Tuve’s Theorem (e.g., Davies, 1965). While
this approach is generally reliable at low- and mid-latitudes, the intrinsically high vari-
ability of the high-latitude ionosphere represents a significant challenge in forecasting HF
propagation in the auroral and polar cap regions. Progress has been made recently in
modelling the high-latitude ionosphere through development of the Empirical-Canadian
High Arctic Tonospheric Model (E-CHAIM), which is based on ionosonde observations
poleward of 50 degrees geographic latitude and radio occultation of signals from the global
navigation system satellites (GNSS) (Themens et al., 2017). However, a reliable high-
latitude propagation forecast remains problematic as the principal propagation modes
of the HF signals in these regions (E- and F-layer modes, low- and high-angle/Pedersen
modes, multiple hops) are not well understood.

In this work, we will attempt to fill this gap by creating a solar cycle-long clima-
tology of HF propagation modes at very high latitudes. Our approach is based on qual-
itative and quantitative characterisation of the principal propagation parameters of skip
zone, virtual height and ground range, using observations from the Super Dual Auro-
ral Radar Network (SuperDARN) (Greenwald et al., 1995; Chisham et al., 2007; Nishi-
tani et al., 2019), which provides extensive coverage of the auroral and polar cap regions.
Previous attempts to use SuperDARN to monitor HF propagation conditions (Hughes
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et al., 2002; Bland et al., 2014) were restricted to special operational regimes and utilised
only echoes scattered by the ground surface (ground scatter, GS).

This work was made possible by recent breakthroughs in calibrating SuperDARN
interferometry data with physics-based criteria (Ponomarenko et al., 2018; Chisham et
al., 2021). Importantly, the physics-based calibration allows for post-processing of the
data for which hardware information is either lost (historic data) or hard to obtain (re-
mote sites). The essence of the proposed approach is that the accurate measurements
of the vertical angle of arrival (elevation angle, ) of the radar backscatter echoes allows
one to bypass an empirical ionospheric model and a theoretical HF propagation model.
The calibrated elevation angle data remove the errors and uncertainties introduced by
ionospheric and propagation models.

The well-understood dependence of the plasma refractive index on the electron den-
sity, Ne, also makes it possible to estimate N, directly from the measured elevation an-
gle values (Ponomarenko et al., 2011). Combining the group range and elevation angle
provides virtual height estimates h,, which pave the way for characterising the ground
coverage (e.g., skip zone distance). Importantly, it is possible to extract useful HF prop-
agation information from backscatter returns generated by the ionospheric irregularities
(ionospheric scatter, IS). As there is a known correspondence between elevation angle
and electron density, the dependence of elevation angle on virtual height at a fixed fre-
quency is essentially equivalent to a conventional ionogram. This provides SuperDARN
an opportunity to supplement E-CHAIM by filling gaps in ionosonde coverage at very
high latitudes.

In this work we obtain information about the diurnal, seasonal, and solar cycle vari-
ations in the elevation angle of HF radar signals across the auroral and polar cap regions
at two sufficiently different radar frequencies, f ~ 10 and 12 MHz. This provides a solid
foundation for building an empirical model of HF propagation at very high latitudes and
represents an important step forward in improving the performance of communication
and surveillance systems in these regions.

2 Radar operations and output data

SuperDARN represents the most advanced set of high-frequency (HF, working fre-
quency range f=10-18 MHz) radars for studying ionospheric processes across mid to po-
lar latitudes in both Northern and Southern hemispheres (Greenwald et al., 1995; Chisham
et al., 2007; Nishitani et al., 2019). These radars typically scan once a minute through
16 azimuthal directions (beams) separated by 3.24°. Each beam is sampled at 70 to 110
group range cells (range gates) separated by 45 km in group range and typically span-
ning between 180 and 3,500-4,000 km in range. The data for each range gate are com-
bined into autocovariance functions (ACF) which are integrated for ~ 3.5 s. ACF phase
is fitted with a linear function in order to estimate the Doppler frequency shift of the
backscatter returns from decametre-scale ionospheric irregularities (Ponomarenko et al.,
2021). The Doppler shift measurements are converted into line-of-sight (LoS) velocity
values, which are then combined into maps of horizontal ionospheric ExB drifts. These
maps are used to derive a large-scale spatial distribution of the electric potential across
the auroral and polar cap latitudes, which is generated by the solar wind — magnetosphere
— ionosphere (SMI) interactions (Ruohoniemi & Baker, 1998).

Essentially for the current work, almost all SuperDARN radars are equipped with
two antenna arrays separated by ~ 100 m along the boresight direction, which enables
interferometric measurements of the elevation angle through measuring phase delay ¢
between the signals received by the two arrays (Milan et al., 1997). As elevation angle
is directly affected by ionospheric refraction, its accurate measurement is very impor-
tant in determining the propagation modes from its dependence on the group range (e.g.,
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Ponomarenko et al., 2009). Furthermore, as the refraction coefficient of the ionospheric
plasma depends on electron density N, the elevation measurements allow direct esti-
mates of N, in the scatter or reflection region of the ionosphere (Ponomarenko et al., 2011).

While SuperDARN interferometry data were available since the inception of the
network in the early 1990s, they were rarely used due to the intrinsic difficulties with phase
calibration of such large antenna arrays. This problem has been effectively resolved in
recent years by designing physics-based algorithms to calibrate elevation angle measure-
ments without requiring access to the hardware so that these algorithms can be applied
to historical datasets (Ponomarenko et al., 2015; Burrell et al., 2016; Ponomarenko et
al., 2018; Chisham, 2018; Chisham et al., 2021).

3 Dataset selection and data analysis details

The SuperDARN Canada radars at Saskatoon (SAS), Prince George (PGR), In-
uvik (INV), Rankin Inlet (RKN), and Clyde River (CLY) are ideally suited for study-
ing HF propagation at high and very high latitudes. They provide extensive coverage
of the auroral (SAS, PGR) and polar cap (RKN, INV, CLY) regions. The analysed time
interval covers the full solar cycle 24 (2008-2019 inclusive) for all sites except CLY, which
began operating midway through year 2013. Another distinct feature of this dataset is
that for most of the analysed period (late 2011 — early 2019) all radars were routinely
operating in a two-frequency mode with carrier frequencies being alternated between 10-
11 and 12-13 MHz every minute. Besides performing quasi-simultaneous ionospheric di-
agnostics at two sufficiently different frequencies, this regime also provides a consider-
ably larger group range coverage as compared to the single-frequency mode.

We deliberately restricted the scope of the work presented here to illustrating the
novel diagnostic capabilities of the SuperDARN radars to analyse the propagation modes
of the HF signals based on accurate elevation angle measurements. We defer the deriva-
tion of a propagation model to subsequent studies. Furthermore, while an identical anal-
ysis has been performed for all five radar datasets, in this particular work we present the
results only from the near-meridional beams of RKN radar covering auroral and polar
cap latitudes.

The ACF data were converted into fitted parameters using the latest available ver-
sion of the fitting software, FITACF3.0 (SuperDARN Data Analysis Working Group, 2021).
This package differs from the previous versions in several aspects. The most relevant to
this work are the following modifications:

« Fitted data pre-selection is based on a simple criterion — the signal-to-noise ra-
tio is greater than 1 — in contrast to the complicated set of empirical criteria used
in the preceding versions (Ponomarenko et al., 2022);

« FElevation angle is estimated directly from the cross-phase between signals received
simultaneously by the main and interferometer antenna arrays, in contrast to fit-
ting a linear function to phase from consecutive time lags of a cross-covariance func-
tion (XCF) between the time-lagged samples from these two arrays, which was im-
plemented in the preceding versions of FITACF (Ponomarenko et al., 2021).

Calibration of the elevation angle data records consisted of determining a hardware
time offset 4,7 ¢ between the main and interferometer antenna arrays using an algorithm
designed by Ponomarenko et al. (2018). Daily time offset values for the whole analysed
interval 2008-2019 were estimated based on 24-hour datasets, each covering a UT day.
Data at two frequency bands, 10-11 and 12-13 MHz, were analysed separately, thus pro-
ducing two separate sets of daily ¢4;r; values.
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Figure 1. Fields of view (FoV) of SuperDARN Canada radars plotted in geomagnetic
(AACGM-2) coordinates. In this paper we analysed data from beams 7 and 8 of Rankin Inlet
(RKN). The approximate coverage is highlighted by blue within the RKN FoV, which is shown
by green shading.

Typically, significant changes in ¢4;7; due to hardware changes, faults or repairs
appear as step-like ‘jumps’. We produced t4;¢5 vs time plots and inspected them visu-
ally to identify such occurrences, and each stationary (within a statistical uncertainty
of 2-3 ns) interval between these ‘jumps’ was assigned a single offset value representing
median of the daily ¢4;¢ values from within this interval. These offsets were entered into
the SuperDARN metadata files that are used when processing SuperDARN ACF and
XCF data. This will produce standard SuperDARN data files that contain well calibrated
elevation angles.

The calibrated elevation angle values were used to build monthly two-dimensional
histograms organized by group range and elevation angle, sorted by beam number and
frequency band. Figure 2 shows examples of such histograms obtained for RKN near lo-
cal noon (18-19 UT) for June 2013 across the nearly meridional beams 7-8 (blue shad-
ing in Figure 1). The top and bottom rows represent IS and GS components, respectively,
and the left and right columns correspond to the 10-MHz and 12-MHz frequency bands.
The IS and GS echo classification was performed using the conventional SuperDARN GS
identification algorithm. GS echoes have distinctly lower values of spectral width and
LoS velocity (for more detail see, e.g., Subsection 4.1 in Ponomarenko et al., 2007). Each
distinct contiguous grouping of high occurrences (i.e., a ‘patch’) in these plots corresponds
to a distinct propagation mode.

After assessing the feasibility of different methods to characterise the ‘mean’ ele-
vation angle at a given range gate, we concluded that the optimum approach is based
on the following considerations and steps:

« Instead of using the distribution « (r), we used the interferometer phase ¥ as the
primary measured parameter. This avoids misinterpretation of different echo pop-
ulations caused by a highly non-linear conversion between ¥ and « at very low
elevation angles (for more detail, we direct the reader to Subsection 4.1.1).
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Figure 2. Example of group range — elevation angle histograms for RKN beams 7-8, in June
2013 at 18-19 UT. Top row: ionospheric scatter (IS), bottom row: ground scatter (GS). Left col-
umn: 10-MHz frequency band, right column: 12-MHz frequency band.

« For each range gate, a phase ¥ histogram was calculated in the same way as the
elevation angle histograms. The bin width of 8° was selected empirically based
on a trade-off between the acceptable phase resolution and statistical reliability.

 For each range gate, we assigned a single value of phase, V.4, which corresponds
to the maximum of the respective histogram. If there were less than 10 data points
in the respective histogram bin, no ¥,,,, value was assigned to this range gate.

+ The obtained dependencies U, 4, (1) were converted into ‘mean’ elevation angle
values @ (1) and passed to further analysis.

It is necessary to mention that, while this approach avoids errors related to calculating

a single mean value for a multi-peak histogram, its downside is that it characterises only
one propagation mode even if multiple components with distinctly different values of &
overlap in group range. We leave the significant problem of decoupling these components
to future work.

4 Visual identification of HF propagation modes and their quantita-
tive characterisation

4.1 Seasonal-diurnal variability

The two principal propagation modes—Pedersen and low-angle—can be separated
based on how the elevation angles behave with range (e.g, Subsection 4.3.1 in Davies,
1965). Low-angle echoes are characterised by elevation angle decreasing with group range,
while the Pedersen echoes have elevation angle remaining essentially constant with r (e.g.,
Figure 3 in Ponomarenko et al., 2009). Different ‘hops’ of the same propagation mode
can be identified by analysing the relationship between the distance from the radar to
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the near edges of different propagation populations, r™". For example, for the two-hop
and one-hop modes of GS echoes, the ratio between their ™" values should be approx-
imately 2, while the ™" ratio for the 1.5-hop and 0.5-hop IS components should be closer
to 3.

4.1.1 Summer data

As an example of the analysis that was done for all the data, let us analyse the mid-
day summer data from Figure 2. In the 10-MHz IS data (top left) the ‘blob’ at r < 500 km
corresponds to the low-ray 0.5-hop E-layer echoes while a ‘patch’ between 700 and 1,500 km
centred at @ ~ 30° is produced by the F2-layer 0.5-hop Pedersen-mode returns. The
‘isthmus’ connecting these two areas seems to be related to the Fl-layer ‘ledge’, although
it may also result from interference between E- and F-layer echoes overlapping in group
range.

The 10-MHz GS data (bottom left) show three distinct populations: so-called near-
range echoes (NRE, Ponomarenko et al., 2016) at » < 300 km, 1-hop E-layer echoes
(r ~ 500—1000 km), and 1-hop F2-layer echoes (r ~ 1400 —1900 km). NRE are scat-
tered by the lower part of the E-layer at h ~ 100 km (Ponomarenko et al., 2016). As
these echoes are not affected in any significant way by ionospheric refraction, they seem
to be produced by isotropic rather than field-aligned irregularities of electron density,
in contrast to the conventional E-layer backscatter. The NRE populations are misiden-
tified as GS returns by the conventional SuperDARN algorithms due to their relatively
low values of LoS velocity and spectral width. Furthermore, from comparing IS and GS
histograms, the ’tail’ following the 0.5-hop Pedersen IS population at r ~ 1500—2000 km
seems to be produced by some of the 1-hop GS echoes being misidentified by the con-
ventional software as IS returns. Finally, the apparently low occurrence of the E-layer
GS echoes is most probably because they are obscured by 0.5-hop F-layer IS returns com-
ing from the same group ranges.

As expected, the 12 MHz data in (right panels) show lower elevation angle values
and larger group ranges for the F-layer echoes as they experience weaker ionospheric re-
fraction as compared to that for the 10 MHz echoes (left panels). In contrast to the 10-
MHz data, the 0.5-hop F2 component in the (top right) represents a combination of both
Pedersen (constant elevation angle) and low-angle (elevation angle decreasing with r)
modes. Furthermore, the 12-MHz GS data (bottom right) show two bands of echoes across
r ~1300-1700 km at o <20° whose elevation increases with group range. This cannot
be explained within the conventional concepts of either Pedersen or low-angle propaga-
tion modes. However, a more in-depth analysis reveals that these populations correspond
to E-mode GS echoes from mountain ranges in the southern parts of Devon and Ellesmere
Islands in the Arctic Archipelago (see Figures 4 and 5 in Ponomarenko et al., 2010). As
each such area represents an effective target fixed in physical range, with decreasing elec-
tron density or increasing the layer’s height their echoes would need to travel at higher
elevation angles and for longer time causing increase in their group range.

The dominance of Pedersen regime in the F-layer modes is caused by the presence
of a regular photoionisation E-layer, which effectively blanks the low-ray mode from reach-
ing the F-layer altitudes. To illustrate this effect, in Figure 3 we show results of ray-tracing
simulation for a single Chapman-type F-layer (a) and the same F-layer but in combina-
tion with an E-layer (b). In this Figure, the simulated ionospheric properties and the
radar frequency value are listed in the panel headings. The radar is located at the ori-
gin of the Cartesian coordinates. The magnetic field inclination with respect to the Earth’s
surface is 85° towards the radar. The blue-white background depicts the distribution of
the plasma refractive index n, with darker blue corresponding to a larger deviation from
unity. While the full form of the Appleton-Hartree equation describing plasma refrac-
tive index is quite complex (e.g., Davies, 1965), for frequencies near f >10 MHz one can
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Figure 3. Ray tracing simulations of HF propagation trough (a) a single F-layer and (b) a

combination of F- and E-layers (see text for details).
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neglect the effects of ion-neutral collisions and the magnetic field. In these simulations,
a simplified form of the Appleton-Hartree equation has been utilised for calculating n:

Iy
-3

Here f, is the ‘plasma frequency,” which is given by:

2N,
fo =\ Tz (2)

where e is the electron charge and ¢j is the permittivity of free space.

n?=1

(1)

The ray-tracing simulations were run with a spatial resolution of 1 km along the
ray and 0.1 © in elevation angle, but only rays corresponding to integer elevation angle
values are plotted. The orange, red and green traces correspond to escaping, Pedersen
and low-angle rays, respectively. The yellow contour represents regions where the rays
are nearly orthogonal to the geomagnetic field, thus providing optimal conditions for HF
backscatter from the field-aligned irregularities of electron density. Black lines show con-
tours of equivalent group ranges in 250-km steps, and the white dashed line shows the
location of the F-layer maximum. These simulation results also explain the relatively nar-
rower elevation angle extent in 1-hop F2 component as compared to that for 0.5-hop be-
cause the escaping rays (orange) scattered from higher elevation angles contribute to the
0.5-hop IS component only but do not affect any GS echoes as they never reach the Earth’s
surface.

It is clear that in panel (b) most of the low-angle rays are trapped between the E-
layer and the ground, and only few of them reach the F-layer. This effect should be more
pronounced at lower radar frequencies, as they experience comparatively more refrac-
tion under fixed ionospheric conditions. This means that on some occasions the E-layer
maximum density is high enough to block most of the low-angle rays at 10 MHz, but it
is insufficient to do the same at 12 MHz. This might explain the combination of both
Pedersen (horizontal) and low-ray (descending) ‘patches’ observed in the IS F-mode at
f =~ 12 MHZ, while the respective 10-MHz data show Pedersen component only.

Another important detail is that in the panels on the right there are some patches
of very high elevation echoes o ~40° in the 12-MHz data that are seemingly unrelated
to other echo populations. These patches represent a known artifact caused by the sta-
tistical fluctuations in the interferometer phase that triggers a random 27 adjustment
in signals coming from very low elevation angles. For more detail, see Figure 5 and the
related text in (Ponomarenko et al., 2018). This artifact is effectively concealed by the
highly non-linear conversion of the interferometer phase difference ¥ into the elevation
angle at &« — 0 so that a single population split into two parts through the 27 ambi-
guity in the phase domain will look as two apparently unrelated populations in the el-
evation angle domain (see, e.g., Figure 2 in Ponomarenko et al., 2015). To identify such
cases, alongside the elevation angle histograms, we inspected the respective phase his-
tograms as well. The efficiency of utilising interferometer phase to eliminate this arti-
fact is illustrated in Figure 4. Panel (a) replicates the GS elevation-range histogram at
12 MHz from Figure 2, while panel (b) shows the corresponding histogram of adjusted
phase (see (Ponomarenko et al., 2018) for its definition). The black diamonds in panel
(a) show locations of peaks of elevation angle histograms. The red rectangle shows the
peaks at very high elevation angles produced by the above artifact. The white line in
panel (b) shows histogram peaks in interferometer phase which are free from these ‘jumps.
The elevation angle values calculated from the phase histogram peaks,@, are plotted in
panel (a) by the white line, which accurately follows the elevation histogram peaks but
eliminates the 27 ambiguity distortions.

9

To illustrate diurnal trends, in Figure 5 we show a group range vs UT map of the
‘mean’ elevation angle values & for data from RKN beams 7-8 during the month of June
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(see Subsection 4.1.1 for details). The red circle and red lines in panel (a) indicate the skip zone

n skip

boundary for 1.0-hop F-layer mode, characterised by group range ™" and elevation angle «

(see Subsection 5.3 for details).
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Figure 5. Group range-UT map of ‘mean’ elevation angle values @ (see Section 3 for details)
in RKN beams 7-8 for June 2013. The local magnetic/solar noon for these nearly meridional

beams is close to 18 UT.

2013. The panels in this figure correspond to the same components as the respective pan-
els in Figure 2. For convenience of visual analysis, at the top of each panel we marked

an approximate position of local magnetic noon, 12 MLT (~ 18 UT) along the beams’
directions. Fortuitously, the magnetic and geographic local times along those beams co-
incide within a one-hour bin. In addition to the daytime modes identified in Figure 2,
between 0 and 12 UT (18-06 MLT) there are two nighttime components arising from a
sporadic E layer, E;, at close ranges, 7 < 500 km, and a nighttime F2 layer at farther
distances. In contrast to the daytime observations, the nighttime F2 propagation modes
in both IS and GS show & decreasing with r, which is characteristic of the low-angle rays.
This difference most probably results from the semi-transparent (patchy) nature of E,
which allows the low-angle rays to penetrate to the F2 layer altitudes, while the regu-

lar daytime E-layer provides a ‘blanket’ for these rays.

The plots show distinct diurnal trends for different propagation modes that gen-
erally agree with the conventional understanding of day-night variations in ionospheric
parameters. For example, as the maximum electron density in both regular (photoionisation-
induced) E- and F-layers maximises close to the local noon, the corresponding @ values
increase while the scatter regions move closer to the radar (r decreases). Furthermore,
as expected, the same propagation modes come from more distant group ranges and ex-
hibit lower & values in the higher frequency band (right panels in Fighure 5).

4.1.2 Winter data

The diurnal variations in & for December 2013 are shown in Figure 6. In contrast
to the summer data, the daytime F2 propagation in winter is dominated by the low-angle
mode represented by 0.5-hop and 1.5-hop modes in IS (top panels) and by a 1-hop mode
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in GS (bottom panels). For this mode the maximum elevation angles and, therefore, the
maximum plasma frequency are noticeably higher than those for the summer data, re-
flecting the well-known effect of the winter anomaly when the winter daytime values of
the F-layer electron density are noticeably larger then those observed during the sum-
mer months (e.g., Yonezawa, 1971). It is necessary to point out that the daytime pop-
ulation in GS data between 16 and 21 UT (~ 10—15 MLT) most probably represents

the 0.5-hop F2 mode misidentified by the conventional software as GS due to its rela-
tively low LoS velocity and narrow spectral width. At this stage, we consider two pos-
sible causes of this population of IS echoes being misidentified as GS. First of all, due

to elevated f, values the radar signals experience a strong refraction so that the effec-
tive scatter volume is shifted to within » ~ 300 — 500 km from the radar site. What

is important here is that under average geomagnetic conditions 2 < K, < 3 this area

lies equatorward of the outer auroral oval boundary normally located at ~ 75—79° MLAT
(see, e.g., Figure 4 from Carbary, 2005). As has been shown by, e.g., (de Larquier et al.,
2013), the sub-auroral IS echoes are usually characterised by relatively low values of both
spectral width and LoS velocity so that most of them would be routinely labelled as GS.
This effect is enhanced by the comparatively low values of the ionospheric refractive in-
dex at the scatter areas, which further lowers the apparent LoS velocity values (Ponomarenko
et al., 2009).

While the winter data are obtained from the nominal polar cap, where there is no
direct sunlight reaching the ground, the daytime F2 returns are still provided by the pho-
toionisation layer. For the analysed area there is a ~10-degree equatorward offset in mag-
netic latitude with respect to geographic latitude. At group ranges » < 1,000 km for
several hours around the local noon the solar zenith angle is below 100°, so F-region heights
are still illuminated by the Sun here. There are also some indication of the 2.0-hop F2
mode at r > 2,400—2,500 km. The noticeably lower elevation angle values and larger
than expected r™"[2.0F2] > 2r™"[1.0F2] in this region might be because this com-
ponent is interacting with the ionospheric layer at comparatively higher latitudes where
the maximum plasma frequency is lower due to lower values of the solar zenith angle.

The nighttime F2 echoes are represented by a 0.5-hop IS population. It is some-
what puzzling that maximum & values occur near the local dawn at ~ 12 UT (~ 06 MLT).
The apparent absence of the respective nighttime 1.0-hop and 1.5-hop F2 echoes can be
related to the relatively low ionospheric density that does not provide enough refraction
for the HF rays to reach the curved Earth’s surface over the horizon.

The nighttime 1-hop Es echo population has a diurnal maximum of & before 06 UT
(00 MLT). This result agrees with previous observations by nearby ionosondes showing
that in winter the Es critical frequency maximises at around 04 UT (MacDougall et al.,
2000).

4.2 Solar cycle variations

The seasonal/solar cycle variations of &(r) for local midday at 10 MHz and 12 MHz
are presented in Figure 7 (IS) and Figure 8(GS). The common feature in all panels is
that, during the enhanced solar activity from 2012-2016, the maximum & substantially
increases while the respective r™" values decrease. This is expected as the higher f, ob-
served during solar maximum leads to stronger refraction, shifting echoes to higher el-
evation angle values at shorter group ranges. As we described in Subsection 4.1, the sum-
mer noon-time echoes during the solar maximum are dominated by the Pedersen mode,
while the respective winter echoes are dominated by the low-angle mode. While both
of these tendencies seem to be preserved during periods of low solar activity, the win-
ter anomaly essentially disappears when the maximum which follows from the compa-
rable maximum elevation angle values in summer and winter.
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Figure 6. Group range-UT map of ‘mean’ elevation angle values @ (see Section 3 for details)
in RKN beams 7-8 for December 2013.

5 Utilising elevation angle for characterising HF propagation charac-
teristics

In this section we provide mathematical formalism and examples of using Super-
DARN elevation angle to characterise HF propagation at high latitudes and estimate iono-
spheric parameters.

5.1 Ground range and virtual height

Virtual height h, is an important parameter for determining ground range r, of
HF signals. In the conventional SuperDARN software, the virtual height is utilised in
combination with the Breit and Tuve theorem to estimate the ground range of HF echoes
(Chisham et al., 2008; Thomas & Shepherd, 2022). Following, e.g., (Chisham et al., 2008),
the ground range of IS is calculated using:

(3)

T COS (v

rg (r,a) = Rgsin™! [—RE e () a)} )
where Rp is the Earth’s radius. The existing conventional approaches assign a single value
of elevation angle to each value of r. There are two main models implemented in RST,
the ‘standard model’ based on a combination of fixed values of the virtual height for E
and F layers and a more advanced empirical ‘Chisham model’ based on several years of
elevation angle data from the SAS SuperDARN radar (Chisham et al., 2008). A recent
model by Thomas and Shepherd (2022) represents an improved modification of Chisham
model applicable to mid-latitude SuperDARN radars. Neither of these models accounts
for local time, season, solar cycle, and geographic location. Furthermore, the assump-
tion of a single propagation mode being observed in each range gate is not always ap-
plicable, as in reality multiple modes can be observed simultaneously at the same r. The
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Figure 7. Monthly &(r) values for IS during the solar cycle 24 at local noon for 10 MHz (a)

and 12 MHz (b) frequency bands.
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Same as Figure 7 but for GS. The solid black lines with diamonds show manually
selected values of the skip zone group range ™" for 1.0-hop F2-layer mode. For details, see Sec-

tion 5. The dashed black ellipses encircle ’leaked’ 0.5-hop F2-layer IS component.
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Figure 9. Deviation of the actual ground range estimates from Chisham range-finding model
(Chisham et al., 2008) for 10 MHz for IS during the solar cycle 24 at local noon (a) and at local
midnight (b).

availability of reliably calibrated elevation angle data for multiple radars allows Super-
DARN to bypass these models by obtaining h, (r) directly from the observed data (Chisham
et al., 2008) using the following expression:

hy (rya) = (R2E—|-T2+2TRESHIO¢)% — Rg. (4)

This approach can be extended to GS propagation by halving the group range in (4),
thus providing the basis for direct estimation of the skip zone distance at the sounding
frequency. This information can then be used to determine the conventional M-factors
using, e.g., analytics from (Lockwood, 1983).

To illustrate areas where the conventional SuperDARN range-finding approach can
be improved, in Figure 9 we show the difference between IS ground range values calcu-
lated using (i) the Chisham model (Chisham et al., 2008) and (ii) h, obtained directly
from the observed a values (Equation 4). Red-yellow shading (positive values) corresponds
to Chisham model values exceeding the observed values, and green shading (negative)
corresponds to Chisham model values being less than observed values.

The sharp change at » = 800 km is related to the boundary between the E- and
F-layer echoes, which is ‘hardwired’ into the Chisham model. From Figure 9 one can con-
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clude that the model provides r, values for E-layer returns (r < 700 km) that do not
deviate much from the measurements. However, the conventional approach leads to sig-
nificant biases in ground range of the IS radar returns from the F-layer, (r > 700 km),
which on average are well in excess of the extent of a typical single SuperDARN range
gate of 45 km. For daytime 7, is generally overestimated, and the errors increase with
group range and maximise around the solar maximum. During nighttime the general sit-
uation reverses so that the model ry values are mainly smaller than those observed ex-
perimentally while their solar cycle variation is not as strong as that observed during the
daytime.

5.2 Plasma frequency

The electron density N, represents the main characteristic of the ionosphere. It di-
rectly affects the propagation of HF radio waves, as the refractive index of the ionospheric
plasma at f > 10 MHz is mainly determined by the plasma frequency f, o< v/N. (Equa-
tion 2). It is possible to show that for IS in a spherically stratified ionosphere the plasma
frequency can be determined from the following equation (e.g., Gillies et al., 2009):

o=y [ s ] ®)
L Rg +hysinyg |’
where hg is the height of the backscatter and g is the geomagnetic field inclination at
the backscatter location. This dependence has been exploited in (Ponomarenko et al.,
2011) to estimate the maximum plasma frequency of the F2 layer, f,,r2, using the IS

Pedersen propagation mode identified through its nearly constant elevation angle vs group
range.

Importantly, Equation 5 can also be applied to GS returns. For GS elevation an-
gle can be used to determine plasma freqeuncy at the midpoint of the propagation path
where the ray starts to ‘bend’ towards the Earth’s surface. At this midpoint location,
the ray becomes parallel to the ground, which is equivalent to sinyp = sinw/2 = 1.
The scatter height hs needs to be replaced with that of the ‘reflection’ height h, (max-
imum altitude of the given ray). To illustrate the applicability of Equation 5 to GS, in
Figure 10 we plotted results of numerical ray tracing using a realistic f,, profile consist-
ing of Chapman-shaped E, F1 and F2 layers. The ionospheric parameters have been se-
lected to approximate the conditions presented in Figure 2. The black solid line repre-
sents the input height profile f,, (h), while the blue open circles show f, values recovered
from the elevation angle and the actual reflection height h, obtained from the ray tra-
jectories simulated for the radar frequency f = 10 MHz. As there is a one-to-one cor-
respondence between f, and «, by analogy with conventional ionosonde ionograms, it
is possible to build ‘elevation’ ionograms f, [k, (a,7)]. For the horizontally stratified iono-
sphere, the latter (black open circles in Figure 10) are equivalent to the conventional iono-
grams. In this case R approaches oo, so that the dependence of f, on h, disappears
from Equation 5.

In the case of oblique ionospheric HF propagation, the assumption that Rg approaches
oo is not normally applicable, so there is a need to estimate h, in some way. A simple
replacement of h, by h, leads to a systematic overestimation of f,, because h, is intrin-
sically larger than the actual reflection/scatter height. To address this issue, we utilised
the constant-height approach used in (Ponomarenko et al., 2011). This approach is based
on the fact that the maximum heights of ionospheric layers lie within certain altitude
intervals, and these intervals are relatively small with respect to the Earth’s radius. This
means that, without introducing large errors into estimating plasma frequency from Equa-
tion 5, we can assume h, to be constant. To estimate the related errors, in Figure 11 we
present the dependence of plasma frequency values recovered from elevation angle, f,[200 <
h, < 300] over a range of F2 layer heights between 200 and 300 km versus that calcu-
lated for the middle of the range, f,[h, = 250]. As seen in the figure, the error mag-
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Figure 10. Results of ray tracing simulation for f = 10 MHz for a spherically stratified iono-
sphere. Black solid line represents an input height profile of plasma frequency, f, (h). Blue open
circles show f, (h) values calculated using Equation 5 with actual reflection heights of the ground
scatter echoes. Red open circles show dependence of plasma frequency on virtual height, f, (ho),
calculated using fixed v, values for each ionospheric layer while black open circles correspond to

an equivalent vertical ionogram for the same conditions (see text for more detail).
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Figure 11. Errorsin f, values calculated using Equation 5 due to replacing the actual reflec-

tion height in 200 km < h, < 300 km by a fixed (mean) reflection height of h, = 250 km. red,
cyan and black areas correspond to f =10, 12 and 14 MHz, respectively.
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nitude decreases from ~ +250-350 kHz for the lowest f, values to ~ £50-100 kHz for

the highest ones, both of which we consider to be acceptable. The red circles in Figure 10
represent the ‘elevation ionogram’ obtained from the ray tracing simulation with spher-
ical geometry. In this case we used fixed values of h, for E, F1 and F2 layers, and the
respective components were identified based on the virtual height values:

« E layer (h, < 200 km): h, =120 km
« F1 layer (200< h, <350 km): h, =180 km
+ F2 layer (h, >350 km: h, =250 km

While the resulting ‘elevation ionogram’ differs somewhat in shape from the conventional
ionogram obtained by frequency-sweep vertical sounding, the reflection height approx-
imation allows us to reproduce the critical frequencies for all three layers reliably.

5.3 Estimation of ionospheric propagation characteristics

To illustrate SuperDARN’s ability to produce conventional HF propagation param-
eters, in Figure 12 we present a full solar cycle of monthly noon-time (18-19 UT) val-
ues of the F2-layer skip zone distance rj’”ﬂ as well as the respective plasma frequency
f;kip and virtual height 7% values corresponding to the midpoint of the skip zone ray
for both frequency bands. These dependencies have been obtained from GS data using
several steps:

1. The minimum group range for 1.0-hop F2 mode, r™", has been identified visu-
ally from dependence of elevation angle on group range. The identification pro-
cess is illustrated in Figure 4a where 7™ is assigned to a sharp change in a(r)
coinciding with the left boundary of the 1.0-hop F2 population indicated by ver-
tical red line. In Figure 8 the manually selected 7™ values are shown by black
lines with diamonds.

2. The virtual height of the skip zone boundary has been calculated from Equation 4
using 7 = 7™™" /2 (accounting for 1-hop ground scatter mode for which the group
range is doubled as compared to that for ionospheric scatter from the same point)
and the elevation angle value at the skip zone boundary, a**"? = &(r™") high-
lighted by horizontal red line in Figure 4a:

1

hekip — (RZE + (rmi”/Q)2 +2(r'™"/2) Rgsin oz””"’) * _Rp. (6)

3. The skip zone distance 7’2’“"’ has been calculated using Equation 3 adjusted for
1.0-hop ground scatter mode (e.g., Thomas & Shepherd, 2022)

(r™in /2) cos kP ] )
Rg + hyF®

4. Finally, the plasma frequency at the reflection point of the skip zone ray has been
calculated using Equation 5 adjusted to the 1-hop ground scatter mode (i.e., as-
suming that the ray at the reflection point propagates parallel to the Earth’s sur-
face, v = 7/2)

r;k”’ = 2Rpsin~! {

gk = g\[1- ®

12
RE cos asmﬂ

RE—FhT(th)kip) sin7r/2

Here the acual reflection height h, was determined from the virtul height hs*%
using the three-layer approximation described at the end of Subsection 5.2.

The skip zone distance (Figure 12a) maximises in summer and minimises in winter with

lower frequency signals coming from closer ranges, as expected since ionospheric refrac-
tion increases with growing f,,/f ratio (Equation 1). As can be seen from Figure 3a, the
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Figure 12. Monthly average 1.0-hop F2-layer propagation characteristics for 18-19 UT at two
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(d)) over the solar cycle 24.
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rays forming the skip zone boundary on the ground propagate along the separatrix be-
tween the Pedersen (red) and low-angle (green) rays, and these ’skip zone’ rays are re-
flected in the vicinity of (just below) the ionisation maximum shown by the white dash
line. This means that the estimated plasma frequency f5* and virtual height h5*? can
be treated as rough proxies of the critical frequency f,,r2 and maximum virtual height
of the layer. Within this approximation, f,,re (Figure 12b) shows annual variations, with
maximum values observed in winter due to the previously mentioned winter anomaly.
This tendency is more pronounced around the solar maximum between 2011 and 2016.
Both annual minimum and maximum f,, 2 values increase around the solar maximum.
The plasma frequency estimates in both frequency bands are very similar to each other,
arguing for the robustness of our approach. Pronounced annual variations in k3" (Fig-
ure 12c) between ~ 250 — 300 km in winter and > 400 — 450 km in summer are syn-

chronous with those in rg”", but they do not show any discernible solar cycle variation.

6 Summary and future directions

A statistical analysis of data from the RKN SuperDARN radar was performed. El-
evation angle variations with range, time of day, season, and solar cycle activity were stud-
ied to establish the following properties of HF propagation modes at very high latitudes:

+ F-layer modes

— Summer daytime propagation in the F2 layer is dominated by the Pedersen (high-
angle) mode, which is guided along a ‘channel’ in the vicinity of the F2 layer’s
maximum plasma density. This effect appears to be caused by the ‘screening’
of the low-angle F2 rays by a high density photoionisation E-layer, as well as
by the Fl-layer ‘ledge’. During nighttime, the F2-layer propagation is dominated
by low-angle modes because the presence of a semi-transparent Es-layer does
not prevent the low-angle rays from reaching F-layer heights. The maximum
nighttime elevation angle values are observed near the local dawn.

— In winter, propagation near noon and midnight is dominated by the low-angle
mode, as there is no regular photoionisaiton E-layer. Near solar maximum, the
noon elevation angle values, and, therefore, electron density values, are signif-
icantly larger than the summer observations, reflecting the well-known winter
anomaly when the winter daytime values of the F-layer plasma density are no-
ticeably larger than those observed during the summer months (e.g., Yonezawa,
1971).

— The GS F2-layer component can be strongly affected by echoes from mountain
ranges, which produce separate continuous populations at fixed group ranges
(see bottom right panel in Figure 2).

— The Fl-layer population seems to be apparent in the both IS and GS summer
data (see top panels in Figure 2), when it supplements the regular E-layer in
blocking the low-angle rays from penetrating to the F2-layer heights.

+ E-layer modes

— The photoionisation E-layer plays a significant role in summer daytime echo oc-
currence. Besides providing regular 0.5- and 1.0-hop low-angle E-layer modes,
it also blocks the low-angle rays from reaching F-layer altitudes. The very high
values of elevation angle for the 0.5-hop mode at the close ranges, which exceed
those from the 1.0-hop mode, are most likely due to the semi-transparent Es-
layers. Another potential cause for this effect can be contamination by the NRE
whose occurrence maximises near the summer solstice (Ponomarenko et al., 2016).
The summer nighttime E layer propagation is dominated by the Es-layer echoes.

— In the winter, the photoionisation at E-layer heights disappears so that E-layer
echoes are provided by sporadic layers, especially during nighttime. It is hard
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to characterise the winter daytime E-layer echoes as they are obscured by the
F-layer echoes, which move to close ranges due to the enhanced electron den-
sity caused by the winter anomaly.

— The near range echoes, in agreement with the previous observations, are abun-
dant during the summer daytime. Their major effect is related to contamina-
tion of the E-layer echoes at very close ranges. While these echoes can be eas-
ily identified in GS due to a distinctly shorter group range as compared to 1.0-
hop echoes, removing NRE from IS represents a significant challenge as they
smoothly merge into the 0.5-hop E-layer echoes.

The solar cycle variations show the expected behaviour, as @ values for both IS and GS
increase with enhanced solar activity levels, reflecting stronger refraction caused by the
enhanced electron density.

We described in detail how the ionospheric propagation characteristics can be de-
rived directly from observational data, thus bypassing an ionospheric model. The valid-
ity of this approach has been supported by a solar-cycle-long time series of monthly vari-
ations in the F2-layer maximum frequency, skip zone distance and virtual height of the
layer’s maximum, which showed the expected behaviour reflecting the known physical
processes in the Earth’s ionosphere.

SuperDARN elevation angle measurements can be used directly to produce reli-
able estimates of the ground ranges of SuperDARN echoes. This technique provides a
viable alternative for the conventional range-finding algorithms in SuperDARN software,
which tend to overestimate r, for the F2-layer during the day and underestimate it at
night.

In more general terms, SuperDARN estimates of f,,,z2 can be used to improve the

reliability of models like E-CHAIM by filling spatial gaps between the existing CADI ionosonde

observations. Furthermore, the spatio-temporal characteristics of the SuperDARN echoes
constitute a robust database that can be used to characterise ground and ionospheric
clutter in high-latitude HF surveillance systems like over-the-horizon radars.

This study has uncovered several technical and methodological issues that need to
be addressed in the future. For example, the SuperDARN empirical criteria for classi-
fying an echo as ground scatter may need to be improved, as there can be contamina-
tion of the GS echoes by IS echoes misidentified as GS, and vice versa. Another impor-
tant problem to solve is that some propagation modes overlap statistically in group range.
This introduces additional errors in characterising the propagation mode at a particu-
lar group range, as there may be more than one population present at a time. As an ex-
ample, see group ranges 700-900 km in the top right panel of Figure 2 where the 0.5-hop
Fl-layer echoes overlap with the ‘tail’ of the 0.5-hop E-layer echoes. Another important
issue is related to the conventional SuperDARN determination of the elevation angle,
which restricts the maximum value of elevation angle to 40-45° due to the 27 phase am-
biguity (see, e.g., Discussion and Conclusion section in (Ponomarenko et al., 2011)). This
problem has been partially resolved in (Ponomarenko et al., 2016) by ‘unwrapping’ the
interferometer phase data for NRE, but this approach still needs to be expanded to other
propagation modes. Yet another problem is that in the current work we used a visual
approach to identify different propagation modes, and at least some automation would
be beneficial in processing large datasets. In that respect, Burrell et al. (2015) proposed
an automatic technique for identifying propagation modes based on an empirical virtual
height threshold. However, as one can see from our data in Figure 12, h, can vary sig-
nificantly depending on the season and the phase of the solar cycle, so this approach has
to be implemented at a more systemic level accounting for these periodicities.

While the current work mostly focused on RKN data from central beams at local
noon and local midnight, we plan to apply the same analysis to the other SuperDARN
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Canada radars and include all local time sectors and beam directions. The resulting multi-
year multi-radar database will be essential for building an empirical model of HF prop-
agation at very high latitudes based directly on HF propagation data.

7 Open Research

Raw SuperDARN data used in this study together with the licensing information
and data description are available from Federated Research Data Repository (FRDR),
Canada, at (Super Dual Auroral Radar Network, 2021a, 2021b, 2021c, 2021d, 2021e, 2021f,
2021g, 2021h, 20211, 2021j, 2021k, 2022).

The RAWACF data can be read using the Radar Software Toolkit (RST) written
in C (SuperDARN Data Analysis Working Group, 2021).
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