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Key Points

e We introduce an ionospheric model validation technique using SuperDARN ground
backscatter.

e Performance of the IRI-2016 is best during the daytime of January 2014 and 2018,
whilst sporadic-E in June causes significant degradations.

e [IRI-2016 range errors are seen to be most significant near the terminator and during the

nighttime.
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Abstract

Prior to use in operational systems, it is essential to validate ionospheric models in a manner relevant
to their intended application to ensure satisfactory performance. For Over-the-Horizon radars (OTHR)
operating in the high-frequency (HF) band (3-30 MHz), the problem of model validation is severe
when used in Coordinate Registration (CR) and Frequency Management Systems (FMS). It is
imperative that the full error characteristics of models is well understood in these applications due to
the critical relationship they impose on system performance. To better understand model performance
in the context of OTHR, we introduce an ionospheric model validation technique using the oblique
ground backscatter measurements in soundings from the Super Dual Auroral Radar Network
(SuperDARN). Analysis is performed in terms of the F-region leading edge (LE) errors and
assessment of range-elevation distributions using calibrated interferometer data. This technique is
demonstrated by validating the International Reference lonosphere (IRI) 2016 for January and June in
both 2014 and 2018. LE RMS errors of 100-400 km and 400-800 km are observed for winter and
summer months, respectively. Evening errors regularly exceeding 1,000 km across all months are
identified. Ionosonde driven corrections to the IRI-2016 peak parameters provide improvements of
200-800 km to the LE, with the greatest improvements observed during the nighttime. Diagnostics of
echo distributions indicate consistent underestimates in model NmF2 during the daytime hours of

June 2014 due to offsets of -8° being observed in modelled elevation angles at 18:00 and 21:00 UT.

Plain Language Summary

Models of the ionised upper atmosphere, a region known as the ionosphere, must be validated using
appropriate techniques prior to their use in operational systems. This is of greatest importance for
Over-the-Horizon radars (OTHR) that rely on the reflection of radio waves in the 3-30 MHz band
from the ionosphere for their operation. The accuracy of OTHR is largely related to the performance
of the model ionosphere used to establish target positions, and so it is essential to understand how

models behave under different circumstances. We introduce a new technique for validating models
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using measurements from the Super Dual Auroral Radar Network (SuperDARN) of research radars.
Using a dominant feature present within these radar echoes, we perform an example validation of the
International Reference Ionosphere (IRI) 2016 by modelling the expected path of radio waves. The
performance is seen to be best during winter and typically worse in the evening. Using further
information present within the measurements, we diagnose the likely cause of errors to be due to
underestimates in a key model parameter. This is confirmed when we offset model parameters using

direct measurements of the ionosphere and observe a significant improvement in model performance.

1. Introduction

By operating in the high-frequency (HF) band (3-30 MHz), radars can regularly see beyond the
horizon, with ground ranges exceeding 3,500 km (Thayaparan et al., 2020) in some cases. This
beyond line-of-sight (BLOS) propagation is achieved through the use of the ionosphere as a reflector,
as within the HF band, this region of the upper atmosphere is refractive and has a profound impact on
the path of radio waves. Over-the-horizon radar (OTHR) systems exploit this phenomenon and are
unique in their ability to detect targets at extreme ranges, offering an effective solution to the problem

of wide-area surveillance.

For the successful design and operation of HF systems, it is often essential to model HF propagation,
and this is achieved through the combination of a suitable ionospheric model and raytracing solution.
The positional accuracy of OTHR target detections is entirely beholden to the representativeness of
the ionospheric specification on the immediate ionosphere. HF modelling is required to perform
coordinate transforms from slant coordinates to geographical positions and to associate multipath
echoes with the correct scatterers. This process is known as coordinate registration (CR) and forms a

critical system of any OTHR (Fabrizio, 2013). For this, real time ionospheric models (RTIMs) are
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employed that assimilate the most up to date measurements of the ionosphere (Fabrizio, 2013;
Fridman et al., 2012). Providing a suitable ray tracer is employed, propagation errors, and thus CR
positioning errors, can largely be attributed to shortcomings in the specification of the bottomside
ionosphere. Due to the large dependence of OTHR accuracy on the ionospheric model employed, it is
therefore paramount to understand the performance and error behaviours of models prior to use in

operational CR systems if accurate and reliable OTHR target positioning is to be expected.

Typical validation methods for assessing ionospheric models include examination of peak density
parameters (Shim et al., 2011; Themens et al., 2017), integrated profile densities (Chen et al., 2020;
Chou et al., 2023; Themens & Jayachandran, 2016) and topside in situ satellite densities (Shim et al.,
2012; Themens et al., 2019). In the context of the oblique propagation encountered in many HF
systems, these techniques are of limited suitability as they provide little insight to the cumulative
effect of ionospheric density gradients on HF ray paths which are limited to the bottomside
ionosphere. Validation efforts must assess the full climatology and latitudinal structuring of the
ionosphere if a truly holistic assessment is to be made. Furthermore, typical OTHR measurements
such as backscatter soundings that may provide an alternative avenue are often highly restricted due to
the classified nature of the systems. A relatively dense global data set of publicly available oblique HF
soundings covering at least a full solar cycle are required to facilitate the global validation of
ionospheric models. For the real time ionospheric models (RTIMs) employed in operational OTHR
systems, suitable validation should also be capable of assessing the model at high cadences besides
just assessing climatological performance. Validation of models with consideration to all these factors

necessitates the development of new model assessment techniques.

The Super Dual Auroral Radar Network (SuperDARN) is a network of HF coherent scatter research
radars operating in the range of 8-20 MHz (Chisham et al., 2007; Greenwald et al. 1995;Nishitani et
al., 2019) that provides a suitable data set. Over 35 SuperDARN radars are distributed across both
hemispheres at latitudes poleward from 30° either side of the equator as shown in Figure 1. This
expansive deployment provides an unparalleled coverage of ionospheric plasma dynamics at mid- to

high-latitudes. The large field of view (FOV) of the radars, often between 51.84° and 77.76°,
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combined with OTH propagation permits even single SuperDARN radars to cover vast geographic
areas. Measurements with radars of the SuperDARN design have been conducted since the first radar
was installed in 1983 at Goose Bay in Canada (Greenwald et al., 1985) and are regularly performed in

real time at most of the radar sites, thus offering an expansive data set of backscatter data.

Southern Hemisphere

60°W ...

90°w }

120°W

150°W 180° 150°E

Figure 1. SuperDARN geographical coverage maps for a ground range of 3,500 km for all active radars as of January 2024.
Parallels are plotted at 15° intervals.

Whilst signals backscattered by field aligned ionospheric irregularities are of primary interest to much
of the community due to the information they provide on bulk plasma drifts, a significant proportion
of the data provided by SuperDARN soundings is of ground backscatter (GB) origin. GB echoes can
typically be distinguished from ionospheric scatter (IS) due to their near zero doppler shift and other
features characteristically different from IS, and so provide a useful secondary measurement within
SuperDARN soundings. It is worth noting that at times, very slow moving IS may be improperly
flagged by the SuperDARN processing procedures and can pollute GS echoes. An example summary
plot of backscatter from the Blackstone SuperDARN radar beam 16 for the time period 16" to 19"
January 2014 is demonstrated in Figure 2, showing the presence of GB echoes. This beam is 14.58°

from boresight at zero elevation and corresponds to a bearing of -25.42° as presented in Figure 3 and
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is the focus of this paper. We use the standard SuperDARN convention of zero-indexing when

referring to beam numbers.

Slant Range (km) Slant Range (km)

Slant Range (km)

01-16 06 01-16 12 01-16 18 01-17 00 01-17 06 01-17 12 01-17 18 01-18 00 01-18 06 01-18 12

Date (UTC)

Frequency (MHz)

Figure 2. Summary data plot for the Blackstone radar Beam 16 between 16th and 18th January 2014, showing a dominating
presence of ground backscatter echoes and the operation of the radar in a dual frequency sounding mode. The presented
ground flags are from the standard SuperDARN fitacf files and no manual flagging has been performed. Panel B shows the

backscatter elevation angle of arrival estimates by the SuperDARN interferometer array calculated using the standard Ty

estimate provided in the hardware data file for the Blackstone radar without calibration. Panel C provides signal to noise
ratio values from the SuperDARN ACF estimation whilst panel D presents the transmission frequency.

GB measurements have found increasing utility over time, showing use for interferometer calibration
(Jiang et al., 2022; Ponomarenko et al., 2015; Ponomarenko et al., 2018) and real time determination
of ionospheric parameters including foF2 (Bland et al., 2014) and maximum useable frequency
(MUF) (Hughes et al., 2002). Further applications include analysis of short-wave fadeout events by
Chakraborty et al. (2018) and derivation of ionospheric winds by Theurer and Bristow (2017).
Climatological studies using GB data have also been performed by Ponomarenko et al. (2010),

Ponomarenko and McWilliams (2023), Oinats et al. (2016) and Koustov et al. (2022) to determine

Ground Flag

Elevation (deg)
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occurrence rates, with Ponomarenko et al. (2010) additionally assessing the impact of the underlying

ground scattering surface.

50°N | .
£y

30°N |..

Figure 3. Geographical coverage of the Blackstone radar's 24 beams spaced at 3.24 degrees. Markers are provided in
ground range for intervals of 500 km. Beam 16 is indicated in red with the Alpena ionosonde marked downrange by a green
triangle.

HF propagation modelling may be used to represent the expected signal paths of GB echoes present
within SuperDARN backscatter, where differences may be predominantly attributed to the
ionospheric model. By modelling this data over a range of time periods and geographical areas, it is
possible to make comparisons between simulated SuperDARN GB echoes and those present within
the actual data set to gain a rigorous understanding of shortcomings in the model. By generalizing this
approach, the technique may be applied to any SuperDARN radar in the network, thus unlocking
almost all of the available SuperDARN GB data. Other HF radars with similar data sets may also

provide candidate validation opportunities.

A dominant feature within backscatter time series is that of the leading-edge (LE), which corresponds

to the skip distance. This may be used to make direct comparisons between the SuperDARN radar and
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modelled data sets. This provides partial information regarding foF2, hmF2, and F-peak thickness
when combined with elevation angle measurements. To the first order, the group leading-edge

distance, Py, 18

Prin = 73# !
cos (7 - Bmax)

that is a form of Martyn’s theorem for a planar earth geometry and vertically stratified ionosphere,
where h,, is the virtual height of reflection and 8,,,, is the maximum transmission elevation (Martyn,
1935). Here, the maximum elevation angle may be predicted by Snell’s law under the same
assumptions of Equation 1 when ignoring particle collisions and Earth's magnetic field using the

following relation

f?sin?6 2
Nmax = 57—

Where N, iS the maximum electron density and f is the transmission frequency (Davies, 1965).
Further to the LE, the provision of elevation angle estimates permits assessment of echo distributions

in group range-clevation space as an opportunity for model diagnostics.

In this study, we introduce a comprehensive method for the validation of ionospheric models at
minutely resolutions in a manner appropriate to OTHR and oblique HF systems in general by utilizing
the vast data set offered by the SuperDARN radars. A SuperDARN simulator is first demonstrated in
section 2.1 utilizing two-dimensional numerical ray tracing (NRT) with inclusion of power
calculations using modelled antenna array patterns established in section 2.2. Extensive data
processing is then performed in section 2.3 to permit proper comparisons between model and
experimental data. We then perform an example assessment of the International Reference lonosphere
2016 (IRI-2016) using this method, including analysis of LE variations in sections 3.1 and 3.2,
comparison of echo elevation-range distributions in section 3.3, testing of simulated backscatter using
ionosonde driven peak density parameters in section 3.4, and diagnosis of model errors in section 3.5

using echo elevation-range distributions simulated with offsets to NmF2, hmF2 and the interferometer
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calibration parameter, Ty Our analysis is applied herein across the months of January and June in
both 2014 and 2018 to encompass summer and winter periods during active and quiet phases of the

solar cycle

2. Methodology and Propagation Model

2.1 HF Raytracing

NRT is a technique widely employed to study HF propagation through the ionosphere and is well
suited for simulating SuperDARN backscatter. NRT has been previously used by Perry et al. (2022)
for example in the context of SuperDARN to validate the Saskatoon radar’s gain pattern. This study
makes use of the HFRM (high-frequency raytracing model) 2D NRT toolbox developed by the
University of Birmingham’s Space Environment and Radio Engineering (SERENE) group and is used
to model the expected signal paths for the Blackstone radar beam 16 with the IRI-2016 ionospheric
model. It should be noted that the choice of ionospheric model and beam is arbitrary and used only for
demonstration of this technique, which may be applied broadly to any beam and ionospheric model as
appropriate. An example 2D ray trace for this beam simulated using HFRM is presented in Figure 4.
HFRM has previously been employed by SERENE to model multi-static OTHR and uses an improved
version of the NRT ray tracer detailed in the work of Coleman (1998), which is based on the

Haselgrove set of equations (Haselgrove, 1955).

2D ionospheric grids are generated using the IRI once every 15 minutes and linearly interpolated
down to the minutely resolution of the SuperDARN data. Whilst this is in excess of the model
resolution, a finer generation time step is included to permit future work with assimilative models that
operate with greater temporal resolutions. At each time step within the SuperDARN data, a total of
350 rays are propagated at elevations between 5° and 60° with frequency set to match that of the data.
Ray landing points are then extracted and binned by group range into the same range gate bins as for

the SuperDARN data.
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Figure 4. Example raytrace using HFRM for the Blackstone radar beam 16 at 18:00 UT on the 25™ Jan 2018, showing
distinct propagation modes via different regions of the ionosphere. Transmission frequency is set to 10.8 MHz.

Due to the conic beam structure of linear arrays, non- boresight beams are spread in azimuth as the
pointing direction of the main lobe varies with elevation (Shepherd, 2017). The SuperDARN array
phasing matrices are configured to form beams at specific azimuths at zero elevation, and so at higher
elevations there is always a mismatch between the stated beam direction and the true propagation
direction. This effect is most significant for higher elevations and beams further from boresight. For
the 2D NRT ray tracer utilized in this study, we restrict propagation to a great circle slice in the
direction of the zero-elevation beam azimuth. This is a limitation of our technique as the modelled
rays will transition a different geographical region of the ionospheric model in comparison to the real
ionosphere. We do not consider this limitation a significant hinderance to our current analysis as F-
region echoes are the focus of this study that typically arrive at lower elevation angles often below
approximately 45° where the conic beam deviations are less pronounced. Beyond this, 2D NRT is
only suitable for weak horizontal gradients as the technique is unable to capture off great circle ray
deviations that cause rays to transition different geographical regions. For the reasons detailed here,
2D NRT when using great circle ionospheres is only recommended for near boresight beams and
conditions where large density gradients are not expected. To calculate the backscattered power for a
given ray, a form of the radar equation must be used and is given by the following (Coleman, 1997):

_ PTGRGR AZAeffO'O
T (4m)3 d3dE LyLpLpo

Where Pr is the transmitted power, Gr and Gp the transmit and receive antenna gains, A the

wavelength, A.sr the effective scattering area, o, the backscatter coefficient, dy and dg the effective
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distance along the transmit and receive rays, Ly and Ly the ionospheric absorption on the transmit and
receive rays, and Lp,; is the polarisation mismatch at the receive array. Here, the effective distance
represents both the group range of the ray flux tubes and the focussing/defocussing of them by the
ionosphere (Coleman, 1997). We take Lp,; to be 3dB in order to account for the average mismatch

with the receive antenna due to the ray polarization upon exiting the ionosphere being unknown.
The effective area can be considered as the imposed area of a flux tube at the ground, and can be

determined by the following equation (Slimming & Cervera, 2019):

. (D\dadD
Aerr = Resin (R—Q)EAHAQD 4

Where D is the ground range, A@ is the ray fan elevation step, and A® is the azimuthal beamwidth.

. dp . . .
Calculation of the g lermiis performed for pairs of rays in a fan.

Deviative and non-deviative ionospheric absorption is calculated along the ray path for the case of no
magnetic field using the following equation derived from the Appleton-Hartree equation when

ignoring particle Earth's magnetic field (Davies, 1965):

434e% (1( N 5
L= f— : dP
€0MeC ) U\AT2f° + 12

Where e is the charge of an electron, v the electron-neutral collision frequency, €, the permittivity of

free space, m, the mass of an electron, c the speed of light in free space, p the real refractive index,
and P the group range. Collision frequency is calculated at each point on the ray path with electron
density, neutral density and neutral temperature, with profiles for the latter two provided in the

Appendix 1.

Backscatter losses vary widely depending on surface conductivity, roughness, terrain type as well as
incidence angle, and it is known to be difficult to model due to the limited data sets available and the
inherent difficulties with isolating the backscatter loss contribution. Studies of backscatter coefficients

have been conducted around Australia using Jindalee Operational Radar Network backscatter
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sounders by Slimming & Cervera (2019), Edwards & Cervera (2022), and Edwards et al. (2022), with
the latter demonstrating the variability of coefficients over different terrain conditions and the notably
strong correlation with vegetation. For the purposes of this study, a backscatter coefficient of either -
23 dB or -26 dB is simply used for backscatter from sea or land. A value of -23 dB is representative of
a fully developed sea (Coleman, 1997; Munk & Nierenberg, 1969), whilst the value for land is an
estimate based on the work of Edwards et al. (2022) for a 11-30% coverage of woodland. Due to the
large variations in land backscatter coefficients, it must be stressed that this is an approximate median

value.

3.4 Antenna Array Modelling

The antenna array gain patterns and beamwidths for the beamformed array are required for calculation
of power in equations 3 and 4. Two antenna array designs are used by the SuperDARN network, with
the older generation utilizing horizontal log-periodic dipole array (LPDA) elements, specifically the
Sabre Communications Corporation model 608 (Custovic et al., 2011), and the newer generation
utilizing the novel twin terminated folded dipole (TTFD) elements (Sterne et al., 2011). Whilst gain
pattern data for the TTFD antenna elements have been modelled by Custovic et al. (2011) and for the
array by Sterne et al. (2011), numerical data was not provided. Data for beam 7 of the Saskatoon radar

was provided by Perry et al (2022); however, no other beams are provided.

To permit validation across the full SuperDARN network on any beam, we model gain patterns for
each beam of the two antenna designs using the Numerical Electromagnetics Code (NEC) version 2.
NEC is a software program for the modelling of thin wire antennas developed at the Lawrence
Livermore National Laboratory by Burke and Poggio (1981). This program was selected due to its
prior use by Custovic et al. (2011), Sterne et al. (2011) and Perry et al. (2022). Far field radiation
patterns are generated at 1 MHz intervals for beam 16 of the TTFD array, respectively. This data is
provided to the community in the supplementary material along with data for beam 12 and 20.
Elevation gain patterns for beam 16 of the Blackstone TTFD antenna array are presented in panel A
and B of Figure 5, whilst the variation in azimuthal beamwidth with frequency and elevation is

presented in panel C. Whilst a simple analytical relationship for beamwidth may be used for a linear
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array, we note the importance of including the elevation variation from the modelled gain patterns. A
change between low and high elevations of 5° and 60° presents a doubling of beamwidth in Figure 5C

and will directly introduce a 3dB change in power through equations 3 and 4.
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Figure 5. Radiation patterns for the TTFD array phased to beam 16 at 10 MHz (4) and 14 MHz (B). The variation in
azimuthal beamwidth of the main lobe is provided in panel (C) for a range of frequencies.

2.2 Data Processing

2.2.1 FOV Processing

Prior to performing validation, the SuperDARN and model data must first be conditioned to ensure
proper comparisons can be made, as echoes exist within SuperDARN data that are not modelled using
raytracing or are of ambiguous origin. These include echoes from meteor ionisation, sporadic-E,
incorrectly assigned ionospheric scatter, and echoes originating from the rear FOV. The latter has been
a long-understood problem for SuperDARN and is largely due to the relatively poor front to back ratio
of the LPDA arrays and the fact that beamforming causes a secondary lobe behind the radar, meaning
a non-negligible amount of power is radiated behind the radars (Milan et al .1997). Due to this
secondary source of echoes from behind the radars, it is important to correctly determine the origin

FOV when performing validation with simulated echoes to ensure comparisons are consistent. In our

18

Azimuthal Beamwidth (deg)
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application of the technique here, we remove any backscatter from behind the radar and focus on
echoes from the front FOV. Based on the interferometric evidence of Milan et al. (1997), an automatic
FOV detection algorithm was developed by Burrell et al. (2015) to assign correct FOVs and is
included in this validation for radars using LPDA arrays. This algorithm is contained within the
deprecated DavitPy Python package developed by Virginia Tech (Ribeiro et al., 2020) available from
https://zenodo.org/records/3824466. Example FOV assignments are presented in Figure 6 for 1% — 3™
June 2014, showing the assignment of most echoes to the front FOV as expected for the TTFD array.
The FOV Algorithm was applied to radar scans that were of equal frequency, operating mode and
channel. For the 39783 echoes in this time period, we assign 46.68% of echoes to the front FOV,

5.26% to the rear FOV, and are left with 48.10% as unassigned.
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Figure 6. FOV assignments for Blackstone beam 16 using the Burrell et al. (2015) automatic FOV detection algorithm in
June 2014, showing a significant proportion of echoes being unassigned. Elevation data is calculated using the default Ty
value in the Blackstone hardware data file for this period which was equal to the calibrated value.

Unfortunately, many echoes remain unassigned by the algorithm, and to avoid ambiguity, these are
removed in conjunction with the rear FOV and IS. It is expected that tuning of algorithm parameters

may improve assignment rates for specific periods; however, this does not permit the liberal
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application of the validation technique and for this reason, the default values detailed in Burrell et al.
(2015) are used. We do not FOV process the Blackstone data in our current work beyond a
demonstration in Figure 6 as the TTFD corner reflector provides sufficient mitigation of rear echoes

as indicated by Figure 5A but stress the importance of doing so when using radar with LPDA design.

2.2.2 Elevation Calibration

Significant caution is warranted when utilising SuperDARN elevation data as the often-unsuitable
interferometer Ty calibration values provided in radar hardware data files can produce non-physical
elevation distributions that are not indicative of the real propagation environment. Significant efforts
have been made to properly calibrate the radars in the last decade, and the reader is recommended to
consult Chisham et al. (2021) for a full treatment of the methods available. For this work, we rely on
the E-Region backscatter calibration technique of Ponomarenko et al. (2018) as it is capable of
providing automated daily Ty values across all historical data. The value of Tg was found to change
sporadically in January 2014 at the onset of significant noise in the Blackstone radar data and so
several values were required to mitigate elevation errors here. The values used in this study are

provided in the supplementary material and Appendix 2.

2.2.3  Echo Cluster Filtering

The principal interest of this study is 1F GS echoes, as these are clearly identifiable and regularly
exhibit a higher power due to skip-focussing. Echoes reflected within the E-region by normal 1E-
mode, Sporadic-E, Auroral-E, and meteor scatter are difficult to distinguish and so ambiguity exists
over their origin, which provides an unreasonable source of error for validation as no current
ionospheric model contains treatment of all. This necessitates the filtering of the data to remove these

unwanted echoes that all lie at nearer range gates than that of the 1F mode.

Various virtual height models exist that aim characterise echo origins based on climatological
SuperDARN data (Chisham et al., 2008; Thomas & Shepherd, 2022). These are unsuitable for our
purpose, since they include no consideration of the temporal variability of these channels.

Furthermore, using strict filter thresholds to define echo origins can introduce artificial leading-edge
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features that would degrade the LE analysis of this technique. A neural network-based characterisation
scheme was introduced by Kunduri et al. (2022) that offers potentially improved assignments at the
expense of expected increased computation time. Conversely, filtering may be altogether avoided by
directly extracting the LE using the fitting method introduced by Bland et al. (2014), yet this was not
implemented as this would reduce the cadence of our validation due to the requirement to down
sample data into 10-15-minute windows. Furthermore, this method requires the radars to operate in a
multi-frequency sounding mode, which limits the method to periods when this special control mode is

being used.

Echoes from distinct propagation channels form temporally and spatially coherent structures in
SuperDARN backscatter time series that are often clearly identifiable. We apply the Density-based
spatial clustering of applications with noise (DBSCAN) algorithm (Ester et al., 1996) to both the
model and SuperDARN data in virtual height — group range space in 30-minute intervals. Virtual
height is calculated using the following equation (Bland et al., 2014), which assumes straight line

geometry using the distance to the reflection point r, which is equal to P/2 for ground scatter.

h, = \/rz + RZ + 2rR,sin6 — R,

DBSCAN has previously been employed for SuperDARN backscatter characterisation as part of
Kunduri et al.’s (2022) machine learning framework with success. Echoes with elevations below and
above 40° are clustered in separate instances, as this provides separation in cases where backscatter is
observed across most range gates that may otherwise be incorrectly grouped. The data is clipped and
normalised before the algorithm is applied with a maximum neighbourhood distance value of 0.07
that was determined through a quantitative assessment of all data in the current analysis using the

recommended approach detailed in (Ester et al., 1996).

If less than 5 points are available in a given 30-minute window, the data is removed as it is not
possible to reliably determine the origin of such backscatter using this clustering technique for such a
small number of points. Filtering is applied to cluster centroids by removing clusters with virtual

heights and group ranges falling below the thresholds in Table 1 for the low and high frequency



357  nighttime and daytime operation, respectively. Echoes flagged as noise by DBSCAN are tested to
358  examine if at least 2 neighbouring points in a 3x5 box are contained within an accepted cluster, with

359  such points kept and those failing this criterion removed.

360 Table 1. Cluster centroid filtering thresholds for the separate high and low elevation and frequency bands. Different

361  parameters are used to tailor the filtering to the different echo regimes.
Low Elevation High Elevation
Frequency Low High Low High
Minimum Centroid | 150 km 150 km 125 km 125 km

Virtual Height

Minimum Centroid | 1100 km 900 km 850 km 750 km

Range

362

363  This approach removes the unwanted echoes providing they are contained within a coherent
364  backscatter structure and Figure 7 shows the capacity of this method to process both model and
365  Blackstone radar data. At times when the separation between near range echoes and the primary 1F
366  group is small, these echoes may become clustered together, resulting in either both being removed or
367  the non-1F echoes being kept. Furthermore, non-1F clusters whose centroids exceed the values in
368  Table 1 are kept regardless of their origin. Whilst we recognise the limitations of our approach, the
369  technique is sufficient for our application here and limits arbitrary modifications to the LE that may be

370  imposed by alternative methods.

371
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373 Figure 7. Example action of the DBSCAN based filtering method, showing the identification of distinct groups in A), the
374 calculation of cluster centroids in B) and C), and the filter determination in D). Echoes flagged in D) as filtered identify E-

375 region echoes, noise identifies echoes classed as noise by DBSCAN, checked noise identifies echoes classed at noise that
376 pass the check for a suitable cluster in the neighbourhood, and min points identifies instances where insufficient data was
377 available in a given 30-minute window. The clustering technique demonstrates the filtering of coherent structures as a whole
378 and minimises the impact of non 1F echoes on the LE feature.

379 2.2.4 Power Normalisation

380  Issues arise when comparing the modelled and experimental power data, as whilst modelling the
381  power distribution can be done reliably, the absolute values are more difficult to determine as noise
382  must also be estimated due to SuperDARN power values being in terms of signal-to-noise ratio
383  (SNR). These values are found by the SuperDARN FITACF procedure by fitting an exponential
384  function to the envelope of a complex ACF and taking the value at zero-time lag as the power

385 estimate.

386  To avoid complexities here, the power profile of the modelled data is normalized in relation to the

387  power distribution peaks found by binning power into 75 bins. It should be noted that the log scales of
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modelled power and SuperDARN SNR values are different and are transformed here. Figure 8 shows
the histograms for the two data sets for January 2014, with this corresponding to a power offset of
72.70 dB being applied to the data in this case. Simulation data contains rays that would exist below
the receiver threshold of the radar, thus being undetectable and requiring removal prior to our
comparison. To this end, simulation data with power values below the minimum power of the
Blackstone radar power distribution are removed. This process is performed for each frequency band
across each full month to avoid sudden changes in power at shorter timescales and to ensure sufficient

data is available when creating the histograms.
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Figure 8. Power histograms for data in January 2014 for the Blackstone SuperDARN radar (red), the model (blue) and the
normalised model with low power echoes removed (light blue). The normalisation process shows good agreement between
the corrected model and the Blackstone radar distributions.

3. Results
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3.1 Example Backscatter Variation

To examine the capacity of the simulation to model the Blackstone radars’ GB, the time evolution of
backscatter echoes are plotted in Figure 9 for the 16™-18™ January 2014. It should be noted that the
local time is approximately 6 hours behind UTC for this specific radar. The LE of the GB is extracted
by simply taking the minimum group range at each time step and is overlaid in black. Small-scale
variations observed in the Blackstone radar GB at timescales below 1-hour resolutions are not
captured within the simulation as the IRI offers only a smoothed representation of the monthly median
ionosphere at a limited temporal resolution. The passage of Travelling lonospheric Disturbances
(TIDs) is a known source of variability in daytime GS on timescales of approximately one hour

(Samson et al., 1989) and is an example of a feature not within the modelled backscatter.
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Figure 9. Variation in elevation angle for the Blackstone SuperDARN radar (4) and the model (B) between 16" and 18"
January 2014. The leading-edge range is extracted and plot in (C) for Blackstone radar (ved) and the model (blue). The
error in leading edge range is included in (D) whilst transmission frequency is included in (E).

During the nighttime, almost no echoes are observed in both data sets. Upon inspection of Figure 2, it
is clear that IS dominates at these time periods and so our analysis is limited to only daytime
comparisons here. Good agreement is seen between the Blackstone radar and model LE at midday,
with errors remaining within £250 km and large departures only occurring during the early morning.
A notable offset in elevation angle is seen between the two, with the Blackstone radar consistently

observing a higher elevation angle by approximately 10°.
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Despite the GB LE showing good agreement, notable differences in the trailing edge distributions are
seen. Despite the power corrections clearly reducing the extent of the model trailing edge, a
significant overestimate remains. The same conclusion may be made for the long-range nighttime
echoes seen in the model but not by the Blackstone radar. Both trailing edge and nighttime echoes
occur at very low elevations that manifest in a significantly reduced power due to the falloff in gain at
such elevations. Of course, the methods used to adjust the powers to be comparable is a considerable
limitation here and so we must take any assessment of the power behaviour with some measure of
skepticism; as such, the absence of echoes in the Blackstone radar data, relative to the simulation,
cannot necessarily be taken as indicative of a propagation difference. This reinforces the importance

of utilizing the LE for comparisons due to the increase in observed power that occurs here.

3.2 Climatology

Investigation of model and Blackstone radar backscatter for several day periods is useful for
assessment of errors during specific events, but is insufficient for validating general or long-term
performance. We apply the modelling technique to the months of January and June in both 2014 and
2018 and present the LE characteristics in Figure 10 to capture the diurnal, seasonal and solar cycle
climatology of errors. The variation in LE is binned down to 5-minute intervals and averaged for this
analysis. It is important to note that there is not full coverage of every bin across the months. This data
sparsity is due to either the radar not being operational, a lack of GS, the filter removing non F-mode
echoes, or significant absorption hindering detection. One should be careful to notice that the sudden
step in LE at 13:00 UT in 2014 is due to the radar switching frequency and does not represent an
immediate change in the ionosphere. This also occurs in 2018 but is not immediately visible as the

difference between the day and night frequencies was much smaller.
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Figure 10. Variation of leading edge in January and June for both 2014 and 2018. Blackstone SuperDARN leading edge is
provided in the first column, the model in the second, the Ap index in the third, and the calculated leading-edge errors in the
Jfourth. One should note that leading edge errors are clipped to +2160 km to preserve dynamic range and in some rare cases,
errors do exceed this. The error colormap is log10 scale and has contours every 45km which corresponds to the group range
resolution of the measurements. Data is not available for many periods in January 2014 and is the reason for large blocks of
missing data. The time of the local solar terminator is shown by the black vertical lines for a point 500 km down range.

The LE in both data sets shows the expected diurnal variations of retreating in the evening and
returning in the morning, with the daytime LE also shown to occur at considerably closer ranges for
winter compared to summer in both data sets as expected. This is due to the winter anomaly, a
midlatitude phenomenon where unexpectedly high electron density values exceeding those in summer

are observed during the winter daytime (Davies, 1965). As a result, higher elevation rays that
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correspond to closer ranges are supported through the relation in Equation 2 as suggested by Equation

1.

A geomagnetic storm occurs on 8" June 2014 as indicated by the Ap index and the increase in model
LE. Unfortunately, echoes where not present within the Blackstone radar data for much of this day
and is likely due to increased ionospheric absorption coinciding with the storm. Echoes that are
present between 13:00-20:00 on this day indicate a consistent error exceeding 1,000 km throughout
this period. The lack of data during this storm is a notable limitation of using oblique HF

measurements for validation and can likely only be mitigated by using much greater transmit powers.

Errors are seen to be most significant for all months at the time of the local terminator where LE
ranges are increased and are generally lower during the middle of the day. Overall, LE errors are seen
to be overestimates by the model with the exception of daytime Les in January 2014 In January 2018,
the ability of the model to fully capture the overall increasing LE following the month progression is

demonstrated by daytime errors remaining below 500 km for the entire month.

The simulation predicts a population of nighttime echoes at extreme ranges of ~4000 km not seen by
the Blackstone radar in the month of January 2014, and this is attributed to low power echoes below
the receiver threshold of the radar. Evidently, these have not been removed from the simulation during
the power normalisation process despite having expectedly high free space path losses and typically
low antenna gain compared to the rest of the data. Nonetheless, periods where echoes occur in both
the model and Blackstone radar LE are the focus of this validation and where errors are computed, as
the absence of echoes is not necessarily indicative of the lack of propagation. One should be cautious
about instances where sudden retreats in LE are seen in the Blackstone radar data as this is not
conclusive of a physical change in the ionosphere but may be caused by limitations in the data or
filtering. This can be seen at 22:00 on the 4™ June 2018 and is likely non-physical as Sporadic-E is
prevalent during this period and can prove difficult for the filter. We do not consider this to be a
significant limitation as this is expected from this data and impacts a relatively insignificant

proportion of the overall data.



482  The presence of a sporadic-E layer blanketing 1F echoes is a noticeable effect in the summer months,
483  especially in 2018. Here, the cluster filter essentially removes all echoes as the regular occurrence of
484  sporadic-E is either the sole source of echoes, or where 1F is not entirely blanketed, it often forms a
485  cluster that cannot be fully separated from the 1Es-mode and so both are removed. This is a fortunate
486  effect of the filter, as for periods where a LE cannot be suitably extracted, all data is typically
487  removed due to the low centroid range and virtual height. This largely prevents comparison of
488  otherwise uncertain data. A summary plot of a period where Sporadic-E is significant is presented in
489  Figure 11, showing the capacity of the filter to reliably remove almost all of the unwanted echoes,
490  whilst keeping what 1F-mode can be reliably identified. It should be noted that there are clear
491  instances in Figure 11 where the filter does not correctly remove non-1F echoes such as at

492  approximately 03:00 and 08:00 on the 25™.
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494 Figure 11. Example time variation of filter flags showing the presence of blanketing sporadic-E for much of June 2018. The
495 filter performs reliably across this period, with minor inconsistencies where sporadic-E is incorrectly. The filtered echoes in
496 the model are from 1E backscatter as sporadic-E is not modelled in the IRI2016 model. These echoes are likely also in the
497 SuperDARN data but are difficult to distinguish from sporadic-E.

498 A more concise assessment of LE error climatology can be facilitated by averaging across the month

499  in the form of a 15-minutely RMSE as presented in Figure 12. The monthly averaged performance of
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the model during the daytime is seen to be reasonable, showing errors as low as 100 km and 250 km
for January 2014 and 2018, respectively. For this context, 100 km is considered a low level of error as
the group range resolution of the Blackstone radar is 45 km and we often see minute-to-minute
variability of the leading edge across 2-3 range bins such as in Figure 9. In contrast, positioning errors
for OTHR are typically expected to be less than 30 km in range and measurement resolution is

approximately 3-30 km for normal operating modes (Fabrizio, 2013).

It is reassuring to observe stable performance across the daytime hours in January of each year, as this
suggests we can expect acceptable accuracy when modelling oblique propagation using the IRI-2016
model at these times. Despite this, summer performance is seen to be degraded, showing minimum
errors of 400 km and significant departures approaching 800 km, albeit this may be partially attributed
to nuisance Sporadic-E degrading the data quality. In Figure 12, caution is recommended when
inspecting periods of data sparsity, as this will degrade the robustness of our statistical analysis. To
this end, nighttime LE assessments in January 2014 and the full month of June 2018 are generally less
reliable due to the absence of consistent data. Errors in the nighttime hours exceed 1000 km in all

months.
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Figure 12. Day variations in 15-minute month averaged leading edge slant range (top) and the corresponding RMSE
(bottom) in 2014 (left) and 2018 (right). Instances where no data is available restricts full day coverage of this analysis in all
cases but June 2014.

3.3 Elevation Angle Distributions with Group Range

The provision of elevation data by the SuperDARN interferometers permits further inspection of
model errors beyond the LE analysis, as we can directly compare the slant range- elevation
distributions between the two data sets. This comparison is presented in Figure 13 for three UT times,
where the 2D histograms are created by including all echoes across the month occurring within the
specified hour for 1° elevation bins. As these distributions are averaged across the full month, we see
a much greater broadening of the Blackstone radar echo distributions as compared to the simulation
due to the greater variability of the real ionosphere in comparison to the monthly median IRI-2016.
The merit of elevation angle estimates within SuperDARN data is notable in this context, as the upper
limit to echo elevation values that are physically possible is directly related to NmF2 to the first order
by Equation 2. It is important to note that whilst Equation 2 can provide useful context when
diagnosing errors in NmF2, an equation that incorporates spherical Earth geometry such as in (Gilles

et al., 2009) should be used when calculating absolute NmF2 error values. Figure 14 permits



533  diagnosis of potential NmF2 and hmF2 errors whilst highlighting distinct propagation modes so that
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536 Figure 13. Slant range - elevation echo distribution histograms for the Blackstone radar shown by the base colormap and
537 for the model by the overlayed contours. All echoes occurring within the specified hour across the full month are included in
538 each panel, with the total count included indicated in the top right corner of each.

539  Figure 13 shows generally good agreement between the Blackstone radar and model distribution LEs
540  in January 2014, where the average LE is seen to occur between 1000- and 1300-km with the closest
541  range occurring near the middle of the day at 18:00 UT as expected. At high elevations, the
542  distributions occupy the same range-elevation space for this month but begin to depart at lower
543  elevations as the Blackstone radar trailing edge does not extend in the same manner. As previously
544  mentioned, this is likely due to low power echoes not being detected; however, it is important to note

545  that this results in the peak of the model contour shifting towards further ranges and lower elevations.
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This is also seen to occur at 00:00 in June 2014, 18:00 and 21:00 UT in January 2018 and in all of

June 2018, suggesting a systematic overestimate of trailing edge power.

At 18:00 and 21:00 UT of June 2014, we see distinct localised peaks in the distributions, with
minimal spread in elevation for both Blackstone radar and model data, indicating that the model
predicts this behaviour well. Nonetheless, we observe a distinct offset in the elevation peaks of
approximately 8° that suggests the model is likely underestimating NmF2 here. A similar difference
was observed by Oinats et al. (2016) and was attributed to underestimates in the IRI’s representation
of the electron density peaks. An interesting number of echo populations are observed at 00:00 UT of
June 2014 that suggests distinct propagation modes. Whilst the low-density group centred on 47° at
1900 km is a distinct contribution from 2F echoes, the two closer peaks appear to both be 1F echoes.
The occurrence of a double peak population can be explained by variability in the ionospheric peak
density broadening the distribution, and inspection of the processed data confirms this as no E-region

echoes are observed.

Insufficient data is available for 00:00 Jan 2018 due to the lack of nighttime echoes. Conversely, the
distributions at 18:00 and 21:00 show the greatest number of echoes that permits underestimates in

elevation to be identified for these times.

The presence of Sporadic-E is clearly identifiable during June 2018 by the characteristically high
elevation angles occupied by these distributions at close ranges. We also see a distinct E-mode
population at 15° at a range of 1,250 km at 21:00 UT ahead of the expected 1F population. Whilst it is
clear the filter has accepted a statistically significant number of E-region echoes, it is worth noting
that the relative proportion of E-region echoes compared to that of the F-region is significantly greater
for much of the month, and so it is reassuring that the 1F echoes are presented so dominantly at 00:00
and 21:00. This implies that the filter is working acceptably well as indicated in Figure 12 but is
insufficient to warrant a reliable analysis of the LE due to the statistical significance of E-region

echoes in the data.
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An interesting feature observed in the model for 00:00 of June 2014, 18:00 and 21:00 of January 2014
and in June 2014 is that of a broadening of the distribution at higher elevations towards further ranges
in the shape of a ‘C’. This is characteristic of high angle rays occurring within the F-region and are

typically associated with low powers due to the defocussing effect of rays near the F-layer peak.
3.4 Ionosonde Conjunction

To demonstrate the potential performance of the model when ionospheric peak parameters are known,
we simulate the period of 13™-17" of June 2014 with the IRI-2016 model driven by ionosonde
measured values. The Alpena ionosonde located down range of the radar at 45.1N, 83.6W is used in
this assessment and provides an opportunity to assess the robustness of our validation technique.
These results are presented in Figure 14 and are compared to that of the default model for context.
Ionograms recorded at 15-minute intervals throughout this period are manually scaled to extract
ionospheric parameters and presented in comparison to model values in panels F and G of Figure 14.
As the IRI-2016 model permits the manual input of any of the bottomside parameterisation values, we
take the relative difference between the ionosonde and IRI-2016 parameters at the nearest point on the
radar beams great circle (GC) path and apply constant multipliers to the entire GC slice such that the
parameters match exactly at that point. The offset location is 45.24N, 83.51W and corresponds to a
ground range of 1,016.7 km from the radar and 16.7 km from the ionosonde. At times when the IRI-
2016’s F1 region model is inactive, it is not possible to override the parameter, and so we are forced to
leave it off, which is at times in disagreement with the ionosonde. Whilst the ionogram measurements
are only representative of the ionosphere for an area related to the typical ionospheric decorrelation
distance (Forsythe et al., 2020), they provide a useful means to assess modelled ionospheric dynamics
beyond the monthly median. This is clear by the introduction of travelling ionospheric disturbance
(TID) features into the modelled backscatter in Figure 14 panel (C), which are not seen in the default

IRI-2016 in panel (B).
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Figure 14. Comparison of Blackstone radar (4), model (B), and ionosonde driven model (C) backscatter LE variations (D)
and errors (E). Default IRI-2016 and ionosonde peak density and height parameters are compared in panels (F) and (G),
respectively, whilst operating frequency is provided in (H).

It is immediately clear upon inspection of Figure 14 that the ionosonde input provides a dramatic
improvement in both the modelled backscatter echo distribution and LE variation, with the latter
showing errors centred near zero for much of the period and at times providing improvements in

excess of ~800 km. The greatest improvements are regularly seen during the nighttime periods. Panel
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(F) shows that almost all of this improvement can be attributed to the mitigation of errors in NmF2, as
the IRI-2016 is otherwise able to represent all other parameters with reasonable accuracy, except for

the occurrence of the F1 region and of course the presence of sporadic-E.

A clear limitation in our approach here is that minor TID features measured by the ionosonde and seen
in the Blackstone radar data are massively overestimated. This is likely because such features are
often localised over a relatively small distance and are inherently directional; this presents problems
in our model as the ionosonde is not directly under the reflection point and our offsets are applied

equally along the GC.

A small number of echoes are present at 9:00 UT on the 15™ and 17" and cause a significant increase
in errors for both modelled LEs, with these appearing to be either auroral E-mode or 2-hop echoes
that are not properly removed by the filtering or ground flag, respectively. It is unexpected to see
echoes at such close ranges during the night time as 1F echoes are typically seen to retreat to further
ranges as the ionospheric density drops and only low elevation angles are available. Furthermore, E-
mode echoes remain in the Blackstone radar data at 21:00 UT on the 15™ and at 22:00 on the 16™,
with this corresponding to an unreasonable increase in both modelled LE’s. It is interesting to note
however, that a small population of echoes is often seen in all three data sets ahead of the main 1F
backscatter during several of the days that arises from the F1-region. The occurrence of this feature
coincides with increased errors and error spread in the modelled LE’s as the small population appears
inconsistent in both the Blackstone radar and driven model data, potentially being due to such low
echo powers as suggested by Figure 14. Nonetheless, Figure 14 demonstrates that improvements in
model NmF2 values can dramatically improve model performance such that the much of the real

propagation environment can be reliably modelled using numerical raytracing.

3.5 Error Diagnostics

Significant insights can be gained on the origin of model errors by exploring the effect of offsets to

model NmF2 and hmF2, specifically how these parameters impact the range elevation distribution of
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echoes. To examine the impact of specific errors in the ionospheric model on the range-elevation
space, we simulate the hour of 3:00 on the 14th of June 2014 with combinations of +25% and +15%
offsets to NmF2 and hmF2, respectively. Furthermore, we recalculate elevation angles for the
Blackstone radar data in panel D1 and D3 with £25.0 ns offsets from the calibrated values of Ty
This seeks to demonstrate the relative impact of the ionosphere and interferometry on the distributions

and to present the effect of uncalibrated Ty values on the error analysis.
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Figure 15. Diagnostics of model errors by applying NmF2 and hmF?2 offsets (blue) compared to calibrated Blackstone radar
backscatter (red). Ty pertubations are demonstrated in panels (DI) and (D3) in (green), with ionosonde driven model
backscatter also shown in (D2) in (magenta).

From Figure 15 it is clear that an increase in NmF2 shifts the distribution forward and up to higher
elevations, with the opposite being true for a negative offset. Conversely, modifying hmF2 does not
impact the elevations occupied by the distribution and instead a forward and backwards translation in

slant range is seen for negative and positive offsets, respectively. We see that the applied offsets
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account for deviations in elevation and range of approximately 15° and 300 km in each direction,
respectively. Besides hmF2 modifications resulting in range translations, we also see a minor shift in
elevation angles. This is an expected result and is due to changes in NmF2 that arise as the location of

the reflection point is shifted in range to a different region of the downrange ionosphere.

By the apparent difference between the original model (B2) and that of the model offset by +25%
NmF2 (B1) demonstrating a much better agreement with the Blackstone radar distribution, we can
infer that there is an error in NmF2 on the order of 30%. This is in direct agreement with the
ionosonde driven distribution (D2) that confirms that the difference in the modelled and measured
NmF2 values differ by 30.32% and show better agreement with the Blackstone radar distribution with

this offset applied.

As noted by Ponomarenko et al. (2018), the relation between measured phase and elevation angle is
highly nonlinear, and this is demonstrated by the distribution occupying a significantly greater range
of elevations in panel D3 as opposed to that in D1. The range of elevations occupied by the echoes is
dramatically changed by the Ty offset, with a +25 ns offset having elevations covering 30° to 60°
and the -25 ns offset having a much broader range of 5° to 60°. The deviation in elevation near the top
of the distributions for the Tgr offsets is approximately 5° from the calibrated value, and this remains
relevant when compared to the impact of NmF2 offsets. Thus, when diagnosing NmF2 information

from SuperDARN elevation data, it is paramount that the data is properly calibrated.

4. Discussion

The marked increase in errors at times near the local terminator seen in our analysis for Figures 9, 10,
12 and 13 is expected. These periods present a marked challenge that some ionospheric models may
perform poorly during due to the rapidly changing NmF2 and hmF2, meaning incorrect timings of
sunrise or sunset by the model can result in large errors in these values. A further expected
shortcoming for the IRI at these periods is its inclusion of an occurrence based F1-layer that toggles

on and off abruptly as this can introduce non-physical density gradients along the generated great
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circle grid. Despite this, our method identifies that the model performs poorly during these periods as
we would expect, indicating that caution is warranted when performing HF modelling with the IRI

near the terminator.

Whilst our technique may be applied to any radar in the network, further caution is required when
using radars with the LPDA array due to the requirement to use the FOV detection algorithm. Despite
the algorithm providing reliable classification of most echoes, the impact of unassigned echoes
thinning the data can hinder a robust analysis. In the case that LE echoes are unassigned, the LE will
appear further in range and may suggest either errors in the model or an improved agreement; both of
which may not be true. This is a notable limitation of our method, and it is hoped that improvements

can be achieved through optimisation of the FOV algorithm parameters.

In all backscatter simulated by the model, a considerable overestimate of the trailing edge extent has
been noted and attributed to the power normalisation technique included herein. Beyond limitations in
the approach, the problem is likely related to the quality of the default D-region model in the IRI-2016
resulting in incorrect absorption estimates. Future comparison of the IRI-2016 model with a different
D-region model, such as that from the Faraday International Reference lonosphere (FIRI) (Friedrich
et al., 2018), will provide evidence on the origin of the trailing edge overestimate. Better agreement
with SuperDARN backscatter in this case will support the normalisation technique and demonstrate
that the inconsistency is representative of the model description. However, further investigation in this
area is required. We therefore restrict our current analysis of the trailing edge as it is not necessarily

indicative of the model.

The formation of Sporadic-E layers at midlatitudes is a significant issue for HF radars operating in
these regions during the summertime when Sporadic-E, caused by convergence by diurnal and semi-
diurnal tides (Haldoupis, 2011; Hodos et al., 2022; Kunduri et al., 2023), is quite common as these
formations can significantly degrade the performance of such radars by limiting the maximum ranges
that can be reached. Plasma comprising Sporadic-E layers is often of sufficiently high density that it is
capable of blanketing propagation to higher regions of the ionosphere by reflecting HF radio waves at

a wide range of elevation angles in this lower region. As our current focus is on assessments of the 1F
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echo variations, we see this as a significant limitation for the SuperDARN data, which limits our
current analysis to periods where Sporadic-E is not present. The blanketing effect of Sporadic-E is a
phenomenon that limits validation using any ground-based HF instruments. Besides not entirely
blocking the F-region, auroral-E echoes are also observed in some of the data and indicate a further
source of ionisation that can present significant departures between the modelled propagation with
that of the real ionosphere. We have previously demonstrated the sensitivity of OTHR coverage and

propagation with aurora, including the occurrence of ducted modes (Ruck & Themens, 2021).

This raises the important question of whether errors calculated for models where E-region echoes
such as Sporadic-E, auroral-E, and meteor scatter are not removed is a more thorough validation; we
follow the opinion that whilst this would result in the truest validation, it serves little purpose beyond
degrading the usefulness of such comparisons for ionospheric models that do not contain deliberate
considerations to these features. The problem of Sporadic-E we experience in the Blackstone radar
data, and our removal efforts highlights the significant impact of not including these ionisation
features in models. It is also important to note that whilst we remove E-region echoes in our
comparisons, it is obvious that the actual ionisation in the real ionosphere remains and will have an

impact on the cumulative path of propagating radio waves reflected by the F-region.

Although E-region echoes present a challenge for our current analysis, we see notable success with
our cluster-based filtering approach in this task, which may be applicable to studies focussed on the
automatic detection of Sporadic-E and auroral-E in the context of climatological assessments. We
observed Sporadic-E to occur for a considerable proportion of the summer months we investigate here
with substantial modifications to the propagation environment seen. To this end, the performance of
operational systems without inclusion of Sporadic-E models is expected to be catastrophic for
midlatitude OTHR, particularly for the FMS where the notable modifications to available ranges
manifest as incorrect coverage predictions with errors in excess of 1,000 km. Furthermore, the same
problem applies to Arctic OTHR operating within the vicinity of the aurora (Ruck & Themens, 2021).
It is these considerations that motivate the development of regional ionospheric models such as that of

the Empirical Canadian High Arctic lonospheric Model (E-CHAIM) (Themens et al., 2018; Themens
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et al.,, 2017; Themens et al., 2019; Watson et al., 2021) or GPS Ionospheric Inversion (GPSII)
(Fridman et al., 2006; Fridman et al., 2009) that can represent a greater proportion of the features

observed in the regional ionosphere.

Due to the significant information that can be gained from assessment of the SuperDARN range-
elevation distributions on NmF2 and hmF2, we envision this data set as being highly suitable for
validation or assimilation into RTIMs. Such use demands that a reliable means of interferometer
calibration monitoring can be performed in real time using an automated technique such as that by
Ponomarenko et al. (2018). This is required to ensure significant non-physical changes in elevation
angle are detected and not included into the assimilation. In this work we have not considered the
impact of thickness parameters on the range-elevation distributions and the information that may be
ascertained. It is expected that the use of ionospheric models utilizing data assimilation schemes will

show much reduced errors in LE due to their better representation of the immediate ionosphere.

5. Conclusions

We have demonstrated a new technique for performing validation of ionospheric models using the
SuperDARN ground backscatter data set. Our method has shown utility in assessing model errors at a
range of timescales for propagation contextually relevant for OTHR operation. The LE based
assessment provides a contextualisation of what positional accuracy we may expect in OTHR
coordinate registration and how this may vary through time for a given model. We show that analysis
of range-elevation distributions permits significant information to be gleaned on the origin of model
errors with good agreement with ionosonde values. Beyond this, we provide context to the extent of
elevation calibration errors on the echo distributions and show they can be significant in the context of
NmF2 errors. The demonstration of ionosonde driven model backscatter conclusively shows that
model performance can be dramatically improved by better representations of NmF2, with
improvements of ~800 km observed during the nighttime. For the IRI-2016 model, we observed

monthly averaged RMS leading edge errors consistently below 400 km during the daytime hours of
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January 2014 and 2018, with significant increases during the nighttime and as the terminator
approaches. Overall model performance was seen to be considerably worse during summer, with this
attributed to the addition of more propagation modes and blanketing Sporadic-E degrading our data.
We note the critical importance of including Sporadic-E in operational models for midlatitude systems
as it is expected to be catastrophic for HF radar operation if not appropriately considered. Based on
our current analysis of IRI-2016 performance at Blackstone, we believe this method provides a
distinct opportunity to perform quantitative validation campaigns of models over a wide range of

geographical areas and time periods by expanding analysis to other radars in the network.
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779 Temperature (K) log10(Number Density (m~™-3))
780 Neutral atmosphere temperature and number density profiles used to calculate ionospheric absorption.
781 2. Tdiff values
Tairr (M) 2014 2018
January -0.322 -0.330
June -0.332 -0.327
782 Interferometer calibration values for each month of the validation period. During periods of high noise during January
783 2014, an alternate value of -0.320 ms is used. This data is also available in the data availability section.
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Figure 1. SuperDARN geographical coverage maps for a ground range of 3.500 km for all active
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Figure 2. Summary data plot for the Blackstone radar Beam 16 between 16th and 18th January 2014,

showing a dominating presence of ground backscatter echoes and the operation of the radar in a dual

frequency sounding mode. The presented ground flags are from the standard SuperDARN fitacf files

and no manual flagging has been performed. Panel B shows the backscatter elevation angle of arrival

estimates by the SuperDARN interferometer array calculated using the standard Ty estimate

provided in the hardware data file for the Blackstone radar without calibration. Panel C provides

signal to noise ratio values from the SuperDARN ACF estimation whilst panel D presents the
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Figure 3. Geographical coverage of the Blackstone radar's 24 beams spaced at 3.24 degrees. Markers

are provided in ground range for intervals of 500 km. Beam 16 is indicated in red with the Alpena

1onosonde marked downrange by a green trIaANGLE. ..ouivivieieieie ettt ettt ettt e e s e rerererere s 7

Figure 4. Example raytrace using HFRM for the Blackstone radar beam 16 at 18:00 UT on the 25"

Jan 2018, showing distinct propagation modes via different regions of the ionosphere. Transmission

frequency 1S SEL 10 10.8 IMHZ. .ooveiiie i 10

Figure 5. Radiation patterns for the TTFD array phased to beam 16 at 10 MHz (A) and 14 MHz (B).

The variation in azimuthal beamwidth of the main lobe is provided in panel (C) for a range of
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Figure 6. FOV assignments for Blackstone beam 16 using the Burrell et al. (2015) automatic FOV

detection algorithm in June 2014, showing a significant proportion of echoes being unassigned.

Elevation data is calculated using the default Tg value in the Blackstone hardware data file for this

period which was equal to the calibrated VAIUE. ......uuvvvuriiiririiiiiiiieiiriiererirerererererererererererer ... 14

Figure 7. Example action of the DBSCAN based filtering method, showing the identification of

distinct groups in A), the calculation of cluster centroids in B) and C), and the filter determination in

D). Echoes flagged in D) as filtered identify E-region echoes, noise identifies echoes classed as noise

by DBSCAN. checked noise identifies echoes classed at noise that pass the check for a suitable cluster

in the neighbourhood, and min points identifies instances where insufficient data was available in a

given 30-minute window. The clustering technique demonstrates the filtering of coherent structures as

a whole and minimises the impact of non 1F echoes on the LE feature. .....oovvvvveviieie e e neneens 18

Figure 8. Power histograms for data in January 2014 for the Blackstone SuperDARN radar (red), the

model (blue) and the normalised model with low power echoes removed (light blue). The

normalisation process shows good agreement between the corrected model and the Blackstone radar
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Figure 9. Variation in elevation angle for the Blackstone SuperDARN radar (A) and the model (B)

between 16™ and 18" January 2014. The leading-edge range is extracted and plot in (C) for

Blackstone radar (red) and the model (blue). The error in leading edge range is included in (D) whilst

transmission frequency is included in (E).....coovviiiiiiiiiiiii 21
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Figure 10. Variation of leading edge in January and June for both 2014 and 2018. Blackstone

SuperDARN leading edge is provided in the first column, the model in the second, the Ap index in the

third, and the calculated leading-edge errors in the fourth. One should note that leading edge errors are

clipped to £2160 km to preserve dynamic range and in some rare cases, errors do exceed this. The

error colormap is logl0 scale and has contours every 45km which corresponds to the eroup range

resolution of the measurements. Data is not available for many periods in January 2014 and is the

reason for large blocks of missing data. The time of the local solar terminator is shown by the black

vertical lines for a point 500 KM dOWN FANGE. .....covviiiiiiiieeeeeeeee ettt 23

Figure 11. Example time variation of filter flags showing the presence of blanketing sporadic-E for

much of June 2018. The filter performs reliably across this period, with minor inconsistencies where

sporadic-E is incorrectly. The filtered echoes in the model are from 1E backscatter as sporadic-E is

not modelled in the IRI2016 model. These echoes are likely also in the SuperDARN data but are

difficult to distinguish from SPOradiC-E. .....ccooiiiiiiiii i 25

Figure 12. Day variations in 15-minute month averaged leading edge slant range (top) and the

corresponding RMSE (bottom) in 2014 (left) and 2018 (right). Instances where no data is available

restricts full day coverage of this analysis in all cases but June 2014. ..., 27

Figure 13. Slant range - elevation echo distribution histograms for the Blackstone radar shown by the

base colormap and for the model by the overlayed contours. All echoes occurring within the specified

hour across the full month are included in each panel, with the total count included indicated in the
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Figure 14. Comparison of Blackstone radar (A), model (B), and ionosonde driven model (C)

backscatter LE variations (D) and errors (E). Default IRI-2016 and ionosonde peak density and height

parameters are compared in panels (F) and (G), respectively, whilst operating frequency is provided in

(D et eee e s e ees e ees e et et et et ettt s 31

Figure 15. Diagnostics of model errors by applying NmF2 and hmF2 offsets (blue) compared to

calibrated Blackstone radar backscatter (red). Tgr pertubations are demonstrated in panels (D1) and

(D3) in (green), with ionosonde driven model backscatter also shown in (D2) in (magenta). 33
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