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Key-points

A slow moving traveling ionospheric disturbance was detected exhibiting sub-
stantial internal substructure (on scales of ~ 20 km).

The propagation of the traveling ionospheric disturbance was estimated by sev-
eral methods to be ~65 ms™! in a NorthWesterly direction.

The substructure was larger than the Fresnel scale and generated refractive
scattering and focusing of trans-ionospheric radio waves

Abstract

The large scale morphology and finer sub-structure within a slowly propagat-
ing traveling ionospheric disturbance (TID) are studied using wide band trans-
ionospheric radio observations with the LOw Frequency ARray (LOFAR: van
Haarlem, et al., 2013). The observations were made under geomagnetically
quiet conditions, between 0400-0800 UT on 7 January 2019, over the UK. In
combination with ionograms and Global Navigation Satellite System (GNSS)
Total Electron Content (TEC) anomaly data we estimate the TID velocity to
~65ms™!, in a NorthWesterly direction. Clearly defined substructures with oscil-
lation periods of ~300 seconds were identified within the LOFAR observations
of the TID, corresponding to scale sizes of ~ 20 km. At the geometries and ob-
serving wavelengths involved, the Fresnel scale is between 3-4 km, hence these
substructures contribute significant refractive scattering to the received LOFAR
signal. The refractive scattering is strongly coherent across the LOFAR band-
width used here (25-64 MHz). The size of these structures distinguishes them
from previously identified ionospheric scintillation with LOFAR in Fallows et



al., 2020 where the scale sizes of the plasma structure varied from ~500 m — 5
km.

Keywords: traveling ionospheric disturbance, ionospheric scintillation, Low Fre-
quency ARray

1 Introduction

The signal received at a ground-based radio antenna from a distant natural ra-
dio source is a convolution of the source and a time- and frequency-dependent
variability in amplitude and phase induced by scattering from plasma irregu-
larities in the ionosphere. These effects can be broadly divided into diffractive
scintillations (Singleton, 1970; Carrano et al., 2011) and refractive scattering
(e.g. Forte, 2008), and chiefly depend on the scale sizes of the plasma irregu-
larities and the wavelength of the radio waves received (Booker and Majidiahi,
1981; Booker, 1981). Observing the various manifestations of these signal varia-
tions therefore permits remote characterisation of ionospheric behaviour. When
examining such variations in the High Frequency (HF) to Very High Frequency
(VHF) band, with corresponding radio wavelengths ranging between ~100m —
1m, one can observe a wide variety of ionospheric scattering characteristics that
span the refractive and diffractive domains (e.g. Fallows et al., 2014, 2020).

Ionospheric scintillation is the rapid variation (~1-second) in received amplitude
and phase of radio waves transiting the ionosphere, due to diffractive scattering
of the radio waves by small-scale plasma density features in the raypath (e.g.
Wild & Roberts, 1956; Yeh & Liu, 1982, Tsunoda, 1985). Such plasma density
features are highly structured (Bowman, 1981; Tsunoda, 1988; Muralikrishna
et al., 2007) and rapidly alter the refractive index of the medium as a function
of time and space, giving rise to the scintillations observed.

More specifically, the scintillation pattern is generated by many instances of
constructive and destructive interference which occur between wavelets as they
travel from the ionospheric scattering region to the observer. As the scattering
region consists of many scatterers of different scale sizes which are moving across
the raypath, some portion of the total power of the incoming radio wave will
become reconfigured into a drifting scintillation pattern once it has crossed the
space between the ionosphere and the observer and some will not. The scintilla-
tion pattern received by the observer is therefore a function both of ionospheric
plasma scale size and distance between the observer and the ionosphere. The
upper limit on scale size of the plasma scatterers which permit a fully developed
scintillation pattern is called the Fresnel scale, or Fresnel limit, which is given
by

Fp = V2L (1)

where is the observed wavelength of the radio signal, and L is the distance
from the observer to the ionospheric scattering region. As the population of
plasma scatterers is in motion with respect to the observer the Fresnel scale can
be converted to a Fresnel frequency, fp, by



fF:% (2)

where v, is the plane-of-sky propagation velocity of the scattering plasma as
seen by the observer. Plasma structure scale sizes in the diffractive regime
range from the Fresnel scale to approximately an order of magnitude below
this value (Basu et al., 1998). For a given distribution of plasma scale sizes in
the ionosphere, scintillation is more noticeable at HF and VHF (Groves et al.,
1997). This is because lower frequencies correspond to larger Fresnel scale sizes,
and hence the diffractive regime at larger Fresnel scales encompasses a greater
proportion of the plasma scattering population.

Ionospheric scintillation is common at equatorial (e.g. Abdu et al., 1985) and
auroral latitudes (e.g. Kinrade et al., 2012), but can be encountered at any
location (Fremouw & Bates, 1971). It affects the accuracy of Global Navigation
Satellite Systems (GNSS) (e.g. Kintner et al., 2007; Prikryl et al., 2015) which
operate in the UHF range, and imposes some limitations on synthetic aper-
ture radio astronomy observations (Hinder & Ryle, 1971). Thorough reviews of
ionospheric scintillation and the underlying physical mechanisms are given by
Aarons (1982), and Priyadarshi (2015), and a thorough review of ionospheric
irregularities at all latitudes is given by Fejer & Kelley (1980).

Refraction through the ionosphere is caused by plasma irregularities which have
scale sizes greater than the Fresnel scale. Under instances of sufficiently strong
fluctuations in plasma density involving larger-scale plasma features, refractive
scattering is the dominant source of variations observed in received signal power,
and particularly signal phase (Booker & Majidiahi, 1981). Scattering effects
of the ionosphere in general therefore pose challenges for low-frequency radio
astronomy, and numerous authors have covered the subject in detail, including
Magnum & Wallace (2015), and de Gasperin et al. (2018).

The very wide field-of-view, high time cadence, and large bandwidth (10-250
MHz) afforded by the LOw Frequency ARray (LOFAR: van Haarlem et al.,
2013) make it an ideal instrument with which to investigate ionospheric plasma
structures over a range of frequencies. Many previous ionospheric scintillation
studies have tended to utilise one frequency or a small range of frequencies
(e.g. Groves et al., 1997; Mitchell et al., 2005; RamaRao et al., 2006; Song
et al., 2021) from GNSS or other systems. However, the scattering effect of
ionospheric structures can be seen across wide bandwidths, particularly when
observing natural radio sources (e.g. Fallows et al., 2014). In this paper we
describe the observations of an ionospheric transient feature during a LOFAR
observation of the natural radio sources Cygnus A (3C405), and Cassiopeia A
(3C461), on 7 January 2019. Natural radio sources lend themselves well to
ionospheric scintillation studies of this kind as they are inherently broadband
emitters and thus permit observations of ionospheric influences on transited
radio signals over a wide bandwidth. Cassiopeia A and Cygnus A are also two
of the strongest natural radio source in the sky located outside the solar system.

Each LOFAR station consists of two arrays, a Low-Band Antenna (LBA)



array of dual-polarisation crossed dipole antennas suspended above the ground
plane, and which cover the frequency range 10-90 MHz and a High-Band
Antenna (HBA) array of tiles, each tile consisting of a phased array of 16
dual-polarisation bow tie antennas, which covers the range 110-270 MHz. In
this paper we use data from the LBAs at the Irish and UK LOFAR stations
(Station codes IE613 and UK608 respectively). IE613 is located near Birr in
central Ireland at 53.10°N, 7.92°W; UK608 is located near Chilbolton in the
south of England at 51.14°N, 1.43°W. Supplementary data from the Fairford
ionosonde (FF051: 51.71°N, 1.79°E) from the Global Ionospheric Radio
Observatory (GIRO) (Reinisch and Galkin, 2011) underlying the feature and
GNSS Total Electron Content (TEC) data from the British Isles continuous
GNSS Facility (BIGF) are also used. The GNSS TEC in particular provide a
useful global context for the large scale morphology of the feature. LOFAR
provides excellent high time resolution observations of the sub-structure within
the feature, and the ionosondes enable the altitude of the feature to be ap-
proximated. Geophysical indices and data from suitably located ground-based
magnetometers are also used to establish the overall space weather context at
the time of these observations.

2 Observations

The data upon which this study is based were collected during LOFAR, ob-
servations of 3C405, (Cygnus A: RA 19h59m28s and Dec. 40.73°) and 3C461
(Cassiopeia A: RA 23h 23m 24s and Dec. 58.82°) by IE613 and UK608, between
0400-0800 UT on 7 January 2019. These station locations are shown in Figure 8.
The raw data for this observation can be obtained from the LOFAR long-term
archive (https://lta.lofar.eu); observation ID L691956 under project LT10_ 006.
From the perspective of both LOFAR stations, the radio sources were observed
to rise in elevation and rotate clockwise in azimuth during the observing win-
dow (See Figure 7). A summary of the observing parameters is given in Table
1, showing the event onset and event end times for the two radio sources and
the two LOFAR stations used. All times henceforth are given in UT.

Given that the observation took place over a 4-hour window, the significant
changes in elevation and azimuth of both sources was reflected in a general in-
crease in received intensity from the radio sources over all observing frequencies
during the window. It was therefore necessary to remove the time-of-day depen-
dence from the received signal power for the whole dataset. This was achieved
by dividing the data in each sub-band channel by a fitted 3rd order polynomial.
Removal of RFI noise spikes was achieved by median filtering of each channel in
a sliding window of 50 data points, corresponding to ~0.5-seconds, and finding
the standard deviation. Data points exceeding a 5 threshold within this window
were removed.

Observation Cassiopeia  Cassiopeia  Cygnus A Cygnus A Notes
A A Azimuth Elevation Azimuth
Elevation



UKG608LBA
Observation
Start
Event not Event not Event
seen seen onset,
Cass. A
Event not Event not Event end,
seen seen Cass. A
° ° ° ° Observation
End
1E613
LBA
Observation
Start
° ° Event
onset, Cyg.
A
° ° Event
onset,
Cass. A
Event end,
Cyg. A
Event end,
Cass. A
Observation
End

Table 1. Observation summary and approximate event timings from LOFAR
observations of Cassiopeia A and Cygnus A on 7 January 2019.

The LOFAR frequency coverage used here extends over 200 evenly spaced sub-
bands of 195.3125 kHz, from 24.99-63.86 MHz. Note that the mininmum and
maximum frequencies quoted are the mid-points of their respective channels.
The extrema of the full LBA bandwidth are excluded as they are often con-
taminated with heavy RFI from HF signals trapped in the Earth-ionosphere
waveguide at the low end and heavily filtered to exclude FM radio signals at
the high end. Each channel is a 1-dimensional time series of received intensity,
averaged to a time resolution of 0.01s.

Figures 1 and 2 show the observation data from the UK and Irish LOFAR
stations respectively. RFI contamination still persists in a small number of
channels and these are visible as horizontal streaks. In these plots the data
have been averaged to 1-second across the full 4-hour observing window for both
LOFAR stations and on both radio sources. The exact start and end times of the
observation window are 04:00:00.0 to 07:59:59.5 respectively; the total number



of timestamps at 1-second resolution is 14455. In the top panel of Figure 1 it can
be seen that the dynamic spectrum of Cygnus A from the UK station (hereafter
UK-CygA) shows little obvious disturbances except near the very end of the
observing window; the ionosphere along this raypath is relatively undisturbed.
Dynamic spectra from other nearby LOFAR stations such as France (FR606:
47.4°N 2.2°E) also showed no significant activity during this time.

However, in the dynamic spectrum of Cassiopeia A (hereafter UK-CassA) from
the same station, a distinct series of near-vertical signal fading and enhance-
ment can be seen beginning at 05:25UT which continued for approximately 29
minutes, ending at 05:54UT. At 05:52UT a very similar feature appears in the
dynamic spectra of Cygnus A as seen from the Irish LOFAR station (Figure
2, top panel, hereafter Irl-CygA). It continues for approximately 54 minutes,
ending at 06:46UT. Fainter but similar looking structures appear briefly at the
very end of the observation. Beginning at 06:32UT, in Cassiopeia A also on
the Irish station (Figure 2, bottom panel; hereafter Irl-CassA), a series of sig-
nal enhancements, curving slightly to both earlier and later times at the lower
frequencies, are seen shortly before a deep signal fade across all bandwidths
which lasts for ~500 seconds. After signal power levels return there are a couple
of fainter signal enhancements before the feature transits out of the raypath.
The entire feature lasts some 49 minutes, ending at 07:21UT. Figures 1 and 2
are arranged in order of time of event onset, with the event first being seen in
UK-CassA, then Irl-CygA, then Irl-CassA.
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1. Dynamic spectra for the UK LOFAR station (UK608LBA) from 0400 to
0800 UT on 7 January 2019. The top panel shows the data collected from
observations of Cygnus A and the bottom panel shows likewise from Cassiopeia
A. The horizontal streaks are RFI. Event onset in Cassiopeia A is at 0520 UT.
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2. Dynamic spectra from the Irish LOFAR station (IE613LBA) showing obser-
vations of Cygnus A (top panel) and Cassiopeia A (bottom panel).

In all cases where ionospheric features were observed, the ionosphere beforehand
and afterward was undisturbed, enabling an unambiguous identification of the
start and end times. The fact that the feature is not seen during the UK-CygA
observations is interesting; nor was it seen in any of the other LOFAR stations
taking part in the same observation. This will be discussed in the following
section. Given that such high time resolution is available, some sections of the
various features observed are shown in more detail in Figure 3.

With such closer examination, finer structures can be discerned within. At
the lower frequencies some slight curvature in the vertical structures can be
seen, particularly in Irl-CassA. Between the main vertical bright features in all
dynamic spectra, fainter but similar vertical structures are visible within darker
regions which, at lower resolution, might be regarded as signal fades, hinting at
the cascade of turbulent scale sizes within the scattering plasma. In Irl-CygA
some of the vertical features near the middle of the event can be seen to split
into doublets in the higher frequency ranges of ~45-65 MHz.
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Figure 3. Close up views of all features of interest in UKCassA, IrlCygA, and
IrlCassA observations

3 Analysis
3.1 Geophysical Context

The Kp index at the start of the observations (0400) was 2+ and at the end
(0800) had dropped slightly to 14+. Local K-indices from the observatories
at Eskdalemuir (55.3°N, 3.2°W) and Lerwick (60.2°N, 1.1°W) did not go
above 1+ during the observation. The Dst index decreased slightly from -5
to -15 nT over the course of the observing period. No solar radio bursts
were recorded during the period of the event and the differences in event
onset time at the different LOFAR stations demonstrate that these events
were localised to the ionosphere rather than from emission sources in the
solar wind. Figure 4 shows the SYM-H, ASY-H, and ASY-D indices from
0000-1200 UT on 7 January 2019; neither ASY-H nor ASY-D exceed +/- 25 nT
during this time period. Geomagnetic conditions at this time were therefore
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Figure 4. ASY-D, ASY-H, and SYM-H indices from 0000-1200 UT on 7 Jan
2019, showing quiet geomagnetic conditions.
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3.2 GNSS TEC anomalies and ionosondes

To characterise the overall morphology and position of the feature seen in the
LOFAR data and to further explain why the feature was not seen in UK-CygA,
vertical Total Electron Content (vIEC) anomaly maps have been produced us-
ing data from ground based GNSS stations throughout the UK. The processing
used to generate these maps is outlined in detail in Themens et al. (2022).
These maps, seen in Figure 5, show relative deviations in vTEC from a running
30-minute averaged value of TEC. GNSS coverage is mostly constrained to the
land area of the UK; however, these maps use data from GNSS satellites at all
elevations >30°, enabling some coverage over the surrounding sea. Each pixel
has a resolution of 0.5° in longitude and latitude. Tonospheric features are shown
for an approximate projection altitude of 400 km. Yellow indicates a positive
deviation in relative vIEC, blue shows a negative drop in relative vIEC.

A traveling ionospheric disturbance (TID), comprised of at least two clear posi-
tive TEC anomaly wave peaks (in yellow) and interspersed with negative TEC
anomaly troughs (in blue), is clearly resolved over Southern England and is seen
to propagate slowly from Southeast to Northwest from 0500-0600 (Figure 5, left
panels). The wavelengths of the TID are approximately 3° at the resolution of
the maps, corresponding to a distance of approximately 300 km. Indicative of
the slow propagation of the TID is the fact that it is not seen in versions of
these maps using a 7-minute running average (not shown).

13
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5. GNSS TEC anomaly maps from 0500-0545 in 15-minute time steps, using
30-minute averaged GNSS data and time coincident Doppler ionograms from
the Fairford ionosonde (position indicated by red star).

The position of the Fairford ionosonde (red star, Figure 5) underlies the propa-
gation of the TID. Ionosondes emit radio waves in a vertical cone above them
which backscatter off ionospheric plasma and return to the receiver. Thus any
population of moving plasma within the cone will induce a Doppler shift in the
received backscatter which can be combined with angle of arrival information to
infer the approach and recession of different plasma populations in different di-
rections. It is important to note that the recession and approach of plasma pop-
ulations revealed by a Doppler ionogram may also be due to a vertical velocity
component. Doppler ionograms therefore provide a coarse overview of whether
density gradients in the bulk plasma flow above them is approaching, resulting
in blue-shifted backscatter, or receding, resulting in red-shifted backscatter.

For the Fairford ionosonde, in addition to echo power and angle of arrival in-
formation, a coarse measurement of the echo Doppler is measured within the
ionogram mode. This is generally used to help filter extraneous features from
the ionograms. While this is very coarse and does not compare to purpose-built
ionosonde drift modes, it can be used to at least infer whether structures are
moving toward or away from the instrument. Alongside the TEC anomalies,
Figure 5 also shows four time-coincident Doppler ionograms from the Fairford
ionosonde, where only the O-mode echoes have been plotted.

Figure 6 shows the Doppler ionograms from FF051 at 15-minute timesteps from
0400-0545 and azimuth ionograms, for O-mode echoes, for the same times. This
time window covered the transition of the TID as it passed overhead. Multi-
ple colours in the azimuth plots reveal the presence of multiple populations of
plasma density gradients in the transmission cone of the ionosonde at different
azimuths.

In the first plot for example, at 0400, the light-red in the Doppler ionogram
reveals a general recession of plasma at all frequencies, with the exception of a
small population of blueshifted echoes at ~2 MHz. These lower frequency echoes
correspond to a region of lower plasma density which clearly lies in the same
position as the purple in the corresponding azimuthal ionogram showing that
this lower plasma density population lies to the West (purple in the azimuthal
plot).

Generally, from 0400-0500, the predominantly red points in the azimuthal iono-
grams across the full frequency space indicate the majority of echoes are from
North of the ionosonde and are suggestive of a Northwards background plasma
gradient overhead. The redshifted echoes corresponding to this Northwards
background may also indicate a general vertical lifting of the ionosphere as the
first of the peaks in the TID approaches. Smaller short lived populations of
echoes at multiple frequencies and azimuths are also present throughout this pe-
riod which may be caused by the passage of smaller scale ionospheric structures

15



overhead.

At 0500 a clear population of green echoes appear at lower frequencies indi-
cating the presence of an ionospheric density depletion to the South of the
ionosonde. From 0515 onwards the colours become less coherent, with echoes
coming from many directions and hence, many different plasma structures. This
also coincides with Doppler ionograms which show a mixture of red and blue
indicating that echoes are being received from some plasma that is approaching
the ionosonde whilst other structures are receding. Taken together this shows
rapid fluctuations in ionospheric plasma density gradient above the ionosonde
as the highly structure peak in the TEC anomaly passes overhead.

16
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6. The upper 8 panels show Doppler ionograms every 15-minutes from 0400 to
0545 UT as the lead plasma enhancement of the TID passed over the Fairford
ionosonde, followed by the approach of the plasma trough. Spread-F is also
apparent throughout. The lower 8 panels show azimuthal ionograms from the
same times.

From 0515-0545, significant populations of blue shifted plasma are seen in the
Doppler plots, corresponding to azimuths to the Northwest. This corresponded
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with the ionosonde lying beneath the trough of the TID; the peak was prop-
agating away to the Northwest and as it moved out of the transmission cone
the altitude of the bulk scattering plasma in the ionosphere decreased, causing
blueshifting. A decrease in hmF2 from approximately 290 km to 260 km was
seen during this period, as can be seen in the hmF2 plot in Figure 7.

hmF2 (km) 7 Jan 2019 0400-0800

280 A

220 1

T T T T T T
0400 0445 0530 0615 0700 0745
ut

Figure 7. hmF2 from the Fairford ionosonde, 7-Jan-2019, 0400-0800 UT.

Moreover, the points on the later ionograms are more strongly clustered at
lower plasma frequencies, which corresponds to a reduction in plasma density.
These features are also consistent with the approach of the trough in the TID,
between the first and second peaks. Clustering of the data points in all these
ionograms is also consistent with spread-F and trace bifurcation, associated with
TID presence in ionograms (Cervera and Harris, 2013; Moskaleva and Zaalov,
2013).

TIDs are compound structures which stretch over large height ranges, however
these ionograms do enable a physical basis for the altitude of the TID to be
estimated. As can be seen in Figure 7, the hmF2 altitude varied considerably
over the course of the observing time between a maximum of 293 km and a
minimum of 208 km, averaging at 270 km. This altitude was therefore used to
constrain the LOFAR observing geometry shown in Section 3.3.

3.3 LOFAR observing geometry

Using the geometry outlined in Figure 1 of Birch et al., (2002), the angle sub-
tended at the centre of the Earth () between a line to the LOFAR station at
ground level, of length Ry (radius of Earth), and another line extending to the
ionospheric pierce point of length Rp+h, where h is the vertical height above
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ground level that the IPP is situated, can be calculated as in (3).

U = cos! [(Riih) COSE] —E (3)

where E is the elevation angle of the radio source as seen from the LOFAR
station. The direct distance along the raypath from the LOFAR station to the
IPP (L) can then be estimated, using a spherical Earth approximation, as shown
in (4).

L= \/RJQE 4+ (Rp+h)® — 2R, (R + h) cos¥ (4)

Whilst it is not known exactly where in the raypath a given plasma feature is
located, the altitude of the ionospheric pierce point (IPP) can be assumed based
on data, such as ionogram virtual heights. The angle ¥ is also useful in another
respect in that it can be used, again assuming a spherical Earth approximation,
to calculate the Great Circle distance from the LOFAR station to a point on
the Earth’s surface directly beneath the IPP, as shown in (5).

d=27mRp (%) (5)

Once d is obtained, and given that we know the geographic location of the
LOFAR station, the corresponding longitude and latitude on the Earth’s sur-
face directly beneath the IPP can be approximated using the inverse Haversine
function. For a given initial longitude (lon,) and latitude (laty) at the location
of the LOFAR station, and the azimuth of the radio source (Az), the position
(lony,lat,) of the IPP can be calculated as in (6) and (7).

lat, = arcsin [sin (laty) * cos (}%) + cos (laty) * sin (1%) * COS (AZ)] (6)

lon; = lony+atan2 [sin (Az) * sin (RLE) * cos (laty ) , cos (1%;) — sin (laty) * sin (latl)]
(7)

Given that the elevation and azimuth of the radio source is obtainable from its
RA and Declination, we can now calculate the location of the IPP for any given
time in the observing window. The accuracy of this approach can be refined
further with geodesic models that more precisely represent the shape of the
Earth but, for our purposes, the current method is sufficient. Figure 8 shows
the calculated IPP for the UK and Irish LOFAR stations of both radio sources
for an IPP altitude of 270 km, based on the average hmF2 obtained from the
Fairford ionosonde. The orange arc and blue arcs are positions of the IPP for
Cassiopeia A, and Cygnus A, respectively throughout the observing window.
The left hand pair of arcs are for the Irish LOFAR station, and the right hand
pair are for the UK LOFAR station. The position and timing of event onsets
in the various observations are also shown, as is the position of the LOFAR
stations themselves, and other points of interest, such as the Fairford ionosonde,
and ground based magnetometers at Lerwick (LER) and Eskdalemuir (ESK).
The map is produced using the cartopy library routines in Python 3.
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lonospheric pierce point position, 2019-01-07. Altitude: 270.0 km
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8. The positions of the IPP for the Irish and UK LOFAR stations observing
Cassiopeia A (orange arcs) and Cygnus A (blue arcs). The timings and
positions of the IPP at the beginning and end of the observing window, and
the various event onset times are shown. The positions of the LOFAR stations,
ionosondes, and the Lerwick (LER) and Eskdalemuir (ESK) magnetometers
are also given. Note the absence of an event onset time/position in the Cygnus
A arc for the UK LOFAR station as the event was not seen in this observation.

Figure
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In Figure 8, for an assumed altitude of 270 km, the position of the IPP at event
onset follows the time sequence of event onsets in the dynamic spectra (Figures
1 & 2). The feature is first seen, in any of the LOFAR data, at 0519 in UK-
CassA. Onset is then seen at 0552 in Irl-CygA, and finally at 0632 in Irl-CassA.
This would imply a TID propagating in an approximately West-North West
direction, which is consistent with the GNSS TEC anomaly data shown in the
previous section. The position of the UK-CygA TPP arc in Figure 8 (blue, far
right) explains why no ionospheric scintillation from the TID was seen in the
UK-CygA observations. For no plausible altitude does the UK-CygA arc lie far
enough West to cross the position of the TID at any point, as seen in the GNSS
TEC anomaly maps.

3.4 TID bulk structure and velocities

Initial velocity estimates can be calculated for the propagation of the TID by
using the positions of the IPPs at the event onset times in each LOFAR ob-
servation, in combination with the great circle distance between them. These
estimates are given in Table 2, and are based on the assumption that the events
seen in UK-CassA, Irl-CygA, and Irl-CassA, are from the same ionospheric fea-
ture.

The positions of the IPPs and the movement of the TID in the GNSS TEC
anomaly maps show that the TID was propagating approximately NorthWest.
So first we establish a Cartesian co-ordinate system with a positive X-axis
aligned West (270°) and positive Y-axis aligned North (0°) and express the
TID propagation angle in terms of these coordinates rather than as the bear-
ings shown in Table 2. By decomposing each of the velocity vectors into their
X- (Westwards) and Y- (Northwards) components, and averaging, we find the
TID was propagating at 63.6 ms™, on a bearing of 292.3°.

Transition Bearing (°) Distance (km) Velocity (ms™)
UKCassAonset > IrlCygA onset 307.6 26.2 16.2
UKCassAonset > IrlCassAonset  291.8 355.8 73.2

IrlCygA onset > IrlCassA onset  290.3 330.7 102.1

Table 2. Velocity estimates from event onset times. Transition column shows
which two IPP positions are being used to estimate velocity. Bearing indicates
initial bearing along great circle between the two positions.

The large scale topology and bulk flow characteristics of the TID are clearly
seen in the relative vIEC maps and ionosonde data. As can be seen from the
dynamic spectra (Figures 1 & 2), the lead wavefront contains sub-structure at
much finer scale sizes with lifetimes in the raypath of a few minutes. Four
frequency channels corresponding to 28.9, 36.7, 44.5, and 52.3 MHz in each of
UK-CassA, Irl-CygA, and Irl-CassA, were used to calculate the power spectral
density covering the time occupied by the events seen in each observation, and
each of these are shown in Figure 9.
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In each case the power spectra show a fairly typical appearance for ionospheric
scintillation, namely a flat plateau at the lowest frequencies which rapidly steep-
ens (at the Fresnel frequency, fp) and descends to the noise floor. The region
of lowest frequencies below the fp are from received signal power that has not
yet fully formed a scintillation pattern during travel from the ionosphere to
the observer. The region enclosed between the Fresnel frequency and the steep
descent to the noise floor is signal power from fully formed ionospheric scintilla-
tion. The power spikes seen in UK-CassA are caused by residual RFT (they are
notably absent from the 28.9 MHz channel). Strong cross-frequency coherence
can be observed in these spectra, particularly in the UK-CassA and Irl-CygA
observations, with the same Fresnel frequency being seen in each. Irl-CassA is
slightly less coherent, consistent with the more prominent curvature of features
seen in the dynamic spectra from this observation (Figure 3, bottom panel).
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9. Power spectra for UK-CassA, Irl-CygA, and Irl-CassA at selected frequencies.
The steepening of the spectra at 0.008 Hz is the Fresnel frequency.

By combining the Fresnel frequency information from the power spectra with
the calculated Fresnel scale sizes at the midpoints of each event observed, using
(1) and (4), we can estimate the plane-of-sky velocity of the plasma. The Fresnel
scale, Fy, was calculated for the extrema of the bandwidth used by the LOFAR
LBA, 25 MHz, and 65 MHz, and a middle frequency of 45 MHz. As the events
recorded in the LOFAR data lasted for tens of minutes, the distance from the
LOFAR station to the IPP at 270 km altitude, at the approximate midpoint of
each event was used as the position of the event. The LOFAR-IPP distances
(L) were calculated for UK-CassA, Irl-CygA, and Irl-CassA, as 667 km, 630 km,
and 592 km respectively. Table 2 shows the Fresnel scale sizes for the stated
frequencies at the distances quoted. Using (2) we can calculate the component
of ionospheric plasma drift velocity perpendicular to the LOFAR raypath (plane-
of-sky), and these are also shown in table 3.

As a further test of the consistency of these methods for finding the TID propaga-
tion velocity, the components of velocity perpendicular to the LOFAR raypaths
are also shown in table 3. These values can be multiplied by a cos correction,
where is the angle between the TID propagation velocity vector, as obtained
from the vector averaging method, and the plane-of-sky velocity vector as seen
from the LOFAR stations (at 90° to observing azimuth). As can be seen in
table 3, the results obtained by doing this in all three LOFAR observations are
in very close agreement with the TID velocity obtained by vector averaging.
It is notable that the velocity and propagation for similar events crossing the
raypaths for the LOFAR core stations would be much better constrained given
the large number of velocity vectors and power spectra that would be available.
A further study investigating just such an event is currently ongoing.

Freq. (MHz) / (m) Fp for UK-CassA (m) Fp for Irl-CygA (m)
25 /12.0 4002 3889

45 / 6.7 2983 2899

65 / 4.6 2482 2412

L, Fp, and velocity UK-CassA Irl-CygA
L (km) 667 630

fp (Hz) 0.008 0.008

vy, (ms?) for =12m 32 31

v, (ms!) for =6.7m 24 23

v, (ms!) for = 4.6 m 20 19

vy, (ms™) perp. to LOFAR raypath  25.3 24.3

SD (v,) 6.2 5.0
Azimuth - 90° 280.36 321.73

cos corrected velocity 62.2 55.4

Fp for Irl-Cas:s
3769

2809

2338
Irl-CassA
592

0.008

30

22

19

23.7

4.6

294.58

63.6

Table 3. Fresnel scale (Fp) and corresponding perpendicular component of
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plasma drift velocity, for the midpoint of each observation. The Fresnel fre-
quency, distances from the LOFAR station to the IPP (L) at the midpoint of
the events seen in UK-CassA, Irl-CygA, and Irl-CassA, are also shown. TID
propagation as calculated from vector averaging between the positions of the
IPP (at 270 km altitude) yields a velocity of 63.6 ms™!, at a propagation direction
of 292.3°.

By looking again at the TEC maps it is also possible to estimate the bulk velocity
of the TID by noting how long it takes to move across the maps. Figure 10 shows
TEC anomaly maps in time sequence starting at 0500 UT and stepping forward
until 0655 UT (the approximate midpoint of the event seen in Irl-CassA). Also
shown are the positions of the LOFAR IPPs at the midpoint of the respective
events (red spots). Each pixel in these maps and in the supplementary video is
0.5° in longitude and latitude which, at the surface of the Earth at mid latitude
corresponds to a distance ~111 km. The TID takes approximately 30-minutes
to cover a two pixel distance, so a simple distance over time estimate yields a
velocity of ~61 ms™, which is in very close agreement with the velocity calculated
by the LOFAR IPP vector averaging method, and the cos corrected velocities
obtained using the power spectra. The full sequence of the TID propagation
can be seen in the supplementary video to this paper.

The first panel in Figure 10 shows the positions of the two wavepeaks and the
intervening trough of the TID at 0500 UT. The first time it was seen in LOFAR
was 0519 UT in UK-CassA; the IPP at the approximate midpoint of the event,
at 0540 UT, lies just beyond the lateral extent of the TID which is visible in
GNSS data, as shown by the red dot. The blank areas are where no GNSS data
was available to establish a TEC anomaly, but one can imagine the continuation
of the lateral wavefront outwards to the NorthEast and overlying the IPP at
0540 UT. It is noticeable that by this time also the lead wavepeak has, in the
GNSS data at least, begun to break up, with the middle portion of the wave
peak having disappeared. By the time of the midpoints of the later events, in
Irl-CygA, and Irl-CassA respectively, the entire TTD has become too incoherent
to be seen in the GNSS TEC anomaly data. It is evident that whilst the TID
may no longer be coherent enough to appear in the GNSS data at these later
times, it is certainly still present in the LOFAR data.

Understanding the motion of this particular TID was complicated by the fact
that, as is apparent in the accompanying video, the direction of motion was not
strictly perpendicular to the wavefront. As the TID moves NorthWest it can be
seen that the second wave peak gradually twists clockwise by a few degrees as
it moves. Furthermore, the second wave peaks also appears to drift Westwards
from approximately 0600 UT onwards. This Westward drift demonstrates that
this complex movement is not merely a projection artefact, but a genuine separa-
tion and independent evolution of the two wave peaks which initially comprised
the TID.
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10. GNSS TEC anomaly data, averaged to 30-minutes, showing the positions
of the LOFAR IPPs (red spots) for the midpoints of the events in UK-CassA
(0540 UT), Irl-CygA (0617 UT), and Irl-CassA (0655 UT) respectively. The
TID position at 0500-0520 UT with both wavepeaks visible is also shown for
context.

3.5 TID substructure

Having acquired several independent estimates for the bulk velocity of the TID
it is possible to investigate the properties of the finer substructure lying within
the TID itself as revealed by the LOFAR data (Figure 3). Given the slow speed
of the TID and the length of time these substructures spend in the raypath
they are likely to be quite large. One dimensional time series from the four
representative frequencies of 28.9, 36.7, 44.5, and 52.3 MHz, as used in Section
3.4, but windowed to the time around the events, are shown in Figure 11.

From these time series one can clearly see that the dominant modes of oscillation
in all three events, across all frequencies, are lasting for several minutes. In the
data for Irl-CassA it can be seen that the TID has evolved significantly since
it was seen earlier in Irl-CygA and UK-CassA, with a substantial signal fade
lasting for approximately 20-minutes. Further, the signal enhancements taper
to noticeably sharper peaks than the signal fades which are broader; this is
particularly noticeable in UK-CassA and Irl-CygA.

Figure 12 shows averaged periodograms generated using Welch’s method, using
these representative frequencies, from all four observations. These periodograms
include one for UK-CygA even though no event was seen in that one, hence it’s
flat appearance. This was performed simply as a control test. The other peri-
odograms all show lifetimes of larger plasma features crossing the raypath of the
order of 300-seconds. Given a plasma drift velocity of ~65 ms™', consistent with
the velocity estimates in the previous section, the scale sizes of these features
would be approximately 19.5 km. This is substantially larger than the Fresnel
scale sizes calculated for the LOFAR wavelengths used here at LOFAR station-
to-ionosphere distances of ~650 km (Table 3). Hence the dominant plasma
sub-structures within the TID are generating refractive scattering, with smaller
structure contributing some ionospheric scintillation to the total received signal.
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One dimensional time series of LOFAR data for each event at the frequencies

shown.
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12. Periodograms generated using Welch’s method, showing the dominant
oscillation modes within the TID for UK and Irish LOFAR stations on Cygnus
A and Cassiopeia A. The absence of any significant oscillations in the UK
station observations for Cygnus A (top right) is consistent with the featureless
dynamic spectrum for the same observation.

4. Discussion

The ionosphere in these observations is essentially behaving as a large and
rapidly deformable lens. Signal enhancement features in the LOFAR data (Fig-
ure 11) tend to be shorter lived than signal fades and they tend to bracket
fades. Others have explored the concept of natural ionospheric lensing in the
past, such as Singleton (1970) and, more recently, Koval et al., (2017). A model
is presently in development to investigate this concept with respect to LOFAR
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observations in more detail, and will be published in an upcoming paper.

Fine structure signal enhancements can be exploited by radio astronomers by
capturing the observing data at those points in time to produce, in principle, a
higher resolution image of the target than would be possible if the ionosphere
were not there. This is somewhat akin to the concept of lucky imaging in optical
astronomy. Exploiting this effect across the entire LOFAR network would be
very challenging given the localised scale sizes of the lensing features. However,
given that each LOFAR station is in effect a radio telescope in its own right,
this effect might still prove useful for radio astronomy observations from single
stations. It may also be useful if exploited during observations from the LOFAR
core, which contains many densely spaced individual LOFAR stations which
would more likely all be under the same ionospheric fine structure if it is large
enough.

Exploring substructure within TIDs has been attempted only a few times pre-
viously in the literature, such as by Alimov et al., (2008). These authors char-
acterised the fractal nature of TIDs on spatial scales of ~1-10 km, quite closely
matched to the size scales we have investigated here. Similarly, they made their
observations at mid-latitude, under quiet geomagnetic conditions, by observ-
ing single frequency radio signals from orbital satellites at 150 MHz. TIDs are
typically considered as compressional wave trains, with wavelengths extending
sometimes for hundreds of km (e.g. Yang et al., 2017). However, results such
as the present study, and Alimov et al., (2008), demonstrate that individual
wave peaks within TIDs are themselves also comprised of wave trains on spatial
scales smaller than the overall TID but larger than those which generate drifting
ionospheric scintillation patterns from diffraction.

Overall, these observations demonstrate the usefulness of LOFAR as an
ionospheric observatory and offer the possibility to understand ionosphere
behaviour at previously unexplored time and frequency resolutions. The
event described here was relatively simple and unambiguous; significantly
more complex events are frequently encountered in the LOFAR archive, many
showing highly-dispersive behaviour, which will require more thorough analysis
in future work. Future work also entails developing an understanding of
the relative importance of space weather versus terrestrial drivers of such
phenomena.

5. Conclusions

We have investigated the characteristics of the propagation and fine substructure
of a medium scale traveling ionospheric disturbance using wide bandwidth obser-
vations of trans ionospheric radio scattering with the LOFAR telescope. Further
insights of the phenomena were obtained from ionosonde data and GNSS ob-
servations, which demonstrated it’s approximate altitude, global morphology,
and evolution. The TID was observed dissipating in GNSS TEC anomaly maps,
whilst still being visible in LOFAR observations as a result of the different ob-
serving sensitivities involved. LOFAR. observations revealed the presence of
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refractive scattering from structures within the TID wave peak itself, with scale
sizes of ~20 km, demonstrating LOFAR’s utility as an ionospheric observatory.
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Observation Cassiopeia  Cassiopeia  Cygnus A Cygnus A Notes

A A Azimuth Elevation Azimuth
Elevation
UKG608LBA
° ° ° ° Observation
Start
° ° Event not Event not Event
seen seen onset,
Cass. A
° ° Event not Event not Event end,
seen seen Cass. A
° ° ° ° Observation
End
1E613
LBA
° ° ° ° Observation
Start
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° ° Event
onset, Cyg.
A

Event
onset,
Cass. A
Event end,
Cyg. A
Event end,
Cass. A
Observation
End

Table 1. Observation summary and approximate event timings from LOFAR
observations of Cassiopeia A and Cygnus A on 7 January 2019.

Transition Bearing (°) Distance (km) Velocity (ms™)
UKCassAonset > IrlCygA onset 307.6 26.2 16.2
UKCassAonset > IrlCassAonset  291.8 355.8 73.2
IrlICygA onset > IrlCassA onset  290.3 330.7 102.1

Table 2. Velocity estimates from event onset times. Transition column shows
which two IPP positions are being used to estimate velocity. Bearing indicates
initial bearing along great circle between the two positions.

Freq. (MHz) / (m) Fp for UK-CassA (m) Fp for Irl-CygA (m)
25 /12.0 4002 3889

45 / 6.7 2983 2899

65 / 4.6 2482 2412

L, Fp, and velocity UK-CassA Irl-CygA
L (km) 667 630

f (Hz) 0.008 0.008

v, (ms!) for =12 m 32 31

v, (ms?!) for =6.7m 24 23

v, (ms?) for = 4.6 m 20 19

v, (ms™') perp. to LOFAR raypath  25.3 24.3

SD (v,,) 6.2 5.0
Azimuth - 90° 280.36 321.73

cos corrected velocity 62.2 55.4

Fp for Irl-Cass
3769

2809

2338
Irl-CassA
592

0.008

30

22

19

23.7

4.6

294.58

63.6

Table 3. Fresnel scale (F) and corresponding perpendicular component of
plasma drift velocity, for the midpoint of each observation. The Fresnel fre-
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quency, distances from the LOFAR station to the IPP (L) at the midpoint of
the events seen in UK-CassA, Irl-CygA, and Irl-CassA, are also shown. TID
propagation as calculated from vector averaging between the positions of the
IPP (at 270 km altitude) yields a velocity of 63.6 ms™, at a propagation direction
of 292.3°.
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lonospheric pierce point position, 2019-01-07. Altitude: 270.0 km

R

B2"M

0400

EO*N

58N

56°N

S4°N

IE613LBA

22" + lonosonde

UKe08LBA

10%wW B*W B*W 4"W W ° ZE 4°E FB°E B°E 10°E .
Figure

47



1071

1072

Log Power (arbitrary units)

1073

107t

1072

Log Power (arbitrary units)

1073

1071

1072

Log Power (arbitrary units)

107

Power Spectra Cassiopeia A UK608LBA

—— 28.9 MHz

36.7 MHz
—— 44,5 MHz
—— 52.3 MHz

—— 28.9 MHz

36.7 MHz
—— 44.5 MHz
—— 52.3 MHz

1072 107!
Power Spectra Cassiopeia A I[E613LBA
—— 28.9 MHz
36.7 MHz
—— 44.5 MHz
—— 52.3 MHz

1072 101
Log Frequencies (Hz)

Figure



49



62

60

50

48

05:00 at 280 km altitude

46

62

60

58

50

48

46

62

60

58

50

48

46

Longitude
05:20 at 280 km altitude

Longitude
06:17 at 280 km altitude

-12

-10

-8 -6 -4 -2 0
Longitude

0.02

002

05:10 at 280 km altitude

Longitude
05:40 at 280 km altitude

62

62

60

58

50

48

Longitude
06:55 at 280 km altitude

46

-12

-10 -8 -6 -4 -2 0 2 4
Longitude

0.00

vTEC anomalv

o
=
2

vTEC anomalv

0.02

0.01

001

o
s
g

0.00

vTEC anomalyv

001

a0

.02

0.02



10

o1



Scaled Power

Scaled Power

¥
3

Scaled Power

3

Scaled Power

-

Scaled Power

:

Scaled Power

o
~

¢

=)

UK608LBA Cassiopeia A timestamps: 4500 to 7501

Frequency: 28.90 MHz

Frequency: 36.71 MHz

03

Frequency: 44.53 MHz

Frequency: 52.34 MHz

03

02

0l

00

-14 0521 05:28 0536 0543 05.50 05.57 06:04

Frequency: 28.90 MHz

-02
45

0

5000

5500 6000 6500 7000 7500

IE613LBA Cygnus A timestamps: 6500 to 10101

Frequency: 36.71 MHz

Frequency: 44.53 MHz

Frequency: 52.34 MHz

0.

0547 0556 0604  06:13 0622  06:30 0639 0647

o I
e by

o
N

o
o

Frequency: 28.90 MHz

4
651

0

7000

7500 8000 6500 9000 900 10000

IE613LBA Cassiopeia A timestamps: 8750 to 12251

Frequency: 36.71 MHz

52

Frequency: 44.53 MHz

Frequency: 52.34 MHz

06




Occurrences

Occurrences

12

1.5

1.0

0.5 1

0.0

2.0

1.5

1.0

0.5

0.0

Periodogram of refractive scattering

0 UK608LBA Cassiopeia A 07-Jan-2019

0

200

400
Seconds

600

800

Periodogram of refractive scattering

IE613LBA Cygnus A 07-]Jan-2019

0

200

400
Seconds

600

93

800

Occurrences
._I
(=]

Occurrences
o = =
(¥, o un

o
o

Periodogram of refractive scattering

UK608LBA Cygnus A 07-Jan-2019

0

200 400 600 800
Seconds

Periodogram of refractive scattering

IE613LBA Cassiopeia A 07-Jan-2019

o

“W/\/I\/\\w

200 400 600 800
Seconds



