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ARTICLE INFO ABSTRACT

Keywords: Using five diverse data sets, we demonstrate that apparently local ionospheric spread-F activity, observed with
Mid-latitude spread-F an HF radar and the Arecibo Observatory (AO) Incoherent Scatter Radars (ISR) under geomagnetically quiet
Ionospheric irregularities conditions, is likely the local manifestation of a mesoscale or larger ionospheric response to relatively weak

Solar wind pressure pulses

solar wind activity. The solar wind activity included a weak pressure pulse and Interplanetary Magnetic Field
GNSS delta-vTEC keograms

(IMF) realignment events. The mid-latitude spread-F activity was observed with a 4.42 MHz radar located near
AO and the dual-beam 430 MHz AO ISRs. Additionally, the Coupling, Energetics and Dynamics of Atmospheric
Regions (CEDAR) Madrigal Global Navigation Satellite System-Total Electron Content (GNSS-TEC), the NASA
OMNI, and the SuperMAG datasets were used to establish the (mesoscale/global) wide-context of the local,
deep-context radar results. While the ISR event appears to be “classical” local spread-F, often attributed to
Perkins-like plasma instabilities, the HF radar reveals large ionospheric structures coincident with the ISR
event. However, that the apparently AO-local event was part of a very dynamic mesoscale event that lasted
for over ten hours, is shown via independent AO-sector and AO-conjugate sector keograms constructed using
detrended vertical TEC (delta-vTEC) data. The keograms reveal a prominent F-region feature that appears to
propagate from west-to-east and then back to the west passing over AO twice. The ISR manifestation of this
mesoscale event is indistinguishable from decades of similar ISR results which were assumed to be strictly
“local”. The strong non-local (mesoscale) properties revealed by the delta-vTEC keograms suggest a possible
space weather influence. Study of the relevant NASA OMNI solar wind and superMAG magnetometer data
points to modest solar wind features including IMF realignment that may have electrodynamically launched,
with little time delay, the observed mesoscale ionospheric events. Given the apparent rapid ionospheric
response to the solar wind features, we suggest that limited latitudinal scale, prompt penetration electric fields
(PPEF), associated with highly-localized partial ring current activity, be considered in the system-of-systems
context of our observations. In any case, the need to examine magnetospheric/ionospheric electrodynamics
across a wide range of instruments and data sets is demonstrated.

1. Introduction (Global Navigation Space System — Total Electron Content; Dinsmore
et al.,, 2021a,b), we examined relevant data processed to keogram
We describe rather surprising Arecibo Observatory (AO) incoherent
scatter and HF radar observations of the ionospheric phenomenon
widely known as “spread-F”. These unique observations were con-
ducted over ~12.5 h beginning at 22:41 AST (Atlantic Standard Time =
UT-4 h) 14 March 2017 and ending at about 11:00 h 15 March 2017. link to solar wind properties as revealed in the OMNI and superMAG
This was a geomagnetical]y quiet period near solar minimum and so data. We first provide a brief history of spread—F studies which is
spread-F activity was expected and observed. As we had recently devel- then followed by an in-depth description of our results and conclusions.
oped the open-source software needed to ingest and analyze GNSS-TEC

(defined later) form revealing that the AO-local spread-F was part
of a mesoscale structure that was also observed in the AO-conjugate
keogram. Taken as a whole, these radar and keogram results suggest a
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The ionospheric phenomenon known as spread-F has been un-
der investigation for nearly a century following detection with early
swept-frequency HF radars — ionosondes (ionospheric sounders) — as
described by Berkner and Wells (1934) and Booker and Wells (1938).
Spread-F as seen on ionograms is the splitting and/or spreading in
virtual range and frequency of the ordinary (O) and extraordinary
(X) traces from F-region virtual ranges. Ionograms exhibiting spread-
F and relevant to this discussion are given as Fig. A.1 in the ancillary
section. Booker (1961) provided essential insight in his radio science
assessment of the complex ionogram traces associated with Vanguard
II rocket launch from Cape Canaveral. The rocket plume created an
ionospheric depletion tube through the F-region plausibly explaining
the ionosonde results. Booker extended this insight to spread-F and
radio star scintillation per his Fig. 6 which graphically depicts an entire
3D complex of plasma-depletion tubes. Herman (1966), in a delightful
magnum opus, reviewed the observational evidence from all avail-
able instruments regarding ionospheric processes leading to ionogram
spread-F. He convincingly linked F-region geomagnetic field-aligned
irregularities (FAI) to spread-F at all latitudes. Herman also concluded
that the perpendicular-B FAI scale was ~1 km with significant parallel-
B elongations. Spread-F producing ionospheric structure, comprised
of horizontally extended regions of FAI structures (Fig. 6; Booker,
1961), was found to be mesoscale in size. For (Herman, 1966), the
question of how mid-latitude FAI structures were created remained
open although plasma instabilities were suspect. In his celebrated pa-
per, Perkins (1973) offered what remains, after some caveats regarding
instability growth rates and a few other details, the accepted expla-
nation for the observed ~1 km-scale FAI structures and perhaps for
the surrounding ~10-100 km scale F-region structure as well. Using
the original Arecibo Observatory (AO) 430 MHz Incoherent Scatter
Radar (ISR; Mathews, 2013b), Mathews and Harper (1972) associated
multi-trace spread-F ionograms with complex vertical and horizontal
structure of the nighttime F-region. Although, due mostly to insufficient
computer power, the time and range resolution was insufficient to
resolve ionospheric structure below ~10 km, the F-region structure
reported by Mathews and Harper (1972) was likely what we now
refer to as “upwelling”. These observations were continued by Behnke
(1979) who used the AO ISR beam-swinging mode to discover and track
the passage of F-region high/low altitude “bands” or “slabs”, at times
up to 70 km in height and no more than 10 km in thickness.

Since these early reports, the morphology, occurrence rate, and
origins of spread-F have been the subject of a great deal of research
employing radio science tools such as ionosondes (Bowman, 1990)
and coherent scatter and incoherent scatter radars (e.g., Swartz et al.,
2000; Mathews et al., 2001a; Hysell et al., 2018) along with theoretical
analyses as described in Ossakow (1981), Bowman (1990), Swartz
et al. (2000), Zhou et al. (2006) and Hysell et al. (2018) among
others. As mentioned above, the term spread-F was coined in the
early days of ionospheric research when the ionosonde and other
HF radars were the principal instruments. As ionosonde technology
and distribution expanded, the definition of spread-F grew to include
diffuse echoes that were assumed to be due to scattering, as opposed
to reflection, from small-scale plasma instability structures and other
sounder wavelength scale structures including FAI in the region where
the radar illuminates the radar wave vector (}) perpendicular to the
geomagnetic field (E) ork L B region of the ionosphere. Different
ionogram classifications have included both resolved and unresolved
spread-F and range and frequency spread-F along with equatorial, mid-
latitude, and high-latitude spread-F. Importantly the term has been
carried over to pronounced F-region ionospheric structures such as a
strong upwelling with kilometer-scale substructure as detected by the
50 MHz MU radar in coherent scattering and by the AO ISR. The
definition used herein is in reference to Figs. 1 & 2 of Mathews et al.
(2001a), Fig. 2 in Mathews et al. (2001b), Fig. 8 in Seker et al. (2007),
and Figs. 1 & 2 in Hysell et al. (2018). Additionally, equatorial spread-
F (ESpF) plumes, also of possible concern expressed herein, have long
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been featured in studies conducted at the Jicamarca Radio Observatory,
e.g. Woodman (2009) and Hysell et al. (2018). High latitude spread-F
(HLSpF) and its origins are reviewed in Keskinen and Ossakow (1983).
As noted by Hysell et al. (2018), ESpF and HLSpF are each attributable
to the respective instabilities inherent to the horizontal geomagnetic
field unstably supporting the ionosphere against gravity (Woodman,
2009) while HLSpF is a direct consequence of the near vertical polar ge-
omagnetic field and the resultant efficient magnetospheric-ionospheric
(MI) coupling with inherent plasma instabilities (Keskinen and Os-
sakow, 1983). At middle latitudes, with geomagnetic field lines neither
horizontal nor vertical, the origins of mid-latitude spread-F (MLSpF) are
perhaps less clear. Into the 1950s the MLSpF generative process was
unknown but that, observationally, it was suppressed during the day.
The overall process was explained by Perkins (1973). That is, that the
daytime plasma concentration profiles are governed by ionization and
recombination mechanisms which are rapid compared to ionospheric
convection which in turn prevents convective motions from modulating
the Pedersen conductance, a condition that must be met for the MLSpF
instability to develop and grow. Simply put, the daytime photochemical
E/Fl-region electrically shorts the highly conducting F-region flux
tubes stabilizing the F-region while, conversely, the nighttime E-region
valley electrically opens the highly conducting F-region flux tubes
allowing E fields to develop. A more comprehensive description of
the Perkins mechanism is given in the introduction of Mathews et al.
(2001b). Fuller descriptions are given in Kelley (2009), Chapter 6, Zhou
et al. (2006), and Perkins (1973).

Modeling studies indicate that the Perkins mechanism alone has a
slow growth rate that cannot quickly produce the observed spread-
F structures without sufficient “seeding” (pre-conditioning) perturba-
tion structures (Kelley and Fukao, 1991). That is, plasma structures
of appropriate scale and amplitude to initiate bottom-side F-region
Perkins instabilities that grow to the observed characteristics over
a few hours at most are needed. Based on MU radar observations
of spread-F structures (Fukao et al., 1991) and Kelley and Fukao
(1991) proposed that acoustic-gravity wave (AGW) modulation of the
atmosphere/ionosphere at F-region altitudes were a likely seed mech-
anism. Miller et al. (1997) also argue that AGWs induce Perkins-like
plasma instabilities in the night-time ionosphere over Arecibo Observa-
tory. While recognizing that AGWs are likely an important mechanism
seeding the mid-latitude Perkins instability, we report multi-instrument
observations that suggest that solar wind IMF and pressure features may
have a role even at low solar activity levels. To our knowledge this
regime has not been previously explored.

In this paper we present unique, multi-instrument observational
evidence for a non-local — mesoscale to possibly global — ionospheric
electrodynamic event that manifests at AO as mid-latitude spread-F.
Using the evidence provided from five independent sources, we intro-
duce the possibility that solar wind variations provide an additional
spread-F seeding mechanism, which will be discussed in the rest of
the paper. The event was locally (deep-context) observed at AO by
both a low power 4.42 MHz HF radar and the dual-beam 430 MHz
ISRs. The near solar minimum, low geomagnetic activity, nighttime
radar spread-F activity is herein identified as a feature within an AO-
sector mesoscale ionospheric structure observed via (keogram) analysis
of GNSS TEC. The radar and TEC F-region structures are ultimately
linked to a relatively minor space weather event that spanned the
radar observation period and includes a solar wind pressure pulse
as well solar wind as three magnetic field (IMF) realignment events
(e.g., Huang, 2020). Given the apparent rapid ionospheric response to
these modest solar wind features, we suggest that limited latitudinal
scale, prompt penetration electric fields (PPEF), associated with highly-
localized partial ring current activity (e.g., Fukushima and Kamide,
1973; Tsurutani et al., 2004, 2008), be considered in the system-of-
systems context of our observations. We present our results over four
main sections. Following the Introduction, we first briefly describe the
data acquisition systems and resultant data sets. We then present the
core results and integrate them into a coherent whole. Finally, we
discuss the results with concluding remarks.
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Fig. 1. Schematic (not to scale) representation of the geometry of Arecibo Observatory (AO) HF heater, HF radar, and 430 MHz incoherent scatter radar (ISR). The elevation

plane of the HF antenna is 120.1° at ¢ =0°, 101° at ¢ =45°, and 80° at ¢ = 90°.

2. Instrumentation

Multiple instruments and data sets were used to observe and trace
the unusual MLSpF structure reported herein. Each instrument is de-
scribed in the following subsections. These include the 4.42 MHz Penn
State Ionospheric Radar Imager (PIRI) radar, Arecibo HF heater, the
dual-beam 430 MHz AO ISR, and the appropriate GNSS-TEC receiver
array. A sketch of the geometry of the observations with respect to the
radars is in Fig. 1. The PIRI HF radar was deployed near a HAM radio
station close to the observatory. The GNSS-TEC receivers are located
across the Caribbean island chain and across South America. The OMNI
data set is primarily data from satellites at L1 and the SuperMAG data
set is gathered from a global network of magnetometers.

2.1. PIRI HF (4.42 MHz) radar

PIR], is a software-defined HF radar which was designed and im-
plemented as described by Bostan et al. (2019) to study ionospheric
plasma instabilities. In early March 2017, PIRI was deployed near AO
(18.36° N, 66.75° W, 43.5° dip-angle, radar frequency = 4.42 MHz) in
order to utilize the AO ionospheric heater system during an HF heating
campaign. The HF radar setup was identical to the system described
in Bostan et al. (2019) except for its operating frequency and transmit
front end. An inverted-V type dipole antenna centered at f, = 4.42
MHz was used for transmitting. The voltage standing-wave ratio of
the antenna was less than 1.2 over a 50-kHz bandwidth. Half-power
beamwidth of the antenna in the elevation plane is 120.1° at ¢ = 0° as
shown in Fig. 1, 101° at ¢ = 45°, and 80° at ¢ = 90°. The transmitting
antenna beam points at zenith and it is horizontally polarized. An HF
linear tube ham radio amplifier, Ameritron AL-811H, is used in the
final stage of the amplification and was able to provide 625 W peak
power even though it is used slightly off its operating region. At the
receiver front end, PIRI used two wide-band horizontal crossed-dipole
active antennas for reception allowing circular polarization analysis.
A more comprehensive description of the system and its components
can be found in Bostan (2018) and Seal (2012, 2017). Several signal
processing techniques are applied to the HF data including zero side-
lobe decoding of the Barker codes, filtering the DC offset and filtering
interference. Sidelobes of the decoded Barker sequence can adversely
impact interpretation of radar data particularly in a high dynamic range
environment. Thus, a sidelobe-free decoding filter is applied based
on Lehtinen et al. (2004) and Kesaraju et al. (2017). During the March
2017 heating campaign, the PIRI HF radar was deployed to run a set of
D-region wave interaction (cross-modulation) experiments (e.g., Sulzer

et al., 1982). The data set presented herein was recorded in an attempt
at wave interaction. However, the 5.125 MHz heater interference due to
arcing has proven insurmountable. Fortunately, we are nonetheless able
to thoroughly document the extended spread-F activity revealed in this,
especially now that AO is deceased, unique dataset. The AO HF heater
was operating during some intervals within the observing period and
was prone to arcing thus generating strong wideband interference. This
interference tended to saturate the wideband amplifier of the active
receive antennas. As indicated in Table 1, the HF heater was operat-
ing in a pulsed mode starting from midnight until 07:30 LT. Those
individual PIRI pulse returns exhibiting heater arcing interference were
removed from the HF range-time intensity (RTI) plots which resulted
in the elimination of almost half of the radar pulses.

2.2. Arecibo 430 MHz incoherent scatter radar

The Arecibo Observatory 430 MHz incoherent scatter radar (ISR,
in single and, ultimately, dual-beam mode) had been in operation
since 1963 through to a few months before the untimely demise of
the telescope on 1 December 2020. A history of ISR at AO is given
in Mathews (2013a,b). Famously and fortunately, the 305 m spherical
cap dish, as conceived by William Gordon, was far bigger than needed
for basic ionospheric probing. This was due to assumptions regarding
the spectral width of the ionospheric radar signal. The operational 430
MHz ISR was 20-80 times, depending on mode of operation, more
sensitive than other ISRs. Incoherent scattering is extensively reviewed
in the literature, e.g., Evans (1972) and Mathews (1986). The AO
ISR has a 1/6 degree pencil beam and, via the theory of incoherent
scattering, parameters such as electron concentration, wind velocity,
ion-neutral collision frequency can be inferred (Mathews, 1984). In the
observations presented here, both the linefeed and Gregorian systems
were used. For these observations, as shown in Fig. 1, the Gregorian
was pointing at zenith while the linefeed was pointed 11° magnetic
south.

2.3. GNSS delta-vTEC

The third and final “instrument” used in this study is the GNSS-
TEC receiver network. The GNSS-TEC receiver network covers much
of the non-oceanic latitudes and longitudes and can provide a global
(wide context), distributed image of ionospheric F-region electron total
electron content — peak electron concentration is taken to be at 350
km altitude. The geographical location of each 30 s TEC measurement is
the point at which the receiver-satellite line-of-sight passes through 350
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km altitude. The GNSS-TEC receiver network provides the GNSS-TEC
data set, which is available from the CEDAR (Coupling, Energetics and
Dynamics of Atmospheric Regions) Madrigal database (http://cedar.
openmadrigal.org/) with additional TEC data made available from
the LISN (Low Latitude Ionospheric Sensor Network) network (http:
//lisn.igp.gob.pe). The GNSS-TEC data set consists of electron column
concentration measurements (in TECU units, 1016;—’2) that are derived
from the propagation delays introduced by electrons in the path of the
GNSS signal to the receiver on the ground (e.g., Coster et al., 1990,
1992). That initial line-of-sight column electron concentration (called
slant-TEC, or sTEC) is mapped to a vertical path to yield vertical-TEC
(VTEC) (Rideout and Coster, 2006; Vierinen et al., 2016). The open-
source software GRITI (available per Dinsmore, 2021) is then used
to detrend the vTEC data to produce the delta-vTEC data set used
for analysis herein (Dinsmore et al., 2021b). The delta-vTEC data set
provides millions of measurements of perturbations in the ionosphere,
along with associated latitude, longitude, and timestamps. The noise
amplitude associated with sSTEC measurements is very low (0.02 TECU)
compared to expected amplitudes (~0.5 TECU; Coster et al., 2013).
Additionally, the process that maps sTEC to vTEC suppresses noise
farther by reducing the amplitudes of (relatively) noisier low elevation
angle measurements.

Dinsmore et al. (2021a) introduces the keogram analysis method
(see Figs. 4 and 5 herein) which, in our application, reduces a visually
challenging movie of delta-vTEC versus latitude/longitude versus time
to a static figure showing delta-vTEC versus longitude versus time
where all data in each longitude-narrow/latitude-wide “pixel” is av-
eraged per Fig. 4 template. This averaging approach yields results that
are very resistant to systemic noise from GNSS constellation sampling
issues and associated biases even at low measurement densities. The
delta-vTEC keogram analysis method was introduced by Dinsmore et al.
(2021b). The code is available within the open-source software GRITI
(https://github.com/dinsmoro/GRITI).

A more detailed description of the keogram approach as a robust
analysis method for delta-vTEC data is given in Dinsmore et al. (2021a).
The keogram analysis method is based on the concept introduced
by Eather et al. (1976) which has been extended to apply to TEC
products. It primarily consists of slicing (pixilating) a geographic area
into strips, in this case latitude-wide and longitude-thin strips (vertical
strips in our visualizations; see Fig. 4) and averaging the data in each
pixel over a specified time interval. That is, all delta-vTEC points within
a single strip are averaged together to produce a single pixel for each
time interval, 30 s in these results. Each 30 s cadence row of pixels
is displayed on the ordinate for each time interval (abscissa) creating
a static “movie” of the progression of delta-vTEC activity through
time—the keogram. Fig. 4 shows the keogram averaging framework
(slicing template) for AO-, AO-conjugate-, and SA-sectors that yields
the respective keograms in Fig. 5. For the keogram averaging-templates
given in Fig. 4, the vertical magenta lines represent the slicing direction
applied to the mapped geographic area. Importantly, the slices shown
here are a reduced number of slices for visualization purposes - the
actual slices are 10 times denser. The scattered data points in Fig. 4 are
a 30 s realization (at 0:00:00 UT 14 March 2017; —28 h in Fig. 5) of all
satellite-receiver line-of-sight 350 km altitude pierce points color coded
to delta-vTEC values per the color bar. All the satellite pierce point
delta-vTEC values within each slice (pixel) at each 30 s interval are
averaged to one number which represents that delta-vTEC pixel value
at that time for the slice central longitude. This process is repeated for
all timestamps to yield a cohesive view of longitudinally-moving delta-
vTEC activity in the form of the keograms in Fig. 5. The upper left
keogram averaging-framework (a) has 50 slices and each slice is 0.32
arcdegrees (approximately 36 km) wide in longitude and 16 arcdeg
tall in latitude. The upper right keogram averaging-framework (b) has
50 slices that are 0.5 arcdeg (approximately 55 km) wide in longitude
and 25 arcdeg tall in latitude. The lower keogram averaging-framework
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(c) has 50 slices that are 0.94 arcdeg (approximately 104 km) wide in
longitude and 25 arcdeg tall in latitude.

NOTE: AO is located at 18.3464°N and 293.2472°E (—66.7528°E).
The 2017 AO 350 km altitude geomagnetic conjugate point is lo-
cated near 35.88°S (+1°) and 303.21°E (-56.79°E) (+1°) per IGRF13
and using ray tracing. The longitude-band slicing orientation used
herein highlights activity that moves perpendicular to the slices (in
longitude). For reference, Dinsmore et al. (2021a) shows a simulated
propagating feature moving perpendicular to the slices of a keogram
averaging-framework.

2.4. SuperMAG and OMNI dataset

Geophysical magnetometers have long been used to measure spe-
cific parameters related to the Earth’s magnetic field such as its strength,
direction, and dynamic properties. They have proven to be an impor-
tant tool to comprehensively understand magnetosphere-ionosphere-
solar wind physics (e.g., Gjerloev, 2009). Under the supervision of
national organizations, hundreds of magnetometers are currently scat-
tered around the world for various scientific purposes. Geomagnetic
activity indices such as Kp have long been used. However, the Super-
MAG initiative (Gjerloev, 2009) with more modern indices based on
1 min cadence data from a few hundred magnetometers is used for this
work (Fig. 6, panel b). More information regarding SuperMAG data
is given by Gjerloev (2009) and at the webpage (SuperMAG, 2022).
Under the SuperMAG Indices tab near-Earth solar-wind parameters
are available from NASA’s OMNI database. Also available is data
from individual magnetometers such as San Juan and Huancayo. We
employ both SuperMAG and OMNI datasets in Fig. 6 in order to better
understand the global context surrounding the mid-latitude spread-F
event that was detected by PIRI radar, AO ISR, and the delta-vTEC data
as presented in keogram form.

3. Results

The MLSpF event results from the PIRI HF radar, AO ISRs, and GNSS
delta-vTEC measurements are given in Fig. 2, Fig. 3. and Fig. 5 re-
spectively. In Fig. 2, the peak of the ISR-defined ionospheric upwelling
event (Fig. 3) occurs at 03:30 LT. The right-hand red box in this figure
and Fig. 3 delineate this signature event. The diffuse, range-spread
F-region signature suggests the strong role of HF propagation from off-
vertical and that overdense scattering (Mathews, 2004) from numerous
small-scale F-region structures dominate. The lack of ionospheric re-
turns between 04:00 LT and 07:00 LT indicates that the peak plasma
frequency (foF2) dropped below the 4.42 MHz radar frequency. The
F-region sunrise at ~07:00 LT with the rapid generation of the photo-
chemical ionosphere is seen in the appearance of the solid O/X-mode
traces. Together, Figs. 2 and 3 results leverage more interpretation than
either result alone. Throughout this paper, the red boxes enclose the
same signature events — the ISR-observed upwelling (right) and solar
wind event (left). The pronounced upwelling event at 03:30 LT in
Fig. 3 attracted our attention as the corresponding feature in Fig. 2
seems to indicate a much larger horizontal scale event than we had
anticipated. This type of low geomagnetic activity nighttime F-region
upwelling event has long been assumed to be caused by local Perkins
instability and referred to as mid-latitude spread-F. Thus, comparison
of both narrow-beam ISR and wide-beam HF radar suggested that the
MLSpF event could be possibly a mesoscale event instead of a local
Perkins-like instability. This led to the investigation of the GNSS delta-
vTEC measurements over the Carribean region, Equatorial region, and
the magnetic conjugate region of AO. The Fig. 5 GNSS delta-vTEC data
are given in keogram form as described in Section 2.3. The averaging
framework for the three regions is given in Fig. 4. Note that the
three-day keogram time interval supplies additional context for inter-
pretation. The keogram signature of the net MLSpF-like event period in
Fig. 5a is the AO-A that occurs over —4 and 7 AST. The structure in the
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Table 1
Active instrument configuration at Arecibo Observatory®.
Frequency IPP Pulse compression Range resolution Pulse width Peak power
HF Radar 4.42 MHz 6 ms Barker-13 2.25 km 195 ps 600 W
HF Heater® 5.125 MHz 12 ms None N/A 1 ms 300 kW
Arecibo ISR 430 MHz 10 ms Coded Long Pulse 150 m 440 ps 430 kW

aDetails of other systems that are included in this paper such as GNSS delta-vTEC, SuperMAG, and OMNI data sets are given in Section 2.4.
bConfiguration is given only for observational context.
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Fig. 2. Apparent mid-latitude spread-F (MLSpF) events captured by the PIRI HF radar. Range-spread MLSpF activity is observed over the 23:41 to ~04:00 LT interval on 15 March
2017. Note that as desribed in Section 2.1, “heater-on” PIRI pulse-returns have been removed due to strong arcing interference and the vertical bars that are visible after 07:30
LT is interference from a continuous wave heating experiment which cannot be removed. Displayed total power in the two orthogonal channels has been adjusted relative to the
individual noise levels. The Barker codes are decoded by sidelobe-free decoding algorithm (Kesaraju et al., 2017). Note: Throughout this paper, the red boxes enclose the same
signature events.
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Fig. 3. Dual-beam Incoherent Scatter Radar (ISR) Range-Time-SNR(dB) observational results approximately coinciding with Fig. 2 HF radar observations from 15 March 2017.
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America.

figure is referred to as AO-A throughout the paper to avoid confusion
as “inverted-V” is used to describe another feature in space physics.
The black arrows indicate the central times of Figs. 2 and 3 boxes. The
upwelling event time is indicated by the right-hand arrow. The Fig. 5b
delta-vTEC keogram (using Fig. 4b averaging framework) for the AO-
conjugate region of South America also shows the AO-A structure
(visible over —4 to 7 h AST) demonstrating the electrodynamic coupling
between the nighttime F-regions. Using Fig. 4c averaging-framework,
delta-vTEC keogram for magnetic equatorial SA is generated and is
given in Fig. 5¢. During local nighttime ESpF (Kudeki et al., 2007) activ-
ity is readily visible each night. Note that the time and day/night scales
for Fig. 5 all correspond to AO. Thus the blue sunrise/set demarcation
in the individual keograms are somewhat offset from each other.

The distinctive AO-A event visible in the boxes in both Figs. 5a and
5b keograms strongly suggests that Figs. 2 and 3 spread-F events are
local manifestation of a mesoscale/hemispheric event. The keograms
are not sufficient to explain the source of the mesoscale structure.
Hence, the possible space weather aspect of the AO-A events and the
underlying MLSpF activity caught our attention. Initial investigation of
the magnetometer results showed a sudden drop in global SMR index
(Fig. 6b) at the beginning of AO event (first red box of all relevant
figures) leading to our examination of the parallel space weather and
geomagnetic activity represented in Fig. 6. In Fig. 6, solar wind pa-
rameters, propagated to Earth from instruments at L1, are plotted on
one-minute cadence over the same time interval (~22:30 — ~10:30 LT)
as in Figs. 2 and 3. Also plotted is the SuperMAG SMR (ring current)
index and the magnetic north geomagnetic field component from the
HUA (Huancayo, Peru) and SJG (San Juan, Puerto Rico) magnetome-
ters. The red boxes indicate the same event intervals as those in Figs. 2
and 3 while the centers of those two intervals are identified by the
arrows in Fig. 5a keogram. Solar wind proton concentration is plotted
vs. time in Fig. 6a. What appears to be the signature onset event, with
proton concentration quickly dropping by 1/3rd, occurs at AO local
midnight. This event is readily identified in magnetometer results of
Fig. 6b as well as in Fig. 6¢ solar wind dynamic pressure, and Fig. 6d

solar wind magnetic field configuration. The AO F-region upwelling
event occurs in the interval defined by the right-hand red box in Fig. 6
and, on the mesoscale, by the right-hand arrow in Fig. 5a keogram.

4. Discussion

The AO-local MLSpF event was observed by both the PIRI 4.42
MHz radar and the dual-beam ISRs and then identified in correspond-
ing GNSS delta-vTEC observations as well as in the SuperMAG and
OMNI datasets. The combined hybrid deep-wide-context wide-beam,
low power HF radar and dual-beam, deep-context ISR results point
a highly unstable local to near-mesoscale ionosphere. Keograms of
the delta-vTEC data and comparison with appropriate SuperMAG and
OMNI data supply critical wide-context for a more complete multi-scale
picture of the event. Similar multi-instrument studies have been carried
out by Miller et al. (1997) and Seker et al. (2008). From and Meehan
(1988) reported observations of an MLSpF event observed with an
HF radar. GNSS-TEC results are presented in the keogram format that
was introduced by Eather et al. (1976). We adapt the keogram in the
approach developed by Dinsmore et al. (2021a) with data processing
procedures fully documented in Dinsmore et al. (2021b).

The multi-instrument data sets presented in this paper started with
the PIRI HF radar and a prototype wave interaction experiment using
the HF heating facility but evolved into a multi-instrument, multi-scale
meta-instrument that, we propose, revealed an apparently local mid-
latitude spread-F event to be triggered by a modest shift in the solar
wind properties. This effort was conducted during the March 2017
HF heating campaign at AO. The HF radar results (Fig. 2) suggest a
highly unstable ionosphere with range-spread spread-F over the inter-
val ~23:40 to 04:00 when the peak plasma frequency dropped below
the 4.42 MHz radar frequency. The parallel two-beam ISR observations
(Fig. 3) show a classic low geomagnetic activity, near solar minimum
nighttime F-region with mild structure until a major upwelling event
with embedded kilometer scale structure. As discussed in the introduc-
tion, these events have been attributed to local Perkins instabilities with
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the upwelling structure defined as mid-latitude spread-F. Together,
the uniquely-sensitive, deep-context, two-(1/6th degree) beam AO ISR
paired with the wide-context HF radar provided considerable insight
into AO F-region over sub-kilometer to nearly mesoscale. As noted in
the Introduction, Perkins-like instabilities, manifested as mid-latitude
spread-F, have been both theoretically and experimentally considered
to a local process. However, the HF radar results viewed relative to
the ISR results suggest that an even wider context for the radar results
is needed. This led to examination of the AO-sector GNSS delta-vTEC
measurements in keogram form as shown in Fig. 5a which firmly
establishes that the AO radar results are local manifestations of a
mesoscale process. This process is expanded to nighttime hemispheric
processes as revealed in the AO-conjugate-sector keogram shown in
Fig. 5a which reveals approximately the same delta-vTEC structure as
that shown in Fig. 5a. For sake of completeness the South America
magnetic equatorial delta-vTEC keogram is also given (Fig. 5c). This
shows strong delta-vTEC structuring, relative to the adjacent nights,
over the AO observing period. We take this structuring to be evidence of
equatorial spread-F (Kudeki et al., 2007) with some hint that the cause
of the mid-latitude AO-A delta-vTEC structure also influenced the ESpF
intensity.

Having established that the AO HF radar and ISR mid-latitude
spread-F were a manifestation of at least a nighttime hemispheric
process, we turned to examination of the relevant OMNI solar wind
properties and SuperMAG magnetometer network data sets. Compari-
son of the data sets suggests that a modest change in the solar wind

pressure and B-field properties “launched” the events observed by
radar and in the keograms. In combining (fusing) and comparing these
diverse data sets we have created a meta-instrument spanning vast
scales that seems to demonstrate the strongly coupled, systems-of-
systems response of the global magnetosphere-ionosphere system to a
modest space weather event. Next, we discuss each dataset in somewhat
greater detail.

4.1. PIRI HF RADAR observations

The PIRI observations, shown in RTI (Range, Time, Intensity) format
in Fig. 2, began at 23:41 AST, 14 March 2017 and continue until 11:15
AST, 15 March 2017. Instrument details are given in Section 2.1. The
HF radar can be thought of as a single frequency ionosonde. It reveals
pronounced range-spread spread-F (a wide spread in range of >600
km) over the 23:41 - ~04:00 LT interval after which the ionosphere
peak plasma frequency drops below the 4.42 MHz radar frequency
resulting in no ionospheric signal returns until photochemical sunrise
at ~06:50 AST. In general, such range spreading is attributed to scat-
tering from F-region structures at some significant horizontal distance
from the radar zenith location. The radio science of the ionospheric
signals is important as diffuse scattering from relatively small over-
dense plasma “blobs” dominate during the night hours and classical
ordinary/extraordinary mode Fresnel area reflections appear at sunrise.
That is, the nighttime F-region is in some sense unstable the whole
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night in that it appears to be highly structured on scales approaching
the radar wavelength (4,,; = 68 m). The Fig. 2 RTI plots suggest that
between 23:40 LT and 04:00 LT a series of at least 9 “structures” appear
at greater range and appear to approach the radar. The upwelling
event, that stands out in Fig. 3 ISR results, is somewhat distinctive here
too. The ISR results reveal that this particular structure is in fact at a
higher altitude than the surrounding ionosphere. This event region is
contained within the right-hand box in all relevant figures.

Although the HF heater was running in pulsed mode over the
entire nighttime interval, possible ionospheric effects of the heater,
e.g., causing ambiguous HF radar echoes due to electron gas heating,
are not expected, or detected. This conclusion is reached in part due to
available ionograms from the nearby ionosonde at Ramey, Puerto Rico
(18.5°N, 67.1°W), located 25 miles northwest of AO. The 20-minute
cadence ionograms, included as ancillary data (Fig. A.1), indicate that
the critical frequency of the F-region was well below the operational
heating frequency at least until 06:00 LT implying that the HF radar ob-
servations, beyond interference, were not influenced by the heater. The
ionograms do show ongoing, near solar minimum, low geomagnetic
activity (Kp~2) spread-F.

4.2. 430 MHz ISR observations

The dual, narrow-beam 430 MHz AO ISR (see Fig. 1) was in op-
eration over the 14/15 March 2017 observing period in support of
the originally-proposed wave interaction experiment described earlier.
The resulting RTI plots are given in Fig. 3. These Deep-Context ISR
observations reveal an ionosphere upwelling event (right-hand box)
with km-scale substructure. It is this event and the corresponding event
seen in the HF radar results that attracted our initial interest and led
us to consider the less obvious event in the left-hand box. Upwelling
events are relatively common in AO nighttime ISR observations and
are usually attributed to local Perkins-like instabilities possibly initiated
by one of a variety of suspect “triggers” such as Acoustic Gravity
Waves (AGWs) (Mathews et al., 2001a). However, the HF radar results
reveal that the “background” ionosphere is significantly structured over
the entire observing period suggesting that an environment supporting
Perkins-like instabilities may have been present the whole time. Notice
that the ~04:00-07:00 LT region with no ionospheric HF radar returns
in Fig. 2 is clearly visible in Fig. 3 ISR results.

In contrast to the ongoing HF radar range-spread returns, the ISR
RTI plots show a somewhat featureless ionosphere over the period
between the two events indicated by the boxes. It must be remembered
that the ISR beams are very narrow enabling direct imaging of structure
down to the kilometer scale (Mathews et al., 2001a). For example,
the structure within the upwelling feature is, not surprisingly, differ-
ent within the two beams confirming that the structuring is B-field
aligned. Contrasting the rather calm ionosphere in the narrow-beam
ISR data with the apparently “turbulent structure” ionosphere visible in
the wide-beam HF radar data indicates both large scale—approaching
mesoscale—likely moving structures made visible by HF scattering
from many small-scale structures (Mathews, 2004). The combination
of the HF radar and ISR results suggest that the mesoscale ionospheric
structure should be examined. Fortunately, the GNSS/GPS receiver
network in the AO-sector is sufficiently dense to yield the required
results.

4.3. GNSS delta-vTEC measurements

While GNSS-TEC measurements lack radar-like range resolution,
a sufficiently distributed and dense receiver ensemble provides, in
principle, a movie-like view of the ionosphere TEC (Total Electron
Content) on scales ranging from a few 10’s kilometers to the mesoscale
and beyond. Interpretation of individual measurements relies on the
assumption that most of the TEC lies within the electron-dense F-region
which we take to be centered at 350 km. In particular, the geographical
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location of individual, 30 s average TEC measurements is taken to
be the 350 km altitude pierce-point on the receiver-satellite ray path
at the sample time. For our purposes, the F-region sensitivity makes
GNSS-TEC viable for establishing the mesoscale context of mid-latitude
spread-F (MLSpF) and equatorial spread-F (ESpF). As described in Sec-
tion 2.4, we use delta-vTEC activity as an indicator of general F-region
disturbance structures including spread-F as observed by ISR. Given the
marginal area coverage of GNSS-TEC receivers in the AO-sector (and
the difficulty of interpreting movies) we present the delta-vTEC results
in keogram form per Section 2.4. These keograms are given in Fig. 5.
Millions of individual measurements are required for each keogram.

The Arecibo-sector keogram (Fig. 5a) places the ISR upwelling event
(right hand box, Figs. 2 and 3) in a much wider and intriguing context.
The upwelling event keogram location is indicated by the right-hand
arrow. The Figs. 2 and 3 left-hand-box event is indicated by Fig. 5a
left-hand arrow. The (unexpected) AO-A structure in Fig. 5a is a
time/longitude region of enhanced delta-vTEC disturbance that began
to the west (—71° longitude) of AO at ~—3 h (~21:00, 14 March 17)
and appeared to propagate eastward arriving at AO at about the time,
0 h, indicated by the lefthand arrow. The disturbance continued to the
east where it merged with another disturbance region that had started
somewhat earlier. The disturbance region then appeared to propagate
westward passing over AO at the time of the upwelling event indicated
by the left-hand arrow. The disturbance continues westward until the
night-to-day transition (photo-chemical sunrise) dissipates it at —75°
longitude. The delta-vTEC disturbance apparent propagation speed is
~300 km/h (~85 m/s). The noisy region at the top of the keogram is
due to lack of receivers (and islands) to the east of AO. In comparing
the wide-context delta-vTEC activity during the nights before and after
the observation night, it is clear that F-region disturbance activity was
relatively enhanced on the night of 14/15 March 2017 and that it was
this activity observed at AO with the deep-context radars.

The overall spread-F event observed with PIRI, the AO ISR, and
GNSS-TEC is non-local and occurs within the latitude range visible
to Puerto Rico and Hispaniola (~17° to ~22° latitude). The event
covers —61° to —75° longitude and activity likely extends over the
Atlantic Ocean to the east. The Fig. 5a keogram AO-A event appears
to propagate in longitude (for both directions) and lasts from ~—3 to
+6.5 h. The perpendicular keogram (latitudinal slicing) shows no prop-
agation perhaps because the latitude coverage is small. A concentrated
“bubble” of activity at ~2 LT between 20° to 21° latitudes corresponds
to the muddled activity seen in Fig. 5a at around —62° longitude.

To better gauge the electrodynamics leading to Fig. 5a AO-A struc-
ture, we turn to the AO-magnetic-conjugate (~58° W, ~37° S at F-
region heights) sector keogram given in Fig. 5b. The conjugate keogram
exhibits a similar longitudinally-only propagating AO- A feature during
the same time interval as in the AO-sector. The later westward feature
reaches the night-to-day terminator somewhat before it appears to
reach AO longitude. Note that the conjugate keogram reaches far to
the geographic east relative to the AO keogram while not extending as
far to the west. Thus, the mapping of the AO- and AO-conjugate AO-A
feature is not perfect. Still, it seems clear that electrodynamic mapping
of this feature, as expected for the unshorted, highly-conducting mag-
netic flux tubes, is present over the ~—3 to +6.5 AST lifetime of the
AO-A event.

Finally, we examine the geomagnetic equator region keogram
(Fig. 5¢) for sake of completeness. This keogram spans the widest
longitude coverage of the three keograms and again note that the
day-night indicator corresponds to AO. Strong delta-vTEC disturbance
occurs east of about 72° longitude during each night of the three
nights presented. We assume that the disturbance region is due largely
to equatorial spread-F (ESpF) but caution that the nighttime E-region
electrojet may contribute. Due to strong ESpF signature each night it
is difficult to conclude any relationship with the AO-A structure in the
first two keograms. However, we do note that at 00:00 LT a disturbance
feature appears west of 72° longitude. This feature is not present
during the other two nights. We intend to build a delta-vTEC keogram
climatology of this sector that may ultimately help understanding of
ESpF and its response to space weather events.
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Bz-south regions.
4.4. SuperMAG and OMNI measurements

The Fig. 5a AO-sector keogram firmly ties the 4.42 MHz PIRI radar
and dual-beam 430 MHz ISR results to the mesoscale delta-vTEC AO-
A structure that begins at ~—3 h, before radar coverage commences,
and evolves over the nighttime hours. Further, the AO-conjugate sector
keogram approximately mirrors the AO-sector keogram while the South
American geomagnetic equator sector keogram mildly suggests some
activity tied to that in the other sectors. To further understand the event
in question we looked at the SuperMAG Ring current index (SMR),

the Huancayo (HUA) and San Juan (SJG) magnetometer data, and the
corresponding OMNI solar wind data. Relevant data sets, plotted on the
same time interval as Figs. 2 and 3, are given in Fig. 6. The solar wind
parameters are time-wise propagated to the approximate magnetopause
location.

The Fig. 6 red-dashed boxes correspond to the same boxes in Figs. 2
and 3. As seen in Fig. 6a proton concentration plot, the initial ISR-
visible event (Fig. 3, left-hand box) corresponds to a slight jump in
proton concentration followed by a rapid 30% drop. The dynamic
pressure also exhibits a modest pressure pulse and the solar wind
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magnetic field configuration shifts from all components slightly positive
to Bz and Bx negative and By firmly positive. This event corresponds
to the lefthand arrow in Fig. 5a. The SMR index and HUA/SJG Bn
components all clearly “map” the solar wind event. We suggest that
this solar wind event translates with little delay to the magnetometer
response and to the AO F-region as imaged in the deep-context ISR
results. As Fig. 5a AO-sector delta-vTEC keogram and radar results
appear to be highly correlated (two arrows, Fig. 5a), we also conclude
that the mesoscale ionospheric activity represented in the keograms is
a response to the solar wind activity.

The F-region upwelling event (right hand boxes in Figs. 2, 3, 6)
is easily identified in Fig. 3 ISR results and appears to be associated
with the mesoscale delta-vTEC activity in Fig. 5a (right-hand arrow).
Through electrodynamic mapping across the highly conducting mag-
netic flux tubes (with no shorting of the flux tubes in the respective
E-regions) from AO to the AO conjugate region, the two opposite hemi-
sphere sector F-regions are closely coupled. The relationship between
solar wind events and the upwelling event appears to be most apparent
in the solar wind magnetic field reconfiguration on the 03:00-04:00 LT
interval as well in the HUA and SJG magnetometer results. The 01:45-
02:45 LT HUA/SJG positive excursion seems to be in some sense local
in that it does not correspond to a solar wind feature.

5. Conclusions

Using five diverse data sets, we demonstrate that apparently local
ionospheric spread-F activity, observed with an HF radar and the
Arecibo Observatory (AO) Incoherent Scatter Radars (ISR) under ge-
omagnetically quiet conditions, is likely the local manifestation of
a mesoscale or larger ionospheric response to relatively weak solar
wind activity that included a weak pressure pulse and Interplanetary
Magnetic Field (IMF) realignment events as revealed in the OMNI
dataset. The ISR event (Fig. 3, right hand box) appears to be “classical”
local spread-F often attributed to Perkins-like plasma instabilities, while
the HF radar reveals large ionospheric structures coincident with the
ISR event (Fig. 2). The AO spread-F activity is also apparent in the
corresponding AO-sector GNSS delta-vTEC keogram (Fig. 5; Section
4.3) as well as in the superMAG and OMNI datasets (Fig. 6, Fig. A2,
A3). The Fig. 6 OMNI data reveals solar wind structure that appears
to correspond to the entire “AO-A” delta-vTEC keogram structure with
little time delay. In particular, Fig. 6, left-box solar wind pressure pulse
is evident in the superMAG SMR (ring current) index as well as in
the HUA (Huancayo, Peru) and SJG (San Juan, Puerto Rico) magne-
tometer results. It is also evident in the ISR results. The delta-vTEC
keograms and parallel superMAG and OMNI data supply a critical,
and perhaps unique, wide-context yielding a more complete multi-
scale picture of the spread-F event observed in the deep-context radar
results that, for example, reveal substructure as small as ~1 km. Similar
multi-instrument studies have been carried out by Miller et al. (1997)
and Seker et al. (2008). From and Meehan (1988) reported observations
of an MLSpF event observed with an HF radar.

Observationally, the AO-local spread-F activity appears to be em-
bedded within a mesoscale delta-vTEC (AO-A) feature revealed in both
the AO-sector (Fig. 5a) and conjugate-AO-sector (Fig. 5b) keograms.
The corresponding South America magnetic equator sector keogram
(Fig. 5¢) also hints at a parallel response. Examination of OMNI solar
wind parameters, SMR, and the SJG and HUA individual magnetometer
responses (Figs. 5 and A.2) all point to a likely association with the
solar wind properties over an 11-hour AO keogram nighttime interval
(Fig. A2). The rapid response of the nightside AO- and AO-conjugate
sector ionospheres to the solar wind activity suggests an ionospheric
response to prompt penetration electric fields (PPEF; e.g., Hashimoto
et al., 2020 & references therein). While PPEFs have been suggested
only during geomagnetic storms, PPEFs seem to be an appropriate
mechanism here particularly if associated with partial ring current
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generation (e.g., Fukushima and Kamide, 1973). This even though the
generative solar wind event is, relatively, quite weak.

To extend this conjecture, the system-of-systems mechanism in-
voked in Hashimoto et al. (2020) is that of a solar wind event en-
hancing, perhaps via partial ring current features, Region 1 FAC (Field-
Aligned or Birkland Currents) in the magnetosphere cusp region with
the FAC electrodynamic closure in the ionosphere (Pederson currents)
forming an “antenna” that launches T M|, (Transverse Magnetic mode
0) electromagnetic (EM) waves into the earth-ionosphere waveguide
(transmission line) along which the waves propagate to lower latitudes
at the waveguide speed of light. Thus, a fraction of the solar wind
energy transferred into the magnetospheric cusp region arrives with
little delay at low latitudes where it is manifested as the PPEF (Kikuchi,
2014) action on the, in our case, nighttime ionosphere. We addition-
ally conjecture that the nighttime earth-(lower)ionosphere waveguide
(transmission line) properties are ideal, relative to daytime, for efficient
transmission of PPEF. This as the lossy ionospheric D-region is absent
and the E-region is largely electrodynamically decoupled from the
F-region.

To conclude, “local” nighttime ionospheric spread-F activity at
AO appears to be embedded within a mesoscale delta-vTEC keogram
feature that is likely associated with a small space weather event that
involves solar wind pressure and B-field realignment activity over an
~8-hour interval. The combination of deep-context radar results and
wide-context delta-vTEC results suggests a complex, electrodynamic
system-of-systems, magnetospheric-ionospheric response to the rela-
tively small solar wind feature impacting the dayside magnetosphere.
Assuming a relatively high rate of “small” solar wind features resulting
in PPEF action at low latitudes, the net space weather energy input
to the low-latitude nighttime ionosphere is likely significant. In any
case, the need to examine magnetosphere ionosphere coupling across
a wide range of scales with deep-context ISR and HF radar and wide-
context GNSS-TEC, superMAG, and OMNI datasets is shown. The AO
ISR, a major component of the meta-instrument employed in this study,
was critical to this analysis. It is imperative that our society makes a
concerted effort in bringing AO-like facilities forward as space weather
becomes of growing importance to human infrastructure both on the
Earth and beyond the Earth.
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Fig. A.1. 20-min cadence ionograms from ionosonde located at Ramey. Classical spread-F is apparent through the whole set. The ionograms are taken from: http://ramey.ionosonde.
net.
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Fig. A.1. (continued).
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See Figs. A.1-A.3.
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