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ABSTRACT: The proposed research aimed to investigate plasma density turbulence in the terrestrial auroral
ionosphere generated by the Farley-Buneman instability (FBI) using the Swarm satellites and ground based
coherent scatter radars. The Swarm satellites are part of the European Space Agency (ESA) Earth Explorers
mission, and the Canadian e-POP mission, now known as Swarm-E, was recently added to the Swarm mission
as an ESA Third Party Mission. The coherent scatter radars used in the studies include the Ionospheric
Continuous-wave E-region Bistatic Experimental Auroral Radar (ICEBEAR) and the Saskatoon Super Dual
Auroral Radar Network (SuperDARN) radar. The work corresponds to the priority area of Challenge G5:
Different components of the Earth magnetic field and their relation to the dynamics of the charged particles
in the outer atmosphere and ionosphere for space weather research, with a focus on Programmatic Area B:
Advancing Earth System Science.

The Living Planet Fellowship start date was May 2, 2020, with a contract termination date of May 26, 2021.
The contract termination was initiated by the postdoctoral fellow due to the acceptance of a long term
researcher position with UiT The Arctic University of Norway. Due to this the attached report only covers the
first year of the fellowship, and serves as both the Mid-Term Report and the Final Report, as discussed in the
Mid-Term Review meeting.

The goal of the project was to investigate four different science questions using four unique studies. The four
science questions to be investigated were:

SQ1. How do the occurrence, amplitude, and velocity of FBI generated plasma density irregularities vary with
altitude in the auroral E-region ionosphere?

SQ2. Do ionospheric ion upflow velocities and fluxes differ between regions of E-region plasma turbulence
and regions of charged particle precipitation?

SQ3. Can a measure of E-region plasma turbulence be used as a predictor of the velocity and/or flux of ion
upflows?

SQ4. Do Alfvén waves modulate the growth rate and phase speed of ionospheric plasma density irregularities
generated by the FBI?

Using the high temporal and spatial resolution of the Swarm and coherent scatter radar measurements, four
studies were proposed to investigate the science questions. This included the development of software to
analyze the data from the different instruments. The proposed studies were:

SQ1.1: Study 1 — Location and characteristics of ionospheric scatter in relation to aurora

SQ1.2: Study 2 — The ionospheric electric field and its relation to ionospheric scatter

SQ2 & SQ3: Study 3 — Ion upflow in regions of E-region plasma turbulence

SQ4: Study 4 — Evidence of Alfvén waves in Swarm electric fields and E-region ionospheric scatter

Software was developed to map the data from the different data sets to a common coordinate system. This
included data from the Swarm-E Fast Auroral Imager (FAI) for study 1, where auroral emissions in the near
infrared measured by the instrument were mapped to an altitude above the surface of the Earth. Corrections
to the mapping had to be performed due to movement of city lights during satellite passes when mapped to
the terrestrial surface. A manuscript detailing the mapping of ICEBEAR coherent scatter data was accepted
into the journal, Radio Science. Software for mapping and visualization of SuperDARN data was also
contributed to. Software for reading in and finding accurate conjunction times for the Swarm A, B, and C,
satellite data with the coherent scatter radars was developed. The software is to be posted to a public
repository with the submission of a manuscript for study 1 to a scientific journal.

Lists of potential conjunctions were created for comparisons between Swarm-E FAI and ICEBEAR, and
Swarm A, B, and C and ICEBEAR. SuperDARN was also considered in the analysis, though due to ICEBEAR
operating at 49.5 MHz and SuperDARN operating at 8-20 MHz, SuperDARN did not often measure coherent
scatter in the same region as ICEBEAR due to significant refraction of the SuperDARN signal by the
ionosphere. Conjunctions between ICEBEAR and Swarm were therefore prioritized.




From the potential Swarm-E FAI and ICEBEAR conjunctions, 3 passes were selected for further analysis. The
properties of the E-region coherent scatter measured by ICEBEAR were compared with the brightness of the
near infrared auroral emissions measured by the Swarm-E FAI. The near infrared emissions correspond to
molecular emission sources in the E-region ionosphere. It was found that the E-region coherent scatter
occurred in a specific range of brightness values, and did not occur outside this range. In the bright auroral
emission regions there is an enhanced conductance in the E-region ionosphere from the energetic particle
precipitation, causing electric fields to be suppressed. The FBI and associated plasma density turbulence
require strong electric fields for positive growth, and therefore the suppressed electric field results in a lack of
plasma density turbulence for the coherent scatter radar signal to scatter from. In the darker auroral
emission regions there is a lack of plasma density to allow for sufficient plasma density irregularity size,
resulting in a smaller bulk scattering cross-section for the coherent scatter radar signal. In the comparison
between ICEBEAR and Swarm-E FAI data darker regions did correspond to weaker measured coherent
scatter signal. The manuscript detailing these results is currently in preparation.

Software for analysis and lists of conjunctions for the remaining studies were developed. Studies 2, 3, and 4
were not further investigated though due to a lack of time and the early termination of the contract.
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author or organisation that prepared it.
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1 Executive Summary

The Swarm, SuperDARN, and ICEBEAR Collaboration - Turbulent E-region Aurora
Measurements (SSIC-TEAM) Living Planet Fellowship project commenced on May 2,
2020, and its goal was to study plasma turbulence in the E-region ionosphere through
the use of coherent scatter radars and instruments on board the Swarm satellites. Due to
the termination of the contract on May 26, 2021, this Final Report covers approximately
a year of work on the SSIC-TEAM project. The contract termination was initiated by the
postdoctoral fellow due to the acceptance of a researcher position with UiT The Arctic
University of Norway. As only a time of approximately a year is covered, this report
serves as both the Mid-Term report and the Final Report, as discussed at the Mid-Term
Review Meeting held online on April 28, 2021.

The project proposed to study four different science questions regarding the Farley-
Buneman plasma instability and the associated ionospheric phenomena surrounding it.
These science questions included how the characteristics of plasma density irregularities
associated with the instability vary with altitude, how regions of plasma density turbu-
lence correspond to regions of ion upflow, and if a signature of F-region ionospheric waves
were present in E-region plasma density turbulence/irregularities. Four studies were pro-
posed to investigate these questions using the Swarm satellites and ionospheric coherent
scatter radar measurements from SuperDARN and ICEBEAR. The four studies involved
comparing Swarm-E Fast Auroral Imager (FAI) measurements with E-region coherent
scatter, and comparing Swarm A,B,C Electric Field Instrument (EFI) and magnetome-
ter measurements with E-region coherent scatter.

To compare the measurements, software was required to be written for mapping the
data from the different instruments to a common coordinate system. The software will be
posted with submission of the first manuscript corresponding to the first study proposed,
Study 1 - Location and Characteristics of Tonospheric Scatter in Relation to Aurora.
This manuscript was proposed to be submitted to a journal at T0+46, which is 6 months
after the start date of the fellowship. The delay was related to an issue found with the
Swarm-E FAI mapping, where when data was mapped to the surface of the Earth city
lights in the field-of-view (FOV) would move during the satellite pass. As the city lights
should be stationary, this then resulted into an investigation into why the movement was
occurring. A change to the mapping algorithm was implemented using an ellipsoid Earth
model, as well as a slight correction to the FAI pointing direction. The changes reduced
the movement of the city lights when mapped to the surface of the Earth, allowing the
data to be compared with the coherent radar scatter. The analysis of 3 conjunctions
between the FAI and ICEBEAR radar showed that E-region coherent scatter has a range
of near infrared auroral emission brightness values that it is coincident with. In the
brighter regions there is a lack of coherent scatter due to suppressed /shorted electric fields
from enhanced ionospheric conductance, and in the darker regions there is insufficient
plasma density for a large enough bulk scattering cross section for coherent scatter to be
measured. The manuscript detailing these results is currently in preparation.

The other three studies, Study 2 - The Ionospheric Electric Field and Its Relation
to lonospheric Scatter, Study 3 - Ion Upflow in Regions of E-region Plasma Turbu-
lence, and Study 4 - Evidence of Alfvén Waves in Swarm Electric Fields and E-region
Ionospheric Scatter, were not completed during the one year time period. These studies



correspond to comparing measurements from the Swarm A, B, and C satellites and E-
region ionospheric coherent scatter. Potential conjunctions between the Swarm satellite
and the ICEBEAR coherent scatter radar were found, and software was written to fur-
ther analyze the conjunctions. The software to map Swarm A, B, and C, orbits to the
E-region will be posted with the mapping software relating to Study 1, though further
analysis is not planned due to a lack of time.

The SSIC-TEAM proposal discussed comparing the altitude of E-region coherent
scatter with the Swarm satellite measurements. Due to unforeseen altitude calibration
issues with the ICEBEAR radar, the altitude measurements are only recently becoming
available. Ionized meteor trails are being used to calibrate the measurements and a
preliminary analysis of the validity of the altitude determination algorithms is underway.
For the mapping presented in this report the E-region coherent scatter is mapped to an
altitude of 110 km because of this.

Along with the software development and analysis for the comparison of Swarm and
coherent scatter radar data, multiple conferences were presented at and attended, a
manuscript was published in Radio Science, and a published software package was con-
tributed to. The conferences attended include the EGU General Assembly, the AGU Fall
Meeting, and the SuperDARN annual workshop. The manuscript that was published
describes mapping the ICEBEAR E-region coherent scatter to the FOV accurately. The
software package that was contributed to is for the mapping and visualization of Super-
DARN coherent scatter and is named pyDARN.

In summary, the timeline of the SSIC-TEAM project is slightly delayed from what
was proposed. Study 1 will be completed, but the analysis for Study 2 is left for a future
project. Studies 3 and 4 were proposed for the second year of the project, and since
the contract termination is at the approximately 1 year date, these are left for future
research. A more detailed breakdown of the background and the work performed in the
first year of the fellowship is provided in the following sections.



2 Objectives and Workplan

In the SSIC-TEAM proposal four different science questions were to be investigated over
the course of the project. These questions were:

SQ1. How do the occurrence, amplitude, and velocity of FBI generated plasma density
irregularities vary with altitude in the auroral E-region ionosphere?

SQ2. Do ionospheric ion upflow velocities and fluxes differ between regions of E-region
plasma turbulence and regions of charged particle precipitation?

SQ3. Can a measure of E-region plasma turbulence be used as a predictor of the velocity
and /or flux of ion upflows?

SQ4. Do Alfvén waves modulate the growth rate and phase speed of ionospheric plasma
density irregularities generated by the FBI?

Four unique studies were proposed to investigate these science questions. In the fol-
lowing list of studies, TO corresponds to the start of the fellowship, while the number
added corresponds to the number of months past this start date. The start date of the
SSIC-TEAM project was May 2, 2020. The proposed studies were:

SQ1.1: Study 1 - Location and Characteristics of Ionospheric Scatter in Relation to
Aurora (T0+6)

SQ1.2: Study 2 - The Ionospheric Electric Field and Its Relation to lonospheric Scatter
(T0+12)

SQ2 & SQ3: Study 3 - Ion Upflow in Regions of E-region Plasma Turbulence (T0+18)

SQ4: Study 4 - Evidence of Alfvén Waves in Swarm Electric Fields and E-region Iono-
spheric Scatter (T0+24)

A more detailed schedule for the SSIC-TEAM Living Planet Fellowship schedule is
provided in Table 1. SQ1.1: Study 1 involves the use of ICEBEAR, SuperDARN and
the Swarm E Fast Auroral Imager (FAI) to investigate the location of coherent scatter
with respect to auroral emissions. A manuscript was scheduled to be submitted at T0+6,
referring to 6 months after the start of the fellowship. Due to possible issues with mapping
the Swarm E FAI to the Earth this has been delayed, though the manuscript is nearing
completion. Investigations into SQ1.2: Study 2 have also been commenced, though the
results are in a preliminary state and require further analysis.

The software for the analysis and comparison of the Swarm, ICEBEAR, and Super-
DARN data sets is operational and will be released shortly, coincident with the submission
of the SQ1.1: Study 1 manuscript for publication. This software accurately processes
and maps the different data sets to a common coordinate system for comparison. A more
detailed description of the software and analysis performed is provided in Section 3.2. A



Swarm-E FAI, SuperDARN, ICEBEAR Publication TO + 6

Swarm E-fields, SuperDARN, ICEBEAR Publication TO + 12

Swarm Ion Upflow, SuperDARN, ICEBEAR Publication TO + 18
Technical Note 2 TO + 18
Swarm, SuperDARN, ICEBEAR Alfvén waves Publication | TO + 24
Final Report T0 + 24
Final Meeting at ESRIN TO + 24 (May 2022)

Table 1: Planned Schedule for the SSIC-TEAM Living Planet Fellowship from the project
proposal. The items highlighted in green are projects that are on schedule and/or com-
pleted, the items highlighted in yellow are projects that are underway but delayed, and
the items not highlighted have yet to be commenced.

general overview of the scientific context of the studies follows below.

3 Work Performed

3.1 Scientific Context

The research related to the SSIC-TEAM project focuses on the Farley-Buneman insta-
bility (FBI) [Buneman, 1963; Farley, 1963], also known as the two-stream instability.
The FBI is a plasma density instability that has a positive growth rate when electrons
in the plasma have a velocity that is greater than the ion velocity by at least the ion-
acoustic speed (Cs) [Kelley, 2009]. This instability is able to occur in the E-region of the
ionosphere, primarily at altitudes of 90-120 km (Cs is ~ 400 m/s at E-region altitudes).
The instability generates plasma density irregularities at a multitude of characteristic
wavelengths, where the growth rate and phase speed of the irregularities are related to
the electron motion (ExB drift) direction [Kelley, 2009]. Information about the FBI can
be inferred from measurements of ionospheric plasma density irregularities.

Relating to SQ1, the altitude at which the FBI occurs is important to determining
the extent of the turbulence occurring in the E- region ionosphere. By understanding
the relationship between the altitude, the electric field, and the growth rate of the FBI
it will be possible to better model and predict the physical properties of the ionosphere
that are influenced by this instability.

Much of the research surrounding E-region coherent scatter involves the derivation
of the background electric fields from the observed radar spectra. An example of a
study that accomplishes this is Hysell et al. [2012], where the authors compared VHF
E-region coherent scatter with incoherent scatter radar data to test an empirical formula



for determining the electric field from the E-region coherent scatter. This study showed
relatively strong correlation of 0.9 between the electric fields derived in this manner and
the electric fields determined from the incoherent scatter radar data. Through the studies
in the SSIC-TEAM project the electric fields derived from E-region coherent scatter will
be investigated in conjunction with the Swarm satellites.

Another study investigating E-region coherent scatter was performed by Chau & St.-
Maurice [2016] with analysis of the data by St.-Maurice & Chau [2016]. The authors
attempted to characterize and describe the physical reasons for the different spectral
widths and Doppler shifts of E-region coherent scatter. The hypotheses resulting from
their studies will be further investigated in the present research, where much of the find-
ings revolved around the altitude of the E-region scatter. The research will expand on
the understanding of the FBI through obtaining common volume Swarm electric field
and high resolution ionospheric scatter measurements. Using the altitude determination
capability of the radars, these studies can provide more details about how the electric
field affects the phase speed and growth rate of the FBI at different altitudes correspond-
ing to the different characteristics of E-region ionospheric scatter.

Instruments

Swarm E Fast Auroral Imager

The Swarm E Fast Auroral Imager (FAI) [Cogger et al., 2015] measures photons with
wavelengths of 650-1100 nm, where the principal emission species in this range are Ns,
O, and N;. The emissions correspond to the locations of energetic particle precipitation.
This makes the Swarm E FAI an ideal instrument to investigate the E-region ionosphere
in conjunction with coherent scatter radars. The instrument can make measurements up
to twice a second (2 Hz), and can be slewed to an area for an extended measurement
period during a satellite pass. This increases the possible conjunction times between
other instruments and the Swarm E FAL

Swarm Electric Field Instrument (EFI) and Magnetometer

Swarm A, B, and C, have instruments that measure both the magnetic and electric vec-
tor fields in-situ during the satellite orbits. Each satellite has a 3-axis high resolution
magnetometer with a sampling rate of 50 Hz and two thermal ion imagers with sampling
rates of 16 Hz that measure low-energy ion distributions in the vertical and horizontal
planes [Knudsen et al., 2017]. These instruments are able to provide in-situ derived
measurements of electric fields, ion upflows, and field- aligned currents. With a 16 Hz
sampling rate and an orbit altitude of 500 km, the spatial resolution of the measurements
is =~ 0.5 km. By mapping the data along the magnetic field lines to the E-region, the
satellite measurements can be compared with E-region coherent scatter measurements.

Super Dual Auroral Radar Network (SuperDARN)

SuperDARN [Greenwald et al., 1995; Chisham et al., 2007] has been used extensively in
space physics studies for over 30 years, and recently some of the radars have been up-
dated with modern software defined radio hardware. The modern digital radio hardware
allows the system to run modes that provide enhanced temporal and spatial details of the
coherent scatter, which was not feasible with the previous analog system. Borealis Su-



perDARN systems have been installed at many SuperDARN Canada sites, and are being
installed at the sites of international SuperDARN partners as well. SuperDARN radars
operate in the frequency band of 8-20 MHz, corresponding to plasma density irregularity
wavelengths of 7.5-18.8 m, with the SuperDARN Saskatoon radar sharing much of its
field of view with ICEBEAR. Previous research has shown that SuperDARN measures
both E-region and F-region plasma density irregularities [Greenwald et al., 1995], and
it is now possible to implement special modes with the modern SuperDARN Borealis
system to obtain temporal and spatial resolutions that are comparable to the ICEBEAR
system. Currently investigations are underway to increase the resolution of the Super-
DARN radars through simultaneous multi-frequency sounding, full field-of-view imaging,
and bistatic operations. This then increases the number of potential conjunction studies,
as well as the accuracy, of comparisons between Swarm and SuperDARN measurements.

ICEBEAR

The Ionospheric Continuous-wave E-region Bistatic Experimental Auroral Radar (ICE-
BEAR) [Huyghebaert et al., 2019] is a 50 MHz VHF ionospheric coherent scatter radar
with a 600 km x 600 km field of view over the auroral zone in Saskatchewan, Canada.
ICEBEAR is capable of making full field of view images of E-region plasma density ir-
regularities with wavelengths of &~ 3 m every 100 ms (1 s with common mode processing)
and with a range resolution of 1.5 km. Using multiple antennas and interferometry tech-
niques, it is possible to determine the angle of arrival of the incoming ionospheric scatter
signal. The ICEBEAR receiver array was re-arranged in July, 2019, to provide azimuthal
and elevation angle of arrival data. This allows the source of the ionospheric scatter sig-
nal to be mapped to 3-D space. This 3-D mapping is currently being investigated, with
unexpected behaviour in the determined elevation angles found. These investigations
include using meteors to calibrate the elevation angles of the measurements. ICEBEAR
has received funding to operate every evening from 0-14 UT, where before operations
were on a campaign mode basis. The increase in operations will increase the likelihood
of similar location measurements with Swarm.

3.1.1 Study 1

Scientists and researchers have long been fascinated with auroral emissions and the phe-
nomena surrounding them. Through the use of ground based optical measurements and
coherent scatter radars the auroral emissions have been investigated with regards to co-
herent scatter at both F- and E-region altitudes in the past. For F-region studies HF
frequency coherent scatter radars with red-line auroral emissions were compared. This
provides only an approximate comparison between the data sets, as the altitude range
for red-line emissions is typically from 170-230 km [e.g., Megan Gillies et al., 2017], and
HF radar signals undergo significant refraction from the ionosphere, especially during
geomagnetically active periods. With these resolution considerations in mind, some ex-
amples of studies comparing the red-line emission with HF coherent scatter include Milan
et al. [1997]; Moen et al. [2001]; Lester et al. [2001]; Chen et al. [2015]. These studies used
SuperDARN HF radars to compare the 630 nm auroral emission with characteristics of
HF ionospheric coherent scatter.



There have also been studies comparing E-region HF coherent scatter with white light
auroral emissions, an example being Hosokawa et al. [2010]. This study showed that the
ionospheric coherent scatter occurred between bright regions of auroral emissions, with
the conclusion that the electric fields were suppressed in regions of enhanced charged par-
ticle precipitation due to the increased conductance from the increase in plasma density.
Without a sufficiently large electric field plasma instabilities do not have a large growth
rate and plasma density turbulence is not present. This then results in a lack of plasma
density irregularities for the coherent radar signal to scatter from.

Comparisons between VHF E-region coherent scatter and green-line emissions have
been performed in the past. The benefit of using VHF coherent scatter radars is that there
is less refraction in the radar signal, allowing for more accurate spatial determination of
the scattering region. Some examples of these types of studies include Bahcivan et al.
[2006]; Hysell et al. [2012]. Both these studies showed that often the E-region coherent
scatter occurs in regions next to intense auroral emissions. The green-line emissions in
the Hysell et al. [2012] study were mapped to 110 km altitude to match the E-region
coherent scatter measurements, where the emissions typically peak at ~ 100 km [e.g.,
Lee et al., 2017].

In addition to coherent scatter studies, there have been comparisons between incoher-
ent scatter radar measurements and auroral emissions. An example of this is provided
in Semeter et al. [2009]. In the study it was shown how the white light auroral emissions
correspond with incoherent scatter radar measurements from the Poker Flat Incoher-
ent Scatter Radar (PFISR). The results agreed with what was expected, with regions
of intense auroral emissions corresponding to regions of enhanced plasma density in the
E-region ionosphere.

There have also been satellite measurements of auroral emissions, though rarely are
they compared with coherent scatter radar measurements. This could be due to many
different reasons, including the resolution of the instruments and the infrequent conjunc-
tion times between ground and satellite based instruments. Study 1 of the SSIC-TEAM
project looks to further study the relationship between space-borne remote measurements
of auroral emissions and E-region coherent scatter.

The idea of an imager to measure auroral emissions on board a satellite has been a
longstanding one. For a review of some of the different instruments and satellite missions
from the past, the reader is referred to Paxton & Meng [1999]. The review contains
information about flown and planned missions spanning 1980-2010.

More recent satellite-borne imager missions and studies include the multi-spectral
imager onboard the Japanese Reimei satellite [Obuchi et al., 2008], the optical spec-
trograph and infrared imager system (OSIRIS) instrument onboard the Odin spacecraft
measuring the aurora spectra at 275-815 nm wavelengths from the limb [Gattinger et al.,
2010], and the Fast Auroral Imager (FAI) instrument on board the Swarm-E, or e-POP,
satellite used in this study [Cogger et al., 2015]. From the Gattinger et al. [2010] study
it is important to note that some emissions measured from space have a much different
intensity compared to those measured by ground based imagers. One example is the Oy
762 nm emission, where this emission is not seen in ground emissions, but from space
based imagers it is significantly greater in intensity.



3.1.2 Studies 2, 3, and 4

For studies 2, 3, and 4, the data from ICEBEAR, SuperDARN, and the Swarm EFI
provide an excellent opportunity to investigate small scale structure in the E-region
ionosphere. Mapping the data from Swarm down to E-region altitudes along the mag-
netic field lines to compare with E-region coherent scatter makes it possible to investigate
how E-region plasma density turbulence is related to the background electric fields and
field-aligned currents. This includes comparing characteristics of E-region coherent scat-
ter with the ionospheric electric fields in the region [e.g., Hysell et al., 2012|, comparing
ion upflow regions with regions of ionospheric plasma density turbulence [e.g., Wahlund
et al., 1992], and comparing spectral analyses of coincident Swarm and ICEBEAR mea-
surements to investigate ionospheric wave-like structures. Due to limited time, studies
2, 3, and 4 were not thoroughly investigated.

3.2 Methods
3.2.1 Mapping Swarm A, B, C Data

Software has been written to read in the Swarm data files available at https://swarm-
diss.eo.esa.int/ and plot the measurements to a map with geographic latitude and lon-
gitude coordinates. Currently the routines support reading in data files of the following
types: Level 2 daily FAC, 16 Hz EFI faceplate plasma density, 16 Hz EFI cross track
velocities, 50 Hz high resolution magnetometer, and 2 Hz Langmuir probe measurements.
Based on the latitude and longitude bounds set by the user, any satellite orbits that pass
through these bounds are determined after reading in the associated data file. The satel-
lite pass is then mapped down the geomagnetic field lines to E-region altitudes (110 km)
using the AACGM software library [Burrell et al., 2020; Shepherd, 2014]. The data
parameter the user has set to plot will be shown on the map(s) generated as colored
measurement points corresponding to the value at each point and with a user set scale.
There is also an option to include a line plot of multiple different measurement quantities
for the pass.

This setup allows the comparison of data even when measurements are not coincident
in time and/or space. The user must be careful when using measurements that are not
coincident, and consideration of the effects from these offsets must be included. An
example of this software in conjunction with coherent scatter radar data is provided
in Section 3.2.5. The software still requires to be tested and verified, though as will
be shown, it is at a satisfactory state for preliminary analysis of conjunctions between
Swarm and coherent scatter radars.

3.2.2 Mapping Swarm E Data

The basis of the software for mapping Swarm E Fast Auroral Imager (FAI) data to the
Earth was obtained from the Swarm E operations team. The FAI pointing direction
is based on the Swarm E satellite attitude information provided with the FAI data.
Each pixel from the imager is mapped to a circular FOV and a pointing direction is
determined for each of these pixels. These pixel pointing directions are then used to map
the auroral emission measurements to a map with latitude and longitude coordinates.



With the mapping software provided, city lights would move during the satellite pass
when the data was mapped to the surface of the Earth. An investigation into why this
was occurring was performed.

As part of the investigation into the Swarm-E Fast Auroral Imager (FAI) mapping
software, a new method for determining the latitude and longitude of the emissions was
developed. This served to improve the location determination and remove a potential
source of mapping error for emission location verification. The algorithm uses an ellipsoid
model of the Earth to determine the location where a line originating at the Swarm-E
satellite passes into that ellipsoid, with a set altitude above the surface. The equations
for the new ellipsoid mapping algorithm are provided below.

X =9+ x5t (3.1)
Y =yo+yst (3.2)
7 = zg+ 2t (3.3)
.y .z (3.4)

The variables xg, Yo, and zy correspond to the Cartesian coordinates of the satellite
in a geocentric coordinate system, xzg, vy,, and z, correspond to the change in each of
the coordinates for an increment in ¢, and X, Y, and Z correspond to the Cartesian
coordinates of the line. The variables a and b correspond to the major and minor axes
of an ellipsoid. In the case of the Earth, a = 6378.1366 km and b = 6356.7519 km.
By substituting the Cartesian coordinates X, Y, and Z into equation 3.4, the equation
becomes a second order polynomial equation. The value of ¢ can be determined using a
quadratic solver, as g, vyo, 20, Ts, Ys, and z, are known. Solving a quadratic equation
typically results in two solutions, where the one that is closer to the satellite is chosen
to be the correct mapped location. The solution at a further distance is the point where
the line exits the Earth ellipsoid. The Cartesian coordinates of the intersection point are
then converted to a latitude, longitude, and altitude (WGS84 format).

The Swarm-E FAI data mapped to the surface of the Earth were again compared with
the expected location of terrestrial city lights after the ellipsoid model was implemented.
The mapping displayed that there were still some corrections to be made to the mapping
algorithm, as the city lights would move during the pass of the satellite, sometimes
by as much as 3 degrees in latitude and longitude. The ellipsoid model did provide
more accurate mapping of the FAI pixels compared to the previous model, based on the
altitudes obtained when converting to WGS84 format.

Through trial and error of slightly changing imager variables, such as the pointing
direction and imager viewing area, a correction to the mapping of the imager was found.
The correction was determined by shifting the pixels in the imager arrays, effectively
steering the imager slightly in the azimuth and elevation directions. A shift of -6 pixels
in one direction and 6 pixels in the other direction was found to greatly reduce the
movement of city lights measured by the FAI during the satellite pass. This corresponds
to angular corrections of ~ —0.62° and 0.62° in the x- and y- directions of the imager.
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Figure 1: Example of the FAI data mapped to the ground without (left) and with (right)
the imager pointing correction of -0.62° in the x-direction (rows on imager) and 0.62°
in the y-direction (columns on imager). The red ‘x’ labels in the figure correspond to
expected locations of city lights. The fact that the expected location of the city lights
are closer to the imager than the data shows could be due to refraction of the city lights
by the atmosphere.

An example of the FAI data with and without the pointing direction correction is
shown in Figure 1. The left image shows the FAI data without the correction, while the
right image shows the data with the correction. The data is mapped to the surface of the
Earth for comparison with the expected location of city lights in the field of view. Even
with the correction, the city lights are located on the opposite side of the expected city
lights location with respect to the Swarm-E satellite. This is attributed to refraction,
though further adjustments and improvements to the mapping corrections are possible
in the future. With the current implementation the city lights remain in a relatively
consistent location across the satellite pass.

3.2.3 Mapping ICEBEAR Data

The ICEBEAR data is mapped to the FOV using a fitting algorithm to the cross-spectra
measured between antennas in the radar antenna array. For the work presented here,
only the antennas along a single axis are used, also known as a linear array. By fitting
a Gaussian to the cross-spectra measured, it is possible to determine the azimuth and
azimuthal extent of the incoming coherent radar scatter. This is important as ionospheric
coherent scatter is a spread target that can originate from a large portion of the FOV
simultaneously. The algorithm for fitting the ICEBEAR cross-spectra has been published
in Radio Science [Huyghebaert et al., 2021]. As the fitting process requires a significant
amount of computer processing time, the output from the fitting software is saved in
HDF5 files to be used for mapping the E-region coherent scatter for future studies. This
current method does not obtain elevation angles for altitude determination of the ICE-
BEAR coherent scatter. Verification and calibration of a method to determine accurate
elevation angles is currently underway using meteor echoes.

Once the azimuth and azimuthal extent of the coherent scatter is determined the
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data is able to be mapped to the ICEBEAR FOV. Software has been written as part
of the SSIC-TEAM project to accurately map the data to the FOV at an altitude of
110 km. This includes the determination of the SNR, doppler shift, and spectral width
of the ionospheric scatter spectra. These spectra characteristics are important for un-
derstanding the characteristics of the ionosphere required to produce the plasma density
irregularities.

To determine the characteristics of the coherent scatter spectra, a Gaussian-like dis-
tribution is fit to the spectra for each range-azimuth bin. The azimuth resolution can be
set by the user, though 0.5 degrees is currently what is used. The equation that is fit to
the spectra is, : ’

—(r—d
f(z) = SNR x exp (Tc?) (3.5)
SNR is the peak signal to noise ratio, d is the average Doppler shift, o is the spectral
width, and x is the Doppler shift. An example of a fitted spectra is shown in Figure 2. To
convert the spectral width value calculated to the Full-Width-Half-Max (FWHM) value,
the spectral width can be multipled by 2.355.

A slight modification was implemented for the fitting algorithm, where if there is a
measurement at a Doppler shift anywhere in the FOV at a given range and the SNR is
less than 0.75, that bin is set to a value of 0.75 SNR. A value of 0.75 SNR is less than the
noise level, but is above the 0 SNR floor for the fitting process. This minimally affects
data with a large SNR, but serves to broaden the spectral width of data with a small
SNR. From observing and analyzing many different spectra, this adjustment provides an
improvement to the fitting method.

3.2.4 SuperDARN Data Visualization and New Operational Capabilities

To read in SuperDARN formatted files pyDARNio [SuperDARN Data Standards Working
Group (DSWG) et al., 2020] was used. Software was written to take the data from
these files and, assuming straight line propagation, plot the SuperDARN coherent scatter
that was likely coming from the E-region. As the SuperDARN radars operate at HF
radio frequencies, assuming straight line propagation of the radio wave is not typically a
reasonable assumption. Since only coherent scatter originating from lower altitudes was
being plotted, which was determined based on the elevation angle determination of the
SuperDARN coherent scatter, the assumption of straight line propagation is considered
to be reasonable. There could be some offset in the location of the scatter, but this
provided an approximation that could be used to map the scatter.

Development has been ongoing on a SuperDARN data visualization software library
by the international SuperDARN group. This software is called pyDARN [SuperDARN
Data Analysis Working Group (DAWG) et al., 2021], and it was decided to contribute to
the development of this library in the hope it could be useful for the SSIC-TEAM project.
The location of SuperDARN range gates have since been incorporated into pyDARN by
the software development group, and could be incorporated into the SSIC-TEAM analysis
software in the future.

Currently the focus of the SSIC-TEAM project has been on comparisons between
Swarm and ICEBEAR data. This is due to a lack of SuperDARN coherent scatter mea-
surements in regions of auroral emissions. The reason for this is that the SuperDARN
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Figure 2: Example for fitting the ICEBEAR spectra to derive the peak SNR, Doppler
shift, and the spectral width for a given range and azimuth in the ICEBEAR FOV. The
top panel shows the real and fitted data, while the bottom panel is used as a check that

the spectral width is fit correctly.
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radars operate at HF radio frequencies, while ICEBEAR operates at VHF radio frequen-
cies. The HF signal significantly refracts with a strongly ionized E-region, resulting in
the signal not reaching regions for E-region coherent scatter to occur. There is also the
matter of the temporal and spatial resolution of SuperDARN being more coarse than
that of ICEBEAR and the Swarm satellite measurements.

One way of improving the temporal and spatial resolution of the SuperDARN radars
is through the use of new operational capabilities made possible by the modernized Su-
perDARN Borealis hardware and software upgrade. As part of the SSIC-TEAM project,
contributions have been made to implementing new radar modes for this purpose. Pulse
phase encoding, simultaneous dual frequency operations, and spread transmitter beam
full FOV imaging are all in preliminary testing phases and will eventually be available
for future conjunction experiments.

3.2.5 Swarm A,B,C and Coherent Scatter Data Comparisons

To find conjunctions when both Swarm A, B, and C satellite measurements and ICE-
BEAR data are present, the VirES data visualization portal and ICEBEAR summary
plots were used. By comparing times when the Swarm satellites pass through the ICE-
BEAR FOV with when ICEBEAR measured coherent scatter it was possible to greatly
reduce the dates and times to further investigate and analyze. The dates that were
selected for further analysis are given later in Section 3.4.2.

Using the software developed to map the SuperDARN and ICEBEAR. coherent scat-
ter, and the Swarm satellite paths, the possible conjunctions could be further studied.
An example of data from a conjunction is shown in Figure 3. In Figure 3 the top 3 maps
are snapshots of the data during the Swarm pass through the ICEBEAR field of view,
while the bottom panel provides the data for the full Swarm pass. The SuperDARN,
Swarm, and ICEBEAR data are all shown in the maps, with the field aligned current
being measured from Swarm. Other parameters measured by Swarm can also be plotted
with a simple change to the input arguments for the plotting function. Swarm B is the
satellite in this pass and has its data mapped along the magnetic field lines to a 110 km
altitude for comparison with the coherent radar scatter.

3.2.6 Swarm-E FAI and ICEBEAR Comparisons

The ICEBEAR and Swarm-E FAI data were mapped to a latitude/longitude terrestrial
coordinate system at 110 km altitude. An example of 1 second of data with data from
both instruments mapped to the ICEBEAR FOV is shown in Figure 4. SuperDARN is
also included in this figure, though it was not further considered in the current analysis.
The center of each ICEBEAR range-azimuth bin was determined and the auroral emission
brightness value as measured by the FAI corresponding to this point was recorded. This
was repeated for each one second measurement during the pass. The result was a data
set of E-region scatter and corresponding brightness values for the pass.

Along with the brightness of each pixel, the direction and magnitude of the brightness
gradient were investigated. A forward difference method was applied to the array of
imager data to obtain two vectors for the change in brightness between points for each
pixel location. As these vectors are not necessarily perpendicular once mapped to the
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Figure 3: An example of the plotting software developed for the SSIC-TEAM project.
SuperDARN, Swarm, and ICEBEAR data are plotted with a common reference frame
at 107 km altitude. The data from the full Swarm pass are plotted on the maps, with
the location of the satellite for that time shown by the x’.

Earth, a normalization of the vectors was performed to determine perpendicular vectors
and add them together. This then provided a 2D vector for a change in brightness per
km for each of the FAI pixels. The direction of the gradient was determined with respect
to the ICEBEAR radar signal bisector. An example of the brightness gradient is shown
in Figure 5. The left plot shows the brightness gradient direction without any smoothing
applied to the FAI data. This data was determined to be contaminated with noise, so
a Gaussian smoothing method was implemented on the initial brightness values before
taking the gradient of the data. The result is shown in the right image of the figure,
where it is evident that the noise is sufficiently suppressed.

The magnetic field vector was also determined at the location of the E-region coherent
scatter using the IGRF model for 2020 [Alken et al., 2021]. This provided a means by
which to calculate the aspect angle of the coherent scatter, which is an important factor
for coherent scatter radar studies as the plasma density irregularities are assumed to be
approximately aligned along the magnetic field lines. The aspect angle was calculated
and recorded along with the E-region coherent scatter and FAI characteristics.

The methods here provide a data set of E-region coherent scatter corresponding to the
characteristics of auroral emissions as measured by the Swarm-E FAI. A further analysis
of the data is provided in Section 3.4.1.

3.3 Data

ICEBEAR data will be accessible from a data repository in the future. Until the data
repository is implemented, ICEBEAR data used in publications will be deposited in the
Zenodo data repository. A prototype data repository for ICEBEAR data is becoming
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Figure 4: 1 second snapshot of ICEBEAR, SuperDARN and FAI data corresponding to
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the brightness as measured by the FAI.
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Figure 5: Example of the brightness gradient determination from the FAI instrument.
The left plot is without smoothing, while the right plot is with a Gaussian smoothing
method to reduce the noise in the FAI measurements before determining the brightness
gradient. The black regions correspond to locations where ICEBEAR E-region coherent
scatter was measured. The color scale displays how the direction of the brightness gra-
dient corresponds to the ICEBEAR coherent scatter. This is a 1 second measurement
taken at 2018-03-10 05:21:48 UTC, corresponding to the same time as Figure 4.

operational and some initial data are accessible at http://ion.usask.ca/data_access/.

A preliminary version of Swarm E FAI data mapped to latitude and longitude in
an HDF5 format was acquired upon request from the instrument team. The algorithm
to map the imager data produces an image in latitude and longitude coordinates at an
altitude of 110 km. The mapping software has been shared and the HDF5 files are able
to be generated from the level 0 Swarm E FAI data locally. The level 0 data for Swarm
E is accessible at https://epop-data.phys.ucalgary.ca/.

SuperDARN Canada provided access to the SuperDARN data. SuperDARN data
can be accessed by request through any of the SuperDARN partners.

Swarm A, B, and C data from the magnetometers and EFI instruments are available
through the Swarm data portal located at https://swarm-diss.eo.esa.int/.

3.4 Results

From the SSIC-TEAM Living Planet Fellowship proposal, four different studies were
discussed addressing the science questions of the project. The software for these studies
is nearing completion, with analysis for SQ1.1: Study 1 - Location and Characteristics of
Ionospheric Scatter in Relation to Aurora already performed. The results of the analysis
for these studies is provided below.

3.4.1 Study 1

Conjunctions between ICEBEAR and the Swarm-E FAI were analyzed for use in this
study. The green and yellow highlighted conjunctions in Table 2 are times which have
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Date Sat. | Pass Start (UT) | Pass End (UT)

2018-04-11 | E 07:41:13 07:46:45
2018-04-13 | E 08:33:13 08:40:45
2019-10-25 | E 03:25:14 03:31:46
2019-10-27 | E 07:27:14 07:41:46
2020-03-19 | E 03:45:14 03:56:45
2020-03-19 | E 07:15:14 07:26:45
2020-04-15 | B 04:34:44 04:42:16
2020-04-15 | E 06:16:39 06:25:14
2020-04-18 | E 03:09:42 03:13:29
2020-05-06 | E 04:40:59 04:45:30
2020-10-24 | E 02:36:44 02:38:16
2020-10-26 | E 06:32:44 06:45:55

Table 2: Potential Swarm E FAI conjunctions with ICEBEAR. The green highlighted
rows are passes that are used in the present study. The yellow highlighted rows are passes
that have both FAI and ICEBEAR data, but the FAI pointing direction is near horizontal

to the surface of the Earth making it difficult to reliably use the data for comparisons
with ICEBEAR.

both E-region coherent scatter measured by ICEBEAR and Swarm-E FAI data. It was
found that after the FAI pointing direction corrections were made and the FAI data were
mapped to a latitude and longitude coordinate system, some of the passes were near a
horizontal viewing position with respect to the surface of the Earth and were not viable
for the study. The horizontal viewing angle caused the resolution of the imager when
mapped to 110 km altitude to be poor. Three passes were deemed to be viable for the
study, and are the green highlighted rows in Table 2.

The three passes highlighted in green in Table 2 were further analyzed using the
methods described in Section 3.2. For this report the results from the pass on 2018-
03-10 will be shown. The other passes will also be included in the study corresponding
to SQ1.1: Study 1 - Location and Characteristics of Tonospheric Scatter in Relation to
Aurora for the SSIC-TEAM project when it is submitted for publication to a journal.

Figure 6 shows how the auroral emission brightness measured by the FAI corresponds
to the E-region coherent scatter measured by ICEBEAR. As the scatter and emissions
are both mapped to 110 km, the aspect angle is only approximate and is expected to
change with altitude. From analyzing this plot along with Figure 4, it is clear that the
E-region coherent scatter occurs not the brightest auroral NIR emission regions, but also
not in the darkest. This finding was consistent across all three passes analyzed, where
the E-region coherent scatter occurs in regions of brightness between 25,000 and 125,000.

For E-region coherent scatter to be measurable, two things are required.

1. A sufficiently strong E-field to generate the plasma density irregularities [e.g., Kel-
ley, 2009]
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Figure 6: Data from the 2018-03-10 Swarm-E pass listed in Table 2. The brightness as
measured by the Swarm-E FAT is on the x-axis, while parameters corresponding to the
E-region coherent scatter measured by ICEBEAR are listed on the y-axes. The plots are
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18



2. Sufficient electron density for a large bulk scattering cross-section to detect the
scattered radar signal [e.g., Hysell, 2018]

The scattering cross section for coherent scatter radar studies is proportional to

(AN—C(I())QNQ2 [e.g., Hysell, 2018], where N, is the electron density and k is the plasma

Ne
density irregularity wavenumber. If we assume a consistent ratio of ANN—’M for the plasma

density irregularities, this results in the scattering cross section being edependent on the
electron density. A factor of 10 in electron density therefore changes the SNR by 20 dB.
A factor of 10 change in the irregularity size with respect to the background electron
density also changes the SNR by 20 dB.

In the darker regions of the FOV, there is insufficient plasma density for measurable
scatter due to a lower bulk scattering cross section, even with sufficiently strong electric
fields for plasma density irregularity growth. In the very bright regions the electric fields
can be suppressed /shorted [e.g., Marklund, 1984], resulting in insufficient conditions for
positive growth rates for plasma density irregularities. This is an important considera-
tion for the measurement and understanding of E-region plasma density irregularities,
especially with respect to plasma density enhancements caused by particle precipitation
in the night time sector.

The brightness gradients were also investigated for the Swarm-E FAI passes in con-
junction with ICEBEAR E-region coherent scatter. The results from the pass on 2018-03-
10 are shown in Figure 7. The aspect angle of the coherent scatter with the geomagnetic
field are on the x-axis and were all found to be greater than 0, meaning that the angle
between the coherent scatter radar bisector and the geomagnetic field is greater than
90 degrees. There was minimal dependence on the gradient direction for the location of
the E-region coherent scatter, though the other two passes did show a relationship (not
shown here). With only 3 passes of data, that relationship was determined to likely be a
coincidence due to the small sample size and a more extensive analysis would be required
to determine if a relationship truly does exist.

The scale length sizes for both brightness and N, are found to be quite large, where
the scale length refers to the distance required for the quantity to double based on the
gradient. These parameters are left for a potential future study and will not be further
investigated here. The main finding from this comparison between the Swarm-E FAI
and ICEBEAR coherent scatter data is that the E-region coherent scatter is found to fall
within a range of brightness values measured by the FAI. The bounds of this brightness
range are determined by the electric fields being suppressed due to enhanced conductivity
in regions of bright auroral emissions, and having an insufficient bulk scattering cross-
section for coherent scatter to be measured in regions with a lack of emissions.

3.4.2 Study 2, 3, & 4

Studies 2, 3, and 4 of the SSIC-TEAM proposal involve the comparison of ICEBEAR
and SuperDARN data with measurements from the instruments onboard the Swarm
A, B, and C satellites. Potential conjunction candidates for these studies are provided
in Table 3. A description of how these dates and times were found was provided in
Section 3.2.5. In the table the rows highlighted in green are viable candidates for studies
after further investigations of the data, while the rows highlighted in yellow have yet to
be investigated.
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Figure 7: Data from the 2018-03-10 Swarm-E pass highlighted in green in Table 2. The
plots shown here compare the aspect angle of the scatter to the many different E-region
coherent scatter and Swarm-E FAI measurement properties. The Brightness gradient is
calculated with respect to the bisector of the ICEBEAR coherent scatter, and the IV,
scale length is calculated considering a relationship of Brightness o« N.? based on the
relationship mentioned in Semeter et al. [2009] for white light auroral emissions.
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Date Sat. | Pass Start (UT) | Pass End (UT)
2018-03-15 | C 00:32:00 00:33:15
2018-03-15 | A 00:32:00 00:33:15
2018-03-17 | C 00:47:19 00:49:00
2018-03-17 | A 00:47:19 00:49:00
2018-04-11 | A 09:39:50 09:41:00
2018-04-11 | C 09:39:50 09:41:00
2019-09-01 | A 00:41:00 00:43:00
2019-09-01 | C 00:41:00 00:43:00
2019-09-01 | C 11:51:00 11:53:00
2019-09-01 | A 11:51:00 11:53:00

2019-10-25 | B | 04:35:00 04:36:15

2020-03-19 | A 06:34:05 06:36:00
2020-03-19 | C 06:34:05 06:36:00

2020-07-14 | B 05:43:25 05:45:25
2020-07-14 | C 07:09:15 07:11:15
2020-07-14 | A 07:09:15 07:11:15
2020-09-28 | B 11:09:29 11:11:30
2020-09-29 | B 10:49:00 10:51:00
2020-10-01 | B 10:10:27 10:12:30
2020-10-24 | B 08:57:15 08:59:15
2020-11-20 | B 06:24:10 06:25:20
2020-12-09 | B 04:54:00 04:55:20
2020-12-22 | B 03:47:10 03:48:20
2021-01-12 | B 01:37:00 01:38:10
2021-02-19 | B 10:56:43 10:58:00
2021-02-19 | A 11:18:01 11:20:00
2021-02-19 | C 11:18:01 11:20:00
2021-02-25 | B 10:31:00 10:33:00
2021-03-01 | A 10:39:00 10:41:00
2021-03-01 | C 10:39:00 10:41:00

Table 3: Potential Swarm A, B, and C conjunctions with I[CEBEAR. The green high-
lighted rows are passes that are good candidates for future studies. The yellow highlighted
rows are conjunctions that have yet to be analyzed.
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One of the interesting questions that arose from a preliminary investigation into the
data was if the field-aligned current intensity was a precursor for E-region plasma density
irregularities to be present. This could potentially correspond to the results from Study
1, where some charged particle precipitation is required for E-region coherent scatter
to be measured. The possible correlation between the FAC intensity data and location
of E-region coherent scatter was noticed during the software development for mapping
the Swarm and coherent scatter data to a common coordinate system, but has not been
investigated in detail.

Investigations into the electric fields, ion upflows, and wave activity measured by
Swarm in conjunction with coherent scatter radar measurements have not been investi-
gated, as Study 1 has been focused on. With the conjunction dates determined and the
software developed to compare the data sets, the analysis of this data is a great future
project.

4 Conclusions and Recommendations

Software for mapping Swarm E FAI, Swarm A, B, and C, SuperDARN and ICEBEAR
data has been developed. This software is able to be used to compare the different data
sets in a common coordinate system. Some testing and verification is still required for
the Swarm A, B, and C algorithms for mapping the satellite track down the geomagnetic
field lines to the E-region ionosphere, though initial results are promising. Corrections
were made to the Swarm E FAI pointing direction after issues were found with city lights
changing location during a satellite pass when the data were mapped to the surface of
the Earth. After the corrections the city lights were much more confined in space during
the satellite pass. A fitting algorithm was developed for ICEBEAR coherent scatter
measurements to properly map the coherent scatter to the radar FOV, which resulted in
a publication in the journal Radio Science. Using the mapping algorithms developed for
the Swarm E FAI and ICEBEAR, Study 1 was able to be investigated.

The manuscript for SQ1.1: Study 1 - Location and Characteristics of lonospheric Scat-
ter in Relation to Aurora will be completed and submitted relatively soon. The journal
that it will be submitted to is either Geophysical Research Letters or JGR: Space Physics.
The visualization and analysis software will be published along with the submission of
the manuscript. The main finding from this manuscript includes that E-region coherent
scatter radar measurements occur in a range of auroral emission brightness values, but
rarely at brightness values outside the range. This is explained due to electric fields
being suppressed in regions of intense auroral precipitation and enhanced ionospheric
conductance, and the bulk scattering cross section for coherent radar scatter being low
in low plasma density regions corresponding to a lack of auroral emissions. For a detailed
description of the results, refer to Section 3.4.1.

Funding has been obtained for continuous operation of the ICEBEAR radar, which
has occurred since October, 2020. This provides an extended data set for comparison
with Swarm satellite passes, especially since active geomagnetic conditions have occurred
more frequently lately. Work is still underway to obtain accurate altitude data from the
ICEBEAR coherent scatter radar, but progress is being made using ionized meteor trails
for calibration.
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Swarm-E FAI, SuperDARN, ICEBEAR Publication TO + 6

Swarm E-fields, SuperDARN, ICEBEAR Publication TO + 12
Bi-monthly Progress Reports TO + 14, 16, 18, etc.
Swarm Ion Upflow, SuperDARN, ICEBEAR Publication TO + 18

Technical Note 2 T0 + 18

Swarm, SuperDARN, ICEBEAR Alfvén waves Publication | TO + 24

Final Report T0 + 24

Final Meeting at ESRIN TO + 24 (May 2022)

Table 4: Planned Schedule for Living Planet Fellowship

A list of conjunctions to be used for Studies 2, 3, & 4 are provided in Table 3. These
dates can be used to further investigate the relationship between ionospheric coherent
scatter and electric fields, ion upflows, and wave-like ionospheric activity.

Due to the termination of the contract, the majority of the second year of work
will not be performed. This includes not completing Study 2, 3, & 4 with the current
contract. Study 1 and the SSIC-TEAM software will be submitted and published, though
potentially after the submission of this report.

Table 4 provides a timeline of the tasks left for the SSIC-TEAM Living Planet Fel-
lowship project, with the rows highlighted in yellow currently underway/delayed.
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