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Analysis of the Effect of the August 2017 Eclipse on
the lonosphere Using a Ray-trace Algorithm

Magdalina Moses

Academic Abstract

The total solar eclipse over the continental United States on August 21, 2017 offered a
unique opportunity to study the dependence of the ionospheric density and morphology
on incident solar radiation. Unique responses may be witnessed during eclipses,
including changes in radio frequency (RF) propagation at high frequency (HF). Such
changes in RF propagation were observed by the Super Dual Auroral Radar Network
(SuperDARN) radars in Christmas Valley, Oregon and in Fort Hays, Kansas during the
2017 eclipse. At each site, the westward looking radar observed an increase in slant
range of the backscattered signal during the eclipse onset followed by a decrease after
totality. In order to investigate the underlying processes governing the ionospheric
response to the eclipse, we employ the HF propagation toolbox (PHaRLAP), created by
Dr. Manuel Cervera, to simulate SuperDARN data for different models of the eclipsed
ionosphere. Thus, by invoking different hypotheses and comparing simulated results to
SuperDARN measurements, we can study the underlying processes governing the
ionosphere and improve our model of the ionospheric responses to an eclipse. This
thesis presents three studies using this method: identification of the cause of the
increase in slant range observed by SuperDARN during the eclipse; evaluation of
different eclipse obscuration models; and quantification of the effect of the neutral wind
velocity on the simulated eclipse data.



Analysis of the Effect of the August 2017 Eclipse on
the lonosphere Using a Ray-trace Algorithm

Magdalina Moses

General Audience Abstract

The ionosphere is the charged layer of the upper atmosphere, which is generated and
sustained by sunlight ionizing neutral particles to form a plasma. In the absence of
sunlight, ions and electrons can recombine into neutral particles. The-total solar eclipse
over the continental United States on August 21, 2017 offered a unique opportunity to
study the dependence of the ionospheric density and plasma motion on sunlight as the
period of the eclipse is much shorter than night. Observations of the ionosphere during
past eclipses indicate that unique ionospheric behavior may be witnessed during
eclipses, including changes in radio wave propagation for radio waves in the high
frequency (HF) regime. Such changes in radio propagation were observed by the Super
Dual Auroral Radar Network (SuperDARN) ionospheric HF radars in Christmas Valley,
Oregon and in Fort Hays, Kansas during the 2017 eclipse. At each site, the westward
looking radar observed an increase in distance that the radio waves traveled before
they were reflected back to the radar during the eclipse onset followed by a decrease in
this distance after totality. In order to investigate the mechanisms that produce these
observed effects, we employed the HF propagation toolbox (PHaRLAP), created by Dr.
Manuel Cervera, to simulate radio propagation and generate simulated SuperDARN
data for different models of the eclipsed ionosphere. Thus, different models can be
tested by comparing simulated data to measured data. Hence, we can study the
underlying processes governing the ionosphere and improve our model of the
ionospheric responses to an eclipse. This thesis presents three studies using this
method to: identify the cause of the increase in the distance radio waves traveled during
the eclipse; evaluate different models of change in eclipse magnitude over time; and
investigate the effect of the neutral wind velocity on the simulated eclipse data.
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Chapter 1

1.1 2017 Eclipse

1.1.1 2017 Eclipse Introduction

On August 21, 2017, a total solar eclipse occurred over the continental United States
(CONUS). The path of the eclipse over the CONUS stretched from Oregon to South
Carolina as shown in Figure 1.

2017 Solar Eclipse Magnitude

“\i'—-.

B Path of Totality S roveed/Tam = 0.8 B rovered/Tom = 0.6

Figure 1. 2017 eclipse path of totality and curves of equal magnitude of the fraction of sun's diameter obscured at
maximum eclipse (Data from (Jubier 2005)).

The eclipse started in the Pacific Ocean near 16:00 UT and ended in the Atlantic Ocean
around 21:00 UT. The duration of the eclipse along the path of totality from the start of
the partial phase to the end of the partial phase varied from about one and a half hours
to two hours and fifty-five minutes depending on location. Along the path of totality, the
duration of totality ranged from about 47 seconds to about two minutes and 40 seconds.
The eclipse magnitude, defined as “the fraction of the diameter of the sun eclipsed by
the Moon (Espenak , NASA)”, varies with time and location as shown in Figure 1. The
maximum eclipse magnitude was 1.015, which occurred in southern lllinois. The umbra
of the eclipse had an average width of about 105 km in the CONUS. The penumbra of
the eclipse was much wider than the umbra, reaching a maximum latitude of about 82°N
and a minimum latitude of about 20°S. Figure 1 illustrates the expanse of the eclipse
penumbra across the CONUS.

1.1.2 Previous Eclipse Studies

Since the early-to-mid 1900s, researchers have conducted experiments to observe
ionospheric phenomena that arise as effects of an eclipse. However, the ionospheric
effects of eclipses vary by magnetic latitude, time of day, and geomagnetic conditions.
Even when ionospheric measurements were made during different eclipses under

1



similar conditions, the results are sometimes contradictory. Despite these
inconsistencies, some commonly observed effects of eclipses on the ionosphere include
a decrease in the ionospheric plasma density and a change in the height of the peak
plasma density of some ionospheric layers.

One notable eclipse study was conducted in western Europe during the August 1999
eclipse, using the Chilton ionosonde in Great Britain. A plot of these foF2 data obtained
with the Chilton ionosonde during the eclipse is shown in Figure 2; it shows a significant
decrease in foF2 at the onset of the eclipse (with maximum eclipse occurring around
10:16 UT at F2 region altitudes). This decrease is a distinct deviation from the value
given by the International Reference lonosphere (IRI) model for that date. Since foF2 is
proportional to the square root of the electron density, the measured decrease in foF2
corresponds to a significant decrease in the ionospheric electron density during the
eclipse.

8.0 August 11, 1999 Eclipse
— 7.0
=, Latitude: 51.57 N
~ 6.0 _Longitude: 1:29 W |
o
= 5.5 : : 1
50k =R
; ; ; : | = Observed
4.5 i i i i . .
4 6 8 10 12 14 16 18

Time [UT]

Figure 2. Effect of the August 11, 1999 eclipse on foF2. The decrease in the observed foF2 (solid line) (Afraimovich,
Kosogorov et al. 2002) from the IRl model (dashed line) over a long period coincides with partial obscuration of the
solar disk.

Results from other eclipses have indicated that there is also a large spatial effect on the
ionosphere extending well outside the eclipse’s region of totality. For example, the
Special Sensor Ultraviolet Spectrographic Imager (SSUSI) instrument observed a
depleted airglow region roughly 1,000 km in diameter around the ~ 174km wide eclipse
path of totality during the March 29, 2006 solar eclipse over western Africa.

1.1.3 Predicted 2017 Eclipse Effects

The plasma density in the ionosphere is dependent on sunlight, which creates plasma
by ionizing neutral atmospheric particles. At night the ionosphere experiences a
decrease in plasma density at all altitudes because the electrons and ions recombine to
form neutral particles, as shown in Figure 3. When the sun is obscured during the
eclipse, the density of the ionosphere will also decrease, especially at low altitudes
where the recombination is fast. However, the time scale at which the eclipse blocks
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most of the sunlight is much shorter than diurnal variations, and the corona remains
visible during an eclipse. This suggests that during an eclipse the ionosphere will not
experience a decrease in electron density as significant as that which occurs overnight.
Since the magnitude of the eclipse varies with latitude (Figure 1), any eclipse-induced
decreases in plasma density may vary with eclipse magnitude. If this occurs, then
ionospheric instabilities could be generated by these gradients in plasma density if the
gradients are strong enough.

500 lonospheric Electron Density Profile
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Figure 3. Day vs. Night Electron Density Profiles from the International Reference lonosphere. During an eclipse, the
ionosphere will evolve toward a nighttime density over a much shorter timescale.

Both changes in density and the onset of plasma instabilities associated with eclipses
may be detectable by monitoring changes in radio frequency (RF) propagation. The
ionospheric refractive index varies with plasma density as well the frequency of the
radio wave. Radio waves in the high frequency (HF) band, approximately 3 MHz - 30
MHz, are particularly sensitive to changes in the plasma density of the ionosphere
(Seybold 2005). The simplified, general condition for the reflection of radio waves from
an ionospheric layer is

ftx€0s0; = fysina < f, = 9N (1)

where fix is the frequency of the transmitted RF wave, 0i is the angle of incidence with
respect to the normal to the ionosphere, a is the take-off (elevation) angle of the signal,
fo is the ionospheric plasma frequency in kHz and N is the electron density in cm-3
(Hargreaves 1992, Davies 2008). HF signals with frequencies and take-off angles that
satisfy equation (1) will be reflected back to Earth, whereas HF signals at a high enough
frequency and elevation can penetrate the ionosphere and escape into space. It should

3



be noted that in reality, HF radio signals that return to Earth are often refracted through
multiple ionospheric layers before they are re-directed downward, as illustrated in
Figure 4.

Normal

Eclipse

Figure 4. Sketches of radio wave ray paths through normal and eclipsed ionospheres.

As the plasma density decreases over the eclipse, the right side of equation (1) will
decrease, lowering the frequency and take-off angle thresholds for radio waves to pass
through the ionosphere and escape into space. Additionally, those signals that return to
Earth during the eclipse may have to travel further through the ionosphere before they
are refracted downwards than under normal conditions as illustrated in Figure 4. Thus,
during the eclipse, HF radio waves that do not escape the ionosphere may propagate
further than in uneclipsed conditions. Hence, during the eclipse, the maximum usable
frequency and the maximum take-off angle for signal return are expected to decrease,
while the distance traveled by those returned signals is expected to increase.

The Virginia Tech team designed an observational campaign involving ground-based
HF systems to investigate the effects of the eclipse on the plasma density. This included
software defined radio systems, coherent scatter radars, and modeling approaches to
help understand and assimilate these data into a framework that allows the eclipse
effects to be understood in detail.



1.2 Experiment Design

2017 Solar Eclipse Experiment

S3)e01pioas 21 deiboeg
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Figure 5. SuperDARN radars' fields of view (magenta and green) and lonospheric sounders' locations (red triangles)
relative to the eclipse's path of totality (blue).

Several ionospheric sounding systems were employed in the 2017 eclipse study. The
two systems that were primarily used by the Center for Space Science and Engineering
at Virginia Tech (Space@VT) were Super Dual Auroral Radar Network (SuperDARN)
radars and temporary ionospheric sounders. The locations of these systems are shown
in Figure 5. The SuperDARN radars in Oregon and Kansas provided oblique incidence
radar data. The sounders, established at three sites along the path of totality and one in
the penumbra, provided vertical incidence radar data.

1.2.1 Temporary lonospheric Sounders

Figure 6. One of two fan dipole antennas for the ionospheric sounder in Holton, KS

The four temporary, vertical incidence ionospheric sounders were custom designed and
built by researchers at Space@VT and the Hume Center. As shown in Figure 5,
sounders were deployed at three locations along the eclipse path: Sisters, Oregon;
Holton, Kansas; and Shaw Air Force Base (AFB), South Carolina. The fourth sounder
used in the eclipse experiment was the prototype sounder, located in Blacksburg,
Virginia. Each of these sounders employed an Ettus Software Defined Radio (SDR),
amplifiers, filters and two co-located fan dipole antennas. One antenna was used for
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transmitting and the other for receiving, as shown in Figure 6. Each sounder could only
make measurements on one frequency at a time, and they were programmed to step
between the operating frequencies of 2.6 MHz, 3.6 MHz, 4.5 MHz and 5.5 MHz.

1.2.2 Super Dual Auroral Radar Network
Christmas Valley SuperDARN Radars

S31eUIpI003 21y desboss

160°W 140°W 120°W 100°wW 80°W
Figure 7. Christmas Valley SuperDARN radars' beams (Blue and Magenta)

SuperDARN is a network of high and mid-latitude coherent HF radars that measure
ionospheric irregularities and structures. A dual-radar SuperDARN site has
independently operating westward-looking and eastward-looking radars. Each radar
employs a phased-array antenna system that is electrically steerable, allowing the radar
to form a narrow beam in a given direction. A set of discrete beams forms the fan-
shaped field-of-view (FOV) of a SuperDARN site as shown in Figure 7. SuperDARN
operates by sending out a pulse on one beam and measuring the returned signal at a
later time. From these measurements several quantities can be determined, including
the total distance the signal travelled, or slant range. SuperDARN slant range data
describe the range (d) in kilometers (km) that the radar signals travel based on the time
required for the signal to return to the receiver (At), according to the equation:

d=3>— 2)

where c is the speed of light in a vacuum. This equation is an approximation, because in
reality the propagation speed of the signal varies as it traverses the ionospheric plasma.

All SuperDARN data products are publically available and can be accessed and
analyzed using tools in the Data and Visualization Toolkit-Python (DaViTPy) software
package. The research presented here is primarily based on the observations of the
SuperDARN radars located in Christmas Valley, Oregon and Fort Hays, Kansas,
coupled with ray-tracing and geophysical modeling to help understand the physics of
the ionosphere during the 2017 eclipse.



2017 Solar Eclipse
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Figure 8. Eclipse path (blue) crossed SuperDARN fields of view (violet and green) and camping beams (indigo).

The SuperDARN radars in Christmas Valley (CV) and Fort Hays (FH) have FOVs that
intersect the path of totality of the 2017 eclipse. A SuperDARN radar can only make
measurements along a single beam within its FOV at a given time. Hence, when
choosing operating modes for the radar there is a trade-off between the temporal
resolution along a beam and the spatial resolution across the wide azimuthal FOV. For
the eclipse experiment, the Christmas Valley and Fort Hays SuperDARN radars
operated on ~10.5 MHz. In order to increase the temporal resolution the systems were
run in every-other-beam mode on the eclipse day, completing a full FOV scan through
eleven beams every minute. In this mode, the radar made three second measurements
on every-other beam, returning to a “camping” beam between successive beams. In
each radar scan period there are ten separate three-second measurements along the
camping beam. Figure 8 shows the azimuths of the camping beams for the Christmas
Valley West (CVW), Christmas Valley East (CVE), Fort Hays West (FHW), and Fort
Hays East (FHE) radars. The westward-looking radars made measurements on odd
numbered beams and the eastward-looking radars made measurements on even
numbered beams. Table 1 shows the azimuths of the beams used by each radar during
the eclipse observations. Note that beam azimuth varies by radar sites even for the
same beam numbers. (For additional SuperDARN operations summary, see Appendix
A.) By skipping every other beam, the temporal resolution of these beams is enhanced
without greatly sacrificing the spatial resolution across the FOV.

Beam Active Beam Azimuths Camping
Number cvw CVE FHW FHE Beam
0 - 16.74° - 10.98° No
1 - - -55.78° - No
2 - 23.22° - 17.46° No
3 -47.54° - -49.3° - No
4 - 20.7° - 23.94° No
5 -41.06° - -42.82° - No
6 - 36.18° - 30.42° No
7 -34.58° - -36.34° - No




8 - 42.66° - 36.9° No

9 -28.1° - -29.86° - No

10 - 49.14° - 43.38° CVE and FHE
11 -21.62° - -23.38° - CVW and FHW
12 - 55.62° - 49.86° No

13 -15.14° - -16.9° - No

14 - 62.1° - 56.34° No

15 -8.66° - -10.42° - No

16 - 68.58° - 62.82° No

17 -2.18° - -3.92° - No

18 - 75.06° - 69.3° No

19 4.3° - 2.54° - No

20 - 81.54° - 75.78° No

21 10.78° - 9.02° - No

22 - - Not in FOV | Not in FOV -

23 17.26° - Not in FOV | Not in FOV No

Table 1. Beam azimuths (degrees east of north) of beams with eclipse data for each radar. (Note "-" indicates that the
radar has no data from the eclipse period along that beam and "Not in FOV" indicates the beam does not exist at that
radar.)



1.3 Modeling
1.3.1 PHaRLAP Ray-trace

1500

Plasma Freguency (MHz)

Figure 9. Ray-trace side profile.

Propagation of radio waves can be modeled by ray-tracing, in which the radio wave is
treated as a discrete ray propagating through some region of the ionosphere. A ray-
trace algorithm calculates the location (i.e. range and height) of a ray for each point
along its path using the pertinent electromagnetic wave equations. The result is a profile
of the radio wave paths at different elevations along a given azimuth, as shown in
Figure 9. Ray-tracing can also show refraction in the azimuthal direction, but the vertical
refractive effects along a given azimuth are typically larger.

The HF propagation toolbox PHaRLAP (Provision of High-frequency Raytracing
Laboratory for Propagation studies) (Cervera and Harris 2011), created by Dr. Manuel
Cervera, is a widely used raytracing tool that models propagation through a user-
defined model ionosphere. The PHaRLAP ray-tracing codes are compiled Fortran
programs that can be called with Matlab wrappers. By specifying initial conditions that
correspond to those of a physical radar, PHaRLAP can be employed to generate
simulated radar data for comparison with measured data. Later in this thesis we show
how this can be used to evaluate the effects of a given eclipse model on HF
propagation. We use PHaRLAP to simulate the performance of these SuperDARN
radars by employing its two-dimensional ray trace tool and applying it to different model
ionospheres.

1.3.2 SAMI

SAMI (Sami is Another Model lonosphere) is an ionosphere/plasmasphere model
developed by the Naval Research Lab. SAMI calculates plasma densities and
composition along geomagnetic field lines (i.e. along flux tubes) using chemical
equations as well as the ion momentum equation, continuity equations, and equations
of state for each ion species (Huba, Joyce et al. 2000).

1.3.3 Model Validation
Evaluation of the accuracy of the models was performed by generating simulated
SuperDARN data via raytracing through model ionospheres generated by SAMI. The
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results are then compared to the measured SuperDARN data. An overview of the
program that performs this function is shown in the flowchart of Figure 10.

Run SAMI3/SAMI2 with From SAMI lonospheric

proposed modifications ; outputs extract Electron

due to eclipse imposed electron density Density Grids
on SAMI's inputs grid (.mat files)

User Inputs:
¢« Frequency (10.534 MHz from _rec file's average)
+ Radar Code Intialize SuperDARN
+  Beamnumber Simulation Python
+ Elevation Spread Program
+ NModel lonosphere Name
» Start Time, End Time and Time Step
IF
Ray-trace data file Inputs for
already exists AMD Fals Matlab
“run_trace” command Program
is False
romon]| ([ ) | powrar
ext;sc;;?y Fourtran function for SuperDARN
True pa a for each run time Simulation
Raytrace
Load raytrace Path Data at
path data Each Time
(.cav files)
Custom Range-

Time-Intensity (RTI)

Plot Program
Select only rays Simulated
that reach the Ground
' - ground (i.e. Scatter's
‘ground scatter”) Path Lengths
Figure with RTI plots of
: Measured and Simulated
Retrieve Measured SuperDARN Data
measured Scatter's
—p | SuperDARN .R_T| Path
data for specified
o Lengths
time interval

Figure 10. Flowchart of Overall Program Structure of Model
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1.4 Structure of the Thesis

The focus of Chapter 1 has been a general overview of the geometry of the 2017
eclipse, a narrow overview of expected eclipse-induced ionospheric changes, and a
broad description of our ionospheric eclipse experiment and data analysis techniques.
The next chapter details the basic morphology of the mid-latitude ionosphere and the
physical effects expected to be important during the eclipse. In the remainder of this
thesis after Chapter 2, we will show data taken by SuperDARN coherent scatter radars
during the eclipse, and we will interpret the observations in light of the physical effects
described in Chapter 2. In order to self-consistently include all of the important physical
effects we will use the state-of-the-art computational models described in Chapter 1.
The main models to be used are the PHaRLAP ray-tracing algorithm and the SAMI
model; the latter was developed by Dr. Joseph Huba at the Naval Research Laboratory.
Our focus will be to understand how the ray-paths emanating from the SuperDARN HF
radar interact with the eclipsed ionosphere to produce the radar return signatures
observed during the 2017 eclipse.

11



Chapter 2

2.1 Overview of the lonosphere

2.1.1 The Upper Atmosphere and lonosphere

The ionosphere is a region of ionized
particles that exists in the Earth’s upper
atmosphere, approximately 60 km-1000
km above ground level. It is important to
note that the ionospheric plasma density
is several orders of magnitude less than
the density of the neutral atmospheric
gases over most of this altitude range, as
shown in Figure 11. Hence, the neutral
particles and winds in this region will
influence plasma motion in the ionosphere
as detailed in Section 2.2.3. Note that
most texts refer to the neutral atmospheric
layer at these altitudes as the
thermosphere (Rishbeth and Garriott
1969, Banks and Kockarts 1973).

2.1.2 lonospheric Structure

500 Ionpsphenc E
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Figure 11. Comparison of Electron Density and Neutral Density in

the Upper Atmosphere from the International Reference lonosphere
and the Mass-Spectrometer-Incoherent-Scatter models.
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Figure 12. Day vs. Night Electron Density Profiles from the International Reference lonosphere.

The daytime ionosphere can be divided into four layers, the D layer, E layer, F1 layer
and F2 layer as shown by the red curve in Figure 12. The layers are distinguished by
their relative plasma densities and their constituents as well as the dominant production
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and loss processes in each altitude range. The D layer has the smallest plasma density
and its plasma is primarily composed of molecular ions. The E layer and F1 layer are
composed of a mixture of molecular ions and atomic ions, though the dominant types
differ between the two layers. The F2 layer is primarily composed of atomic oxygen
ions. Loss processes in the D, E, and F1 layers occur primarily through collisional
recombination of ions, and loss in the F2 region is primarily related to diffusion,
especially at altitudes above the F2 peak. At night the D layer completely vanishes
because the plasma recombines quickly due to high collision rates. The plasma density
in the E and F1 layers also decreases rapidly after sunset, leaving a single F layer and
weak E layer in the nighttime, as shown by the blue curve in Figure 12. The nighttime
persistence of the F layer is due to slow recombination rates, and the transport of
plasma from higher altitudes along magnetic field lines into the F layer (Hargreaves
1992).

2.2 Eclipse Physics

In this study, our primary concern is the reaction of the E, F1 and F2 layers during the
eclipse, and the effects that changes in the layered plasma structure have on HF
propagation. As the main effect of the D layer on RF propagation in the HF frequency
range is to attenuate the signal, this omission should not impact our propagation
analysis. Hence, we only discuss eclipse physics relating to the E, F1 and F2 layers
here.

2.2.1 Overview

The electron density in the ionosphere varies with altitude, season, time of day, latitude,
solar activity level, and other factors. The ionospheric density is very dependent on
sunlight. Exclusive of plasma dynamics (i.e. assuming no plasma motion) and assuming
a steady state, the continuity equation for plasma production, g, and loss of plasma is
given by the equation:

oN
S =0=a-10) 3)
where I(N) is the plasma loss by recombination as a function of electron density, N,

(Rishbeth and Garriott 1969). During an eclipse, q will decrease dramatically as the
solar disk is obscured. The imbalance between production and loss should result in a
pronounced decrease in electron density during the eclipse, especially at lower
altitudes.

However at F region altitudes, the influence of plasma dynamics on the plasma density
cannot be ignored. This is especially true at latitudes with a significant magnetic field dip
angle, which is defined as the angle between the horizontal plane and the magnetic field
vector. The full continuity equation the change in plasma density over time is

oN
Ezq—l(N)—(V -NV) (4)
where V is the net plasma drift velocity (Rishbeth and Garriott 1969). Plasma motion

from uneclipsed regions into the eclipsed region along magnetic field lines is likely to be
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an important mechanism in recovery of the ionospheric plasma density following the
eclipse. Plasma dynamics are therefore expected to produce major differences between
eclipse-induced ionospheric effects at different magnetic latitudes. In addition to vertical
plasma gradients along field lines, there likely will be horizontal plasma density
gradients (north-south and/or east-west) due to the non-uniformity of the eclipse
obscuration with location and time. If there is a strong horizontal gradient in plasma
density or a strong electric field established due to the gradient in charge density, then
plasma will diffuse or drift across magnetic field lines. Additionally, the neutral winds in
the thermosphere are typically an important driver of plasma motion at mid-latitudes.
Hence, the neutral wind-induced plasma motion may be an important mechanism for
plasma transport from uneclipsed regions to eclipsed regions. The strength of these
differing physical effects will vary with altitude, as well as with the local magnetic field
geometry and the solar-zenith angle during the eclipse (see section 2.2.3).

2.2.2 Recombination and lonization

During eclipse onset, the mechanism with the strongest influence on the ionospheric
eclipse response is likely to be recombination of the plasma due to the decrease in
sunlight. Recombination rates vary depending on several factors, the most significant of
which are composition, species densities and temperature. Since the atmospheric
composition, density and temperature vary strongly with altitude, so does the
recombination rate. Generally, recombination rates decrease with increasing altitude.

In the E and F1 layers, the production and loss mechanisms are
Ionization (I): X + photon —» X + e~

Ion — Neutral interchange (y): Xt +YZ > XYY" +7Z

Dissociative recombination (a): XY*+e™ - X" +Y"
where X, YZ, Y and Z are elements or molecules, e is an electron and the * denotes a
neutral particle/molecule in an excited state (Rishbeth and Garriott 1969, Banks and
Kockarts 1973). (Note that Y and Z could be two different elements/molecules or the
same element.) Disregarding solar zenith angle variations and assuming
photoionization of neutral molecules (M) is negligible, the effect of these mechanisms
on the electron density (Ne), molecular ion density (Nm+) and atomic ion density (Na+)
can be represented by

d:; = I[A]n[A] — aNy+N, (5)
dN ,+

o = I[AIn[A] — yn[MIN ;+ (6)

Wyt — yn[M]N 4+ — aNy+N, (7)

dt
where a is the dissociative recombination coefficient, y is the ion-neutral interchange

coefficient for the reaction involving the atomic ion A* and neutral molecule M, n[M] and
n[A] are the neutral densities of M and A, respectively, and I[A] is the photoionization
rate coefficient for a given particle (Rishbeth and Garriott 1969). The photoionization
rate coefficient for each species is dependent on the ionization cross-section as well as
the flux and wavelengths of incoming ionizing radiation.

14



Fraction of Solar Disk Unobscured over the
Course of the Eclipse

A simplified initial model of the eclipse effects
can be created by assuming a short-lived
steady-state condition and assuming charge
neutrality to obtain the equation

n(A_visible/Area_total)

afN? —agN — fq =0 (8) 8
where N is the electron density, B is
B =yn[M] (9)

and the production function q is

q = I[A]n[A]

(Rishbeth and Garriott 1969). A simple eclipse
model of the visible fraction of the solar disk

ured Fraction of the su:

(10)

Unob

16:48:00 17:16:48 17:45:36

18:14:24 18:43:12 19:12:00

Time (UTC)

over time (top plot of Figure 13) can be created
by calculating the overlap of two identical
perfect circles over time assuming one is
moving at a constant velocity and the other is
stationary. There are several inaccuracies in
this simplified model of eclipse obscuration, £
including but not limited to the absence of the
corona, the assumption of a constant velocity
for eclipse onset, and the omission of transport
terms. However, as Figure 13 shows, there is a

Electron Density over the Course of the Eclipse

5.00E404

0.00E400
16:

significant impact on the ionospheric plasma e
density due solely to the obscuration of the _ , , ) )
solar disk Figure 13. Simple Model of Eclipse Obscuration and the Eclipse

Effect on Electron Densities.

Numerical estimates of the recombination timescales for the E and F1 layers are given
in Table 2. These timescales indicate the delay of a change in the electron density of an
ionospheric layer following a change in g (Rishbeth 1969, Banks and Kockarts 1973).
The duration of totality is about one to three minutes depending on location and this is
long enough to cause a significant decrease in the E region electron density.
Additionally, since the partial eclipse period is about 1.5-3 hours, the recombination
timescales are short enough for the eclipse to have a significant impact on the
ionospheric E and F1 layer density due solely to the obscuration of the solar disk.

. Time Constant Average Time Constant Average Time
Region - . Constant
Equation Calculation Estimate
1 140km
E T=Raph ]t | < Z [2077cm3s™1 -+ N, (2)] ! ~2 minutes
z=90km
1 200km
F1 7 = [yn[N,]]?* c [6713cm3s™1 - n[N,](2)]? ~5 minutes
z=150km

Table 2. Recombination time constants for the E and F layers. (Equations and recombination coefficient values from
(Banks and Kockarts 1973). Neutral density values from MSIS and electron density values from IRI.)
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2.2.3 Plasma Motion

The net motion of a plasma is actually the sum of all of motions of the individual species
of charged particles that comprise it. The motion of each major species as well as its
interactions with the other species should be considered. Generally, the motion of an
ion in a plasma is due to the Lorentz force, the electric force, collisions with other
charged and neutral particles, and gradients in the plasma density and/or the electric
and magnetic fields. The steady-state motion of a given species of charged particle,
denoted by j, in a plasma can be described by the following equation.

where mj is the mass of the particle, n;j is the density of the charged particle, q; is the
particle’s charge, v, is the velocity of the charged particle, v; is the particle’s collision

frequency, Vp; is the pressure gradient, U is the neutral wind’s velocity, E is the electric

field and B is the magnetic field. For an isothermal plasma with a density gradient (Vn;),
the pressure gradient is

where k is Boltzmann’s constant and Tj is the temperature of the species. The velocity
of species j is dependent on the pressure due to the gradient in density as well as the
forces due to the electric and magnetic fields. Equation (13) shows a steady state
equation that relates the velocity of a particle to these disparate forcing terms:
o lLq,-(E +v/xB) KkT;Vn 7

Vj (13)

m;Vj m; Vg
In the eclipse case, the types of motion most likely to be relevant over short timescales

are diffusion due to density gradients, ExB drift, and neutral wind forcing.

2.2.3.1 Diffusion

As the eclipse progresses, gradients in the electron and ion densities will lead to motion
of plasma into the depleted region from higher density regions. This diffusion process
can occur along magnetic field lines (parallel diffusion) or across magnetic field lines
(perpendicular diffusion). The velocity of a particle of a species denoted by j due to

parallel diffusion is
voo=—p N (KT (VN
Ly — Il,j N]- - m;V; Nj (14)

where V| N; is the density gradient in the direction parallel to the magnetic field and D ;
is the parallel diffusion coefficient given by

. KT;
Ij = m;v; (15)
(Chen 2016). The velocity of a particle of species j due to perpendicular diffusion is
v o= p N Dy V.N; (16)
L) L) N] 1+ (L)g‘]/VJZ N]

where V N; is the density gradient in the direction perpendicular to the magnetic field,

the gyrofrequency of the particle is
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_ a8l (17)

cj

m;
j
and D, ; is the perpendicular diffusion coefficient given by
Dy;
D,:=—2r
T+ W/ v} (18)

(Chen 2016). Parallel diffusion is generally more rapid than perpendicular diffusion
because it is not affected by cyclotron motion. Hence, we expect parallel diffusion to be
the more important of the two in replacing plasma lost via recombination, especially in
the umbra region where these losses maximize.

The velocity of plasma particles is determined by the mass and temperature of the
species, so the parallel diffusion velocity of electrons in the ionosphere will generally be
greater than that of the heavier ions, leading to a local charge imbalance. This
imbalance creates an electric field that acts to impede further charge separation via
diffusion, but does not stop diffusion. The resulting motion is called ambipolar diffusion,
and the diffusion coefficient is

T,
D, = (1+Fe_)pi (19)
L
when T, = Tj,
D, =~ 2D; (20)
B ViN; V)N;
vij = ~Daj—— * —2Dii— (21)

)

where the subscript j represents either ions (i) or electrons (e) (Banks and Kockarts
1973, Chen 2016).

In this study we focus on large-scale effects that occur quickly during the eclipse, so we
ignore the slower processes in order to study the dominant effects associated with
plasma dynamics at F region altitudes.

2.2.3.2 ExB Drift

An electric field causes a charged particle to move along it with the direction it moves
depending on the sign of the charge. If a charged particle is in a magnetic field and
some component of its velocity is perpendicular to the magnetic field, then the Lorentz
force will cause the particle to gyrate clockwise or counterclockwise around the field
lines, depending on the sign of the charge, with a radius proportional to the magnitude
of the velocity perpendicular to the magnetic field. When an electric field exists with
some component perpendicular to an existing magnetic field, then the orbital radius of a
charged particle in that region will vary over its orbit as the two fields act on it. Hence
the location of the center of the orbit (the guiding center) will move in the direction
perpendicular to both the electric and magnetic fields. This motion of the guiding center
due to the perpendicular electric and magnetic fields is called ExB drift. The particle’s
ExB drift velocity is given in the equation bellow (Chen 2016).
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. ExB

VExB = “Rpz
It is important to note that the ExB drift is in the same direction for both positive ions and
electrons. Also, since the conductivity parallel to the geomagnetic field at ionospheric
altitudes is very large, the parallel E field is effectively zero in the ionosphere.

(22)

2.2.3.3 Neutral Winds

Neutral winds also drive charged particle motions in the ionosphere via ion/electron-
neutral collisions. As in the case of the electric field, the wind-induced motion of the
charged particles will vary with the orientation of the wind vector relative to the magnetic
field. The extent of the influence of the magnetic field on wind-induced ion/electron
motion will vary with the relative magnitudes of the ion/electron gyrofrequency and the
ion/electron-neutral collision frequency. The collision frequencies are a strong function
of altitude, so the effects of winds at E region heights can be very different from the
effects on motions of particles in the F region.

In regions where the local ion/electron-neutral collision frequency is much greater than
the gyrofrequency of a given species, the magnetic field will have negligible influence on
the motion of the charged particles compared to the direct influence of the wind through
ion/electron-neutral collisions. In contrast, when the local ion/electron-neutral collision
frequency is much less than the ion/electron gyrofrequency, then the magnetic field will
have a dominant influence on the motion of the wind-driven charged particles. In this
case the Lorentz force must be considered. This behavior is summarized by the general
equation for the wind-induced drift velocity of a charged species, denoted by j, given
below:
Vo = 2\)1-2 Ty Zoojz 2(U lz)B vjw; UxB
Wi +V; |—B’|

TECACE )

Note that w; is positive or negative depending on the charge of the species j. There are
three components to this motion, one is in the direction of the wind, another is in the
direction of the magnetic field, and the third is perpendicular to both the wind and
magnetic field vectors.

2.2.3.4 Compatrison of Timescales of Plasma Motions

Numerical estimates of the velocities and timescales for the four types of plasma motion
discussed in this section are provided in Table 3 for the ions in the F layer. Note that the
timescales provided are an estimated of the time it would take a particle to drift 250km™.
Also, as the parallel and perpendicular diffusion timescales vary with the parallel and
perpendicular plasma density gradients, we give approximate diffusion coefficients for
each direction from values found in (Rishbeth and Garriott 1969) and then estimate the
timescales for each direction assuming |V N;/N;| = [V, N;/N;| = 1073m™1. The estimates

" The reference distance was arbitrarily set at 250 km as it is wider than the eclipse umbra as well as the
E layer and F1 layer.
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of the relative timescales for the parallel and perpendicular diffusion coefficients for the
same magnitude plasma density gradient show that the parallel diffusion is many orders
of magnitude faster than the perpendicular diffusion unless very large density gradient
(on the order of at least 10 is present.

As the partial eclipse period is about 1.5-3 hours, timescales of all of the drift processes
given in Table 3, except perpendicular diffusion, indicate that these processes could be
play a role in the ionospheric eclipse response. However, the values for the electric
field, winds and diffusion might differ from their average values given here during an
eclipse. Hence, these estimates only give a rough idea of the types of motion relevant to
the ionospheric eclipse response.

Magnitude of

Process Assumptions Velocity or Timescale
Diffusion (At = 250km/|v|)
Coefficient
~(36X1 03 Sm_1)|Ni/V||Ni|
Diffusion (19'59)_6 and Larmo [¥,i] = Dy |”T11 If ‘lﬂl—ll =103 m™!
= At = 36

Perpendicular

Dy = 7x10° m?s~!
vi/w; ~ 2.7x1073

D,; ~51m?%/s

~(1.4 hour m™) |N;/V  N;|

U ~ (—%55 — §38) m/s

(Values from IGRF
and HWM models.)

Diffusion | (Values from [Vii| = Dy VlNl| If VltINl =10"*m™
(Rishbeth and Garriott Ni i
1969).) = At > 24 hours
Bl ~ -3 -1
ExB Drift | |EI~ 10x107Vm [Fees| ~ 200 m/s ~21 minutes
|B| ~ 5x10~° T
Vi K w;
(BB
= Vw = — =
| [B|
WlndE)Izguced Declination of B =~ 33° [Vw| = 49 m/s ~1.5 hours

Table 3. Estimation of velocities and timescales of different ion motions at 300 km.

2.2.4 Solar and Magnetic Geometry
Due to the importance of the local magnetic field orientation to plasma motion, the
ionospheric response to an eclipse, especially at F region altitudes, can be expected to
vary with magnetic latitude as the magnetic dip angle varies. This has been supported
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by previous studies such as those discussed in (Bowhill 1969). The 2017 eclipse
occurred at mid-latitudes, so downward diffusion of plasma along magnetic field lines
into the depleted, eclipsed region of the ionosphere is expected to have a significant
impact on the F region plasma density during and after the eclipse. The Millstone Hill
radar measured an increase in F region electron density during the July 1963 eclipse
relative to that measured on the control day, and hypothesized that it was caused by
parallel diffusion of plasma along magnetic field lines into the eclipsed region (Evans
1965).

Solar and Magnetic Geometry in the Vertical Plane

Morning Noon

Umbra Umbra

B B

Figure 14. The geometry of the eclipse umbra (gray cylinder) and the mid-latitude magnetic field (blue arrow) in the
morning and at noon. The umbra eclipses more area along the magnetic flux tube at noon than it does in the
morning.

Additionally, past studies have indicated that ionospheric eclipse responses also vary
with the time of day at which an eclipse occurs (Chen, Qi et al. 2013, Chuo 2013,
Stankov, Bergeot et al. 2017, Sivakumar 2018). The reason for this is probably two-fold.
First, since the structure and density of the ionosphere varies diurnally, the initial state
of the ionosphere at the time of eclipse onset depends strongly on the time of day. For
example, a noon eclipse would modify an ionosphere near its peak plasma density,
whereas an eclipse occurring near sunrise would modify an ionosphere that was initially
in a state of low but steadily increasing plasma density. The large differences in the
initial states at these different times would be expected to produce significant
differences in the ionospheric responses to the eclipse (Chuo 2013).

The second reason for the variation in the ionospheric eclipse response variation with
local time is the effect of the orientation of the sun relative to the magnetic field. The
plasma content on a particular flux tube that passes through the eclipsed region will
depend on the angle of the sun-Earth line relative to the flux tube. If the line between
the Earth and the sun is nearly aligned with the geomagnetic field, as illustrated in the
right panel of Figure 14, then the eclipse would deplete most of the plasma in the flux
tube (along the field line). In contrast, if the sun is not well aligned with the local
magnetic field, as shown in the left panel of Figure 14, then the eclipse would not
deplete as much of the plasma in the magnetic flux tube, so diffusive refilling of the
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eclipsed ionospheric region could occur more rapidly. Therefore, the effect of the
eclipse is expected to vary with size of the solar zenith angle (the angle of the sun
relative to directly overhead), as well as the magnetic field angle (Stankov, Bergeot et
al. 2017). Hence, both the time of year and the time of day are likely to impact the
eclipse responses at mid and high latitudes, where the magnetic field has a significant
dip angle.
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Chapter 3

3.1 SuperDARN Operation and Data Visualization
3.1.1 Overview

. lonospheric plasma irregularities

F-Region

et e ~ 300 km altitude

HF radar \
Ground Scatter "y v

Figure 15. Diagram of the two primary types of scatter modes observed by SuperDARN radars. (Figure from
(Ruohoniemi 2012). Used with permission of author.)

As discussed in section 1.2.2, a SuperDARN radar sends out a pulse and measures the
scattered signal that returns to the radar from various ranges. SuperDARN primarily
measures two types of scatter, ground scatter and ionospheric scatter, illustrated in
Figure 15. lonospheric scatter occurs when the outgoing ray is reflected back to the
radar from a plasma structure in the ionosphere. In contrast, ground scatter signals are
refracted through and/or reflected from the ionosphere down to the ground, where it is
they are reflected back towards the radar. Signals with low Doppler velocities and small
spectral widths are typically flagged as ground scatter (Nishitani, Ruohoniemi et al.
2019).

SuperDARN radars bin the measured scatter by time of arrival, corresponding to bins of
ranges from the radar called “range gates”. The size of these range bins (AR) is typically
about 45km, with the first range gate located about 180km from the radar (Nishitani,
Ruohoniemi et al. 2019). Hence, slant range is related to range gate number by
R —R
Rgane = Ry + (ngate)(AR) = Ngate = % (24)
where Ro is the range of the first range gate. Several quantities can be detemined from

the radar’'s measurments including signal-to-noise ratio (SNR), Doppler line-of-sight
velocity, spectral width of the signal and elevation (not availible from Fort Hays radars)
(Nishitani, Ruohoniemi et al. 2019). These data are typically downloaded and plotted
using the DavitPy software toolkit.

3.1.2 Eclipse Data Visualization Methods

One of the most common methods of presenting SuperDARN data is a Range-Time-
Intensity (RTI) plot, shown in Figure 16. In a RTI plot, the range of each datum from the
radar (in range gates or slant range) is plotted over time with the color of each datum
indicating the observed value (i.e. SNR, velocity, efc.). RTI plots generated with DavitPy
functions also include top panels with plots of additional data on the radar’s operation
and local conditions such as sky noise. For the eclipse study, we added an additional
panel to these top panels to plot two eclipse parameters over time. In this work, these
parameters are the distance of the eclipse center on the ground from the radar and the
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azimuth of the line on the ground connecting the eclipse center and the radar. It is
important to note that these eclipse parameter plots only give a general representation
of the times of the eclipse onset, maximum and end for comparison to measured data.
A representation of how the eclipse magnitude varies over the entire beam would be
very difficult to display alongside these data, although it might yield greater insight into
the difference in eclipse conditions at different beam azimuths and radar sites (see
section 3.3.2).

Christmas Valley West (fitex) 21/Aug/2017

Noise Levels - 5| s «——| Sky Noise | .
= ¥ T i B g 5 F o0

Eclipse Pane|_{ ] _A; Eclipse Distance (km) FRzimuth of Ecllpse( ) I:A1
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Figure 16. Example Range-Time-Intensity (RTI) plot from DavitPy for the Christmas Valley West eclipse day camping

beam. The parameter plotted on the y-axis of each of the top plots is indicated by the text box and arrow.
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3.2 SuperDARN Eclipse Data
3.2.1 SuperDARN Eclipse Operation

2017 Solar Eclipse
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Figure 18. Beams intersecting the eclipse path (black) that made measurements during the eclipse at the Christmas
Valley (magenta and blue) and Fort Hays (green and blue) SuperDARN radar sites. Camping beams are highlighted
in blue.

As described in section 1.2.2, on eclipse day the SuperDARN radars in CV and FH
operated in every-other beam mode at about 10.5 MHz. In this mode, a radar makes
measurements on every-other beam (highlighted magenta and green in Figure 18),
returning to the “camping” beam (highlighted blue in Figure 18) between successive
beams. Hence, this operating mode maximizes the temporal resolution of these data for
each camping beam with only a small sacrifice in spatial resolution across the FOV.
Figure 18 illustrates the spatial coverage of each beam with eclipse data. The radars
started operating in this mode around 12:00 UT on August 21 and continued operating
in this mode until around 0:00 UT on August 22.

It is worth noting in Figure 18 that the path of the eclipsed umbra region passed very
close to the radar sites at both FH and CV. The portion of the ionosphere observed by
the radars was therefore mainly on the penumbra of the eclipse. Based on Figure 18 the
only exceptions to this were the most eastward-directed beams at CV and the westward
beams at FH.
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3.2.2 Camping Beams’ Data
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Figure 19. RTI plots of data from camping beams of SuperDARN CVW, CVE, FHW and FHE radars. The eclipse
occurs between about 17UT to about 20UT with the eclipse center passing closest to CVE/CVW at about 17:30 UT
and closest to FHE/FHW at about 18 UT.

The RTI plots in Figure 19 show data from the camping beams during the eclipse
experiment. In all cases the observed scatter from ranges less than ~630 km? (i.e.
before range gate 10) is fairly constant during the eclipse. Here we use the word
“scatter” to refer to signals observed at ranges beyond the 630 km range gate. The low
spectral widths and velocities shown in Figure 19 indicate that the majority of scatter
measured on the eclipse day is E region and/or F region ground scatter, not ionospheric

2Scatter from slant ranges less than 630 km, commonly seen in SuperDARN data, are typically classified
as meteor scatter (i.e. scatter from ionization created by meteors) and/or sporadic-E scatter (linked to
neutral turbulence in the lower E region) (Nishitani, N., J. M. Ruohoniemi, M. Lester, J. B. H. Baker, A. V.
Koustov, S. G. Shepherd, G. Chisham, T. Hori, E. G. Thomas, R. A. Makarevich, A. Marchaudon, P.
Ponomarenko, J. A. Wild, S. E. Milan, W. A. Bristow, J. Devlin, E. Miller, R. A. Greenwald, T. Ogawa and
T. Kikuchi (2019). "Review of the accomplishments of mid-latitude Super Dual Auroral Radar Network
(SuperDARN) HF radars." Progress in Earth and Planetary Science 6(1): 27.).

25




scatter. Thus, the observed changes in range are likely changes in the signal path
length through the ionosphere rather than the appearance or disappearance of an
ionospheric irregularity. It is noteworthy that the observed scatter ranges are “clustered”
into two groups or “scatter bands”. These likely represent refraction of the signals
through two different trajectories through the ionosphere, which coincide with different
beam elevations, and therefore different angles of incidence on the bottomside
ionosphere. These relationships between the range gates and the incidence angle will
be made clear in the next chapter, where ray-tracing results are shown. The two scatter
bands might represent E region scatter vs. F region scatter (i.e. reflection from different
altitudes) and/or single-hop propagation vs. multi-hop propagation (i.e. how many times
does the ray pass through the ionosphere and down to ground before it is reflected back
to the radar).

The observed eclipse response varies with radar site, time and and look direction. The
variation of observations with look direction will be more closely examinined in the
following section. In all cases, less scatter is observed during the eclipse period,
indicating that much of the transmitted energy that would normally reflect back to the
receivers is lost during the eclipse. However, the data from eastward-looking camping
beams show a weaker eclipse signature than data from westward-looking camping
beams, whose eclipse signature includes a change in slant range. However, these plots
show a much stronger eclipse signature in data from westward-looking camping beams
than data from eastward-looking camping beams. Both the CVW and FHW camping
beams observed an increase in the path length of scattered signals during eclipse
onset, although the timescales differ slightly between the two sites. Post-totality, the
CVW camping beam observed a steady recovery to pre-eclipse conditions that was
symmetric with the eclipse onset about the time of eclipse maximum. However, the
FHW camping beam did not observe a symmetric recovery to pre-eclipse conditions
after totality relative to the eclipse maximum. The possible reasons for this will be
discussed in section 3.3.3 and in following chapters.

3.2.3 Summary of Data Across the Field-of-View

As the plots of Figure 19 show, the radar signatures varried with location as well as look
direction. In order to further examine the magnitude and timescales of the measured
responses of the various beams and radars, the number of range gates with measured
ground scatter were plotted over time for each beam with data in a multi-pannel STA
plot. In order to focus on the eclipse effect, only ranges beyond ~630 km are plotted as
scatter in Figure 20. This is resonable because data from shorter ranges are nearly
constant during the eclipse®. Finally, data from the camping beam of each radar is
plotted in a separate subplot at the bottom of the STA plot for the radar.

3 As sporadic-E and meteor scatter are characterized by the conditions in the mesosphere (i.e. the neutral
atmosphere from ~30km to ~100km), data from these scatter modes does not provide insight into eclipse-
induced changes in the upper E region (above ~120km) and in the F region.
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Figure 20. Summary of ground scatter behavior across beams (labeled by azimuth) of all radars.

Figure 20 confirms that the eclipse response, indicated by decreases in the amount of
ground scatter received, varies with radar look angle as well as with location and time.
Generally, the eclipse response measured by the radar can be seen to decrease as the
radar looks away from the west and towards the east. Additionally, for those radars that
observed an eclipse response, the data from the pre-totality and post-totality periods are
only symmetric in the CVW data, except for azimuth 17.26°. In all other cases, these
data from the pre and post-totality periods are asymmetric in time.
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3.2.4 Beams Aligned with the Magnetic Field

The magnetic field orientation is an important factor in the eclipse response, so data
from azimuths that are most nearly aligned with the declination of the local magnetic
field should be examined closely. At CV the magnetic declination is about 14.31° and at
FH the magnetic declination is about 4.79°. The active SuperDARN radar beams that
are most closely aligned with geomagnetic flux tubes are those at 16.74° at CV (CVE
beam 0) and 2.54° at FH (FHW beam 19). These beam data are shown in the RTI plots
of Figure 21. There is a slight path lengthening observed in the CVE beam data, though
during the maximum eclipse most of this scatter disappears. FHW data show even less
of an effect, with only some diminished scatter during the eclipse. However, these data
will be important in subsequent analysis and so are included here.
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Figure 21. RTI plots of data from the SuperDARN beams best aligned with the declination of the local magnetic field
at each radar.

3.2.5 Christmas Valley Radars’ Angle of Arrival Data

As mentioned in section 3.1.1, the Christmas Valley SuperDARN radars also measured
the elevation angle of returned scatter. These data are plotted in Figure 22 for the CVW
and CVE camping beams, CVE 16.74° (closest to magnetic alignment) and CVW 17.26°
(the closest CVW beam to CVE 16.74°). The color scales indicate the elevation angles,
so these data show that the elevation angles of returned scatter are mostly low,
especially for CVW -21.62°. Additionally, the range of scatter from higher elevations
appears to increase and mostly disappear around maximum eclipse, leaving only
scatter from lower elevations. This suggests that the signals at higher elevations may
escape the ionosphere or travel further than the maximum range SuperDARN can
measure. At the same time, the slant range of scatter from these lower elevations
increases. This could be due to a change in the reflection height of these signals from
the E layer to the F layer.
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Figure 22. Elevation RTI plots Christmas Valley for camping beams and azimuths closest to the magnetic declination.

3.3 Preliminary Analysis and Research Questions
3.3.1 Key Observations and Questions
Key features of these data presented in Section 3.2 are summarized in Table 4 below.

Data Features Figures
e Most scatter measured has low velocity and e Figure 19
low spectral width, indicating that ground e Figure 19
Camping Beam scatter constitutes the maijority of the
Data measured scatter.
e Decrease in the amount of observed scatter
around time radar closest to the eclipse
center.
e Path lengthening during eclipse onset e Figure 19
e Fairly symmetric return to pre-eclipse path e Figure 19
CVW Camping lengths after totality. e Figure 22
Beam e Low elevation angles at greater range gates
measured on returned scatter during the
eclipse.
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e Path lengthening during eclipse onset. e Figure 19
FHW Camping | ¢ Recovery appears to take longer than at CVW |e Figure 19
Beam and is not symmetric with the onset phase with
respect to time of eclipse maximum.
e Loss of scatter return during onset of eclipse. |e Figure 19
e Scatter “bands” return after eclipse center has |e Figure 19
CVE Camping come closest to the radar. These path lengths |e Figure 22
Beam then decrease as eclipse recedes.
¢ Low elevation angles measured on returned
scatter during the eclipse.
FHE Camping e Slight decrease in returned scatter as eclipse |e Figure 19
Beam center nears the radar. However, eclipse
effects are not pronounced.
e The decrease in the number of scatter returns |e Figure 20
STA plots of the measured by the radar associated with the e Figure 20
number of ground eclipse can be seen to decrease as the radar
scatter points looks away from the west and towards the
each radar east.
observed (past | e Data from many beams have a recovery that is
the 630km range asymmetric in time with the observed eclipse
gate) onset response. The exception is CVW
azimuths -47.54 to 10.78°.
o Slight lengthening of returned path lengths e Figure 21
during onset with a loss in signal around e Figure 22
CVE 16.74° closest. eclipse p.o.int. Fairly sym_metric return to
pre-eclipse conditions post-totality.
¢ Low elevation angles measured on returned
scatter during the eclipse.
FHW 2540 o Slight loss of scatter as eclipse center nears e Figure 21
] the radar, especially at longer ranges.

Table 4. Summary of key features observed by SuperDARN radars during the eclipse.

There are many questions raised by these data that invite further analysis. In this thesis
we focus on four:

1. Are the increases in path lengths observed during the eclipse due to changes in
the altitude of peak plasma density, or due to ducting of the signals through the
region where plasma is depleted?

Why do data from different sites appear to be so different?

How can numerical models and ray-tracing algorithms be used to help

understand the observed SuperDARN radar data measured during the eclipse?

4. How might the direction and magnitude of thermospheric winds affect the signals
observed by the radars?

wn
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3.3.2 Analysis Considerations and Challenges

Any analysis of ionospheric data obtained during an eclipse must take into account the
variation in solar occultation with altitude and time. When looking at the SuperDARN
data, the analysis is further complicated by the fact that the system is an oblique
sounder, meaning that we must take into account how the eclipse conditions vary with
range from the radar as well as with altitude and time. Additionally, the eclipse geometry
relative to the various radar beams differs by site, as illustrated in Figure 18. This will
make comparison between the two sites more complex.

This difference in the eclipse geometry might account for some of the differences
observed in these data. However, there are additional differences between the two sites
that may be significant. For example, the eclipse occurred in the morning at Christmas
Valley, whereas it occurred around midday at Fort Hays. As discussed in section 2.2.4,
the time of day at which an eclipse occurs is expected to have a significant effect on the
ionospheric response to the eclipse. In this case, the ionosphere at Christmas Valley
was likely still in a state of growth when the eclipse began, but the ionosphere at Fort
Hays was likely near its peak density. The magnetic field geometry with respect to the
solar zenith angle is also somewhat different at each site. As discussed in section 2.2.4,
such a difference could affect the time scales over which the ionosphere recovers from
the eclipse.

In order to answer the questions posed here, a more rigorous analysis is needed.
Comparison between ionospheric model outputs and these observed data is essential
for this analysis. Our analysis method and results are discussed in the following
chapters.
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Chapter 4

4.1 Method for Evaluating lonospheric Models

4.1.1 Overview

An ionospheric model is validated by comparison to measured data. In this study, the
models of the eclipsed ionosphere were generated by imposing conditions on the SAMI
model ionosphere (Huba, Joyce et al. 2000, Huba, Joyce et al. 2008). SAMI’s outputs
include the electron density at various latitudes, longitudes, times and altitudes.
Simulated SuperDARN data were then obtained by raytracing through these electron
density profiles. The focus of this chapter is to present methods of comparing model
data to measured SuperDARN data and to employ these methods to evaluate the
output variations under different model conditions. Through this process we will identify
the conditions that produce the best agreement with measured SuperDARN data.

4.1.2 SAMI Data

As discussed in section 1.3.2, SAMI is a model ionosphere that Impase some
calculates plasma densities and composition along magnetic odipse
flux tubes (Huba, Joyce et al. 2000). There are two different SAMI's inputs
SAMI models, SAMI2 and SAMI3, both of which were employed v

in this study. SAMI2 is a two-dimensional version of SAMI that
calculates plasma and neutral parameters along a single flux
tube. SAMI3 is a three-dimensional version of SAMI, initialized

Run SAMI3/SAMI2

using the output of SAMI2, that calculates these parameters ¥

along multiple flux tubes (Huba, Joyce et al. 2008). The output From SAMI outputs

parameters are intrinsically given in magnetic coordinates, not ®densty i

geographic coordinates (Huba, Joyce et al. 2000, Huba, Joyce

et al. 2008). Hence, the electron density grids of SAMI2 and/or *

SAMI3 must be interpolated to produce grids in geographic Transform electron density

coordinates for raytracing. These interpolated electron density g;% rom SAMISAML2

grids are the input model ionospheres that are used for ray- geographic coordinates

tracing. As discussed in section 1.3.2, SAMI models of the ¥

eclipsed ionosphere were generated by imposing various masks p——

on the input EUV flux, as well as modifying other input Electron Density /

parameters (Huba and Drob 2017). These modifications will be Gres (matfies)

discussed in more detail in the following sections and chapters, Figure 23. Flowchart of

but the general process is outlined in Figure 23. process to generate an
input ionospheric model for
ray-tracing.

4.1.3 SuperDARN Ray-trace Simulation

In section 1.3.1, the use of the PHaRLAP ray-trace toolbox to model the propagation of
a radio signal through a model ionosphere is described. Simulated SuperDARN data
can be extracted from the output of a ray-trace that is initialized with the radar operating
parameters (i.e. operating frequency, elevation spread, beam azimuth, latitude,
longitude, etc.). In practice, the operating parameters for the SuperDARN radars and
beams are found using DavitPy functions, then these conditions are imposed on a
customized PHaRLAP MATLAB wrapper function that runs the ray-trace algorithm. A
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full version of the code is too large to show in a single flowchart, so two flow charts will
be used in the following paragraphs to illustrate the algorithms.

As shown in Figure 24, the ray-trace algorithm takes inputs from the Python program
and traces the propagation of all rays in the list of elevations for each time, radar and
beam input. For each time, the files containing the corresponding output SAMI data are
loaded into the program. For each beam of each radar, the program uses a gridded
interpolation to make a “slice” of the ionosphere along the azimuth corresponding to the
beam for all specified ranges and altitudes. Then the raytrace2d Fortran function is
called with the electron density grid, initial conditions and distinct ray elevations as
inputs. Each elevation angle corresponds to a different ray that the function traces until
any of the following occur: the ray exits the ionospheric grid; the ray hits an irregularity;
or the ray reaches the ground after the specified number of hops. In the SuperDARN
simulation the hop limit is set to one and multi-hops are assumed to be negligible; it will
be shown a-posteriori that this is a reasonable assumption.
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Inputs from Python SuperDARN Simulation:

+« [requency (10.534 MHz from radar record file's average)

Structure (tx_sites) containing the following for each radar: latitude, longitude, altitude,
azimuth(s) of beam(s), elevations

Array of times {in UT) (Cell object in Matlab)

MNames of model ionosphere files for each time

Spatial (lat/lon/altitude) arrays for model ionosphere’s electron grids

Directory to output raytrace data

END

Setraytrace grid’'s Eacﬁ?are IN
limits and mlp | Sethop limit to 1 simulation’s input END
resolution times
P e i et .
Evaluate Each Time RgN
Preform gridded interpolation of electron Load electron
density grid over its spatial dimensions density grid _mat
[griddedinterpolate({spatial array}, electron < file corresponding END
grid) ] to that time

Electron Density Interpolator Object
[electron density(location) =
interpolator(location’s spatial

coordinates)]

FOR
Each radar IN
tx_sites

Evaluate Each Radar RUN END.

v

Extract radar’s:
latitude, longitude,
altitude, azimuth array
and elevation array

Azimuth IN azimuth

Run Raytrace for Each Beam

« Ray Summary Generate 2D 1onospheric
Data Run 2D Raytrace - electron grid for each
« Ray Path Data (FORTRAN) location in raytrace grid
from interpolator

r

Create table with data Save ray _Save Ray Path Data, 2.D

on ray position and ath table ianospheric electron grid

arame¥e$s for each ra IFI)G csv file and other local variables
p ¥ : to .mat file

Figure 24. Flowchart of SuperDARN PHaRLAP-based ray-trace algorithm.

The algorithm shown in Figure 25 demonstrates how the ray-tracing code is used to
model the SuperDARN radar. Additional details are given in Appendix B. As illustrated,
the program finds the operating parameters of the input SuperDARN radar(s) and
beam(s) and checks if a ray-trace has already been run. If not, the code calls the
PHaRLAP wrapper with the appropriate inputs before proceeding. The ray-trace path
data are loaded from the files into a data frame, filtering out any ray path data from rays
that do not return to the ground. Finally, the path length is extracted for each of the
paths for each time, along with other parameters that are analogous to measurements
by the SuperDARN radars (i.e. elevation angle, etc.). These data are binned into range
gates. Values in the same range gate are averaged or counted (depending on the
parameter). Finally, these data are stored for future use.
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[ttt |
'Lookup SuperDARN radar’s parameters:

User Inputs:
Frequency (10534 MHz from rec file's average)

Array of times {(UT) (or start time, end time and time step) Find the specified
Radar Code(s) SuperDARN radar's
Beam number(s) latitude and
Elevation Spread longitude

Model lonosphere Name
Flag indicating whether to run new raytrace

Run Matlab
PHaRLAP
Wrapper Program |(«§False
for SuperDARN

Find the azimuth
corresponding to the
input beam number

Raytrace data file
exists AND inputs

specify not o run a for input radar.

|

]
Simulation |
1
o [ e
True
Flnq;{]tg;; Load raytrace Select rays that
Files path data into | j—————— reach the ground
" dataframe (i.e. “ground scatter”)
(.csv files)
P m
} Bin path lengths into SuperDARN beam’s range gates ! l
| 1
} Retrieve the following information :
I about the beam- [
H )
| * Firstrange gate’s slant range | S"’”“'ate? Ground
} « Range gate width | Scatter’'s Path
| e Number of Range Gates ! Lengths
|
| 1
1
| * :
} Obtain the slant ranges (i.e. path Bin simulated :
I
lengths) corresponding to each ground scafter .
| +
I range gate’s upper and lower into range h Simulated SuperDARN Data
} bounds gates :
I
| 1
1

Figure 25. Flowchart of Python code that converts ray-trace paJth data into SuperDARN's data format.
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4.1.4 Ray-Trace Data Visualization

2000
Ground range [km]

0.0 2.5 x10* 5.0 x10* 7.5 x 10" 1.0 %10 1.2x10° 1.5 107 1.8 % 10* 2.0 x 10°
Electron Density (electrons/em™)

Figure 26. Example ray-trace profile plot for a ray-trace through the output of the unmodified SAMI2 model for CVE
beam 0 (16.7°) at about 18:18 UT. The initial elevation of the rays goes from 10° to 70° in 0.25° steps.

The most common method of visualizing a ray-trace is a ray-trace profile plot, as shown
in Figure 26. In a profile plot, ray paths are plotted over a colored background that
shows the electron density or plasma frequency*. These plots are useful for examining
ray propagation at a single time; however, the plots do not show the evolution of the
paths over time, so they do not allow direct comparison to SuperDARN data.

In order to facilitate such comparisons, we generate a SuperDARN data object
containing simulated data from the multiple ray-traces. These data are then plotted
alongside measured SuperDARN data on RTI plots such as those shown in Figure 27.
Our initial analysis utilizes only these two visualization methods.
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Panels of the RTI Comparison Plots:
A. Eclipse geometry panel:
» Left: Distance (km) of the eclipse
center from radar
» Right: Azimuth (degrees) of the
eclipse center, relative to direct
north from radar

B. Measured Signal-to-Noise ratio
(SNR) of received signals.

C. The number of simulated rays in
each range gate.

D. Measured angle-of-arrival for

returned scatter.

E. Simulated initial elevation angle of
ground scattered rays, assumed
to be equivalent to angle-of-
arrival.

Figure 27. Example RTI comparison plot (left) of measured SNR and elevation angle data with simulated output data
from original SAMI3 eclipse model. A description of each of the panels (by label) is given in the box on the right.

4 Plasma frequency (f, in MHz) is related to electron density (N in cm=) by f, ~ 9x107V/N.
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4.2 Initial Modeling Study with SAMI3
4.2.1 Initial SAMI3 Model

Prior to the eclipse, our CVW Beam 11 (Azimuth: -21.6°) at 17:36:26 UT

research collaborators at Model : Initial Sdtdﬂl_{?o{fclipse Mask
NRL provided us with the 7 :
output created by imposing 552
their preliminary eclipse = “ .
mask on the EUV input to =
SAMI3, as described in = 1250 . g
(Huba and Drob 2017). The 0 Graund range [km 2500
initial modeling study
. 00 05 10 15 20 25 30 35 40 45 50 55 60 65 7.0
preformed after the eclipse Plasma Frequency [MHz]
involved improving the Eclip=e
eclipse masking function 552
imposed on SAMI3, and 8A2
determining the
mechanism that leads to

77 -~

’ ) 110 1250 B S
the increase in measured 0 Ground range [km] 2500
path lengths during the
eclipse. 0.0 05 10 15 20 25 30 35 40 45 50 55 60 65 7.0

Plasma Frequency [MHz]
Figure 28. Comparison of ray-traces through uneclipsed (top plot) and
The ray-traces through the  eclipsed (bottom plot) SAMI3 models. The initial elevation angles of the rays

. are 15°-70° in 1° steps.
?;(;Eﬁ'glo)féTMﬂgen?\g%Se?c;nd Vertical EIegtron Density Profliles over Cvw at‘17:36:26 uT
the output of the eclipsed 500 Lo NS
SAMI3 model are shown in
the plots of Figure 28. _ _
rays that return to Earth in
the eclipse case travel to
farther ranges than the
same rays did in the control ‘ ‘ ‘ 5 5
case. Additionally, these 200 [T e
rays that return to Earth in
the eclipse case have lower
take-off angles and appear ‘ ‘ ‘ . . ‘ ‘
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refracted from in the control

case. However, as illustrated in the eclipsed and uneclipsed model vertical electron
density profiles of Figure 29, the altitude of the peak electron density is approximately
the same in both the eclipsed and uneclipsed models of Figure 28. Therefore, the ray-
trace through the model ionosphere showed that the increase in slant range observed
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by SuperDARN is consistent with ducting of the signal through the eclipsed region
instead of a change in ionospheric layer height.

Additionally, Figure 28 shows that the unperturbed ionosphere refracts more rays back
toward the Earth than does the eclipsed ionosphere, and that both E and F region
modes support longer ray paths during eclipsed conditions. Both of these effects are
related to the lower plasma frequencies during the eclipse, which reduces the refractive
angles by Snell’s law:

nysinf, = n,sinb, (25)
where no and n1 are the refractive indices of two different, adjacent media and 6o and 01
are the incidence angles of the ray measured relative to the normal of the interface
between no and n1 in medium 0 and medium 1, respectively. Since the neutral
atmosphere has an index of refraction of unity that does not vary during the eclipse, we
can apply equation (25) to the eclipsed and uneclipsed case at this interface and obtain

n,sin6, = n,sinf, (26)
where subscripts u and e denote the value of the given variable under uneclipsed and
eclipsed conditions, respectively. The index of refraction is related to the plasma
frequency of the ionosphere ( » p) and the frequency of the ray (w ) by

2
n= [1-22 (27)

(Hargreaves 1992). Since we know that the eclipsed ionospheric plasma frequency is
less than the uneclipsed ionospheric plasma frequency, the index of refraction will be
greater during the eclipse than under normal conditions for the same radio frequency.
Hence the angle of refraction during the eclipse will decrease relative to uneclipsed
conditions. Therefore, more rays at a given frequency will escape the eclipsed
ionosphere than would escape under normal conditions.
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4.2.2 Eclipse Mask Improvement
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Figure 30. Comparison between these data generated by imposing the original eclipse mask on SAMI3 (left figure)
and these data generated by imposing the Drob eclipse mask on SAMI3 (right figure).

The eclipse EUV mask discussed in (Huba and Drob 2017) was calculated over time at
ground level; however, at ionospheric heights the eclipse was offset slightly from the
ground-level times. This time delay is barely noticeable at Fort Hays, where the eclipse
occurred around noon; however, it is significant at Christmas Valley, where the eclipse
occurred in the morning. In order to correct for this time offset, the ray-trace output for
CVW was shifted backwards in time by the time delay between the onset of eclipse at
the midpoint of each ray’s path and the onset of the eclipse at ground level®. Once this
time correction was applied, time of the beginning of the eclipse onset period in the
simulated data, marked by an increase in slant range of these data, closely matched
that of these measured data from CVW as shown in the left plot of Figure 30.

As shown in the left plot of Figure 30, although the timescales of the ionospheric
response during the eclipse onset are fairly well represented by the model, there are
significant differences between these measured and modeled data in the recovery
period. These problems include:

e the simulated elevation angles are significantly higher than measured ones

e a significant asymmetry exists in the onset and recovery phases of the simulated

data
¢ the simulations have long recovery periods relative to these measured data

The first step in addressing these issues was to develop a more accurate eclipse
masking function. Collaborators at NRL along with VT developed such an improved
masking function after the eclipse, called the “Drob eclipse mask”. The Drob model of
the eclipse calculates the eclipse mask as a function of latitude, longitude, altitude, and
time (Hairston, Mrak et al. 2018). As the right plot of Figure 30 shows, imposing the

5 The times given in the titles of Figure 28 and Figure 29 are the “corrected times” given by this method
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Drob eclipse mask on the input EUV to SAMI3 produces simulated data with elevation
angles very close to the measured values, and timescales much closer to those of the
measured eclipse response. It should be noted that the ray-trace through the output of
the original masked SAMI3 model was only run for elevations 15°-70° in 1° steps,
whereas the ray-trace through the output of the Drob masked SAMI3 model was run for
elevations 10°-50° in 0.25° steps. The elevation angle spread had to be changed for
ray-tracing through the Drob model as ray-tracing through the Drob model using the
original elevation spread returned almost no scatter.

The Drob mask appears to more accurately represent the eclipse obscuration, since its
data agree with both the measured data timescales and the elevation angles that led to
good echoes. However, the recovery period of these “Drob model” simulated data is still
significantly longer than that of these measured data. Hence, the Drob mask produces
simulated data that are much closer to the measured data, but some phenomena
associated with ionospheric eclipse dynamics are not correctly accounted for in the
SAMI model.

4.3 Model Results and Further Questions

These initial modeling studies prove that the observed increase in slant range of the
returned scatter observed by the SuperDARN system is likely due to ducting through
the depleted, eclipsed ionosphere, rather than changes in the heights of the ionospheric
layers during the eclipse. Additionally, these ray-trace simulations have helped to refine
our EUV eclipse mask by comparison with measured data. Finally, these comparisons
have also indicated that our one-hop assumption is reasonable, because the simulated
one-hop path lengths are comparable to the measured slant ranges. However, as
discussed in section 4.2.2, some features of the eclipse response are not captured in
the current eclipsed SAMI3 model. There are several phenomena that might be
responsible for this, such as perturbation electric fields induced in the vicinity of the
eclipse, enhanced diffusion along the flux tubes, or prevailing neutral winds at the local
times of the eclipse at each site. SAMI uses default Horizontal-Wind-Model® (HWM)
values for the thermospheric neutral winds (henceforth referred to as “neutral winds”),
the eclipsed neutral wind velocity may not be accurately represented in the model. The
investigation of if and/or how changes in the neutral wind velocity may affect the
SuperDARN ray-trace simulation is the focus of the next chapter.

6 HWM is an empirical model, where values are determined from statistical fits to measured data.
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Chapter 5

5.1 Motivation for Neutral Wind Effect Study

As discussed in Chapter 4, by default SAMI uses the HWM empirical model of
thermospheric winds to set the initial neutral wind velocities (Huba, Joyce et al. 2000).
However, since HWM is based on the statistical averages of many observations, it may
not give accurate values during such a rare event as an eclipse. Furthermore, since
gravity waves and other motions have been observed to be created by eclipses
(Stankov, Bergeot et al. 2017), the local neutral wind is likely to be different from the
average wind given by the model. Unfortunately, no neutral wind measurements during
the eclipse are available at CV or FH. Hence the only way to obtain an approximation of
the eclipsed neutral wind velocity is through modeling. Validation of these neutral wind
models can be performed by imposing neutral winds in SAMI3, raytracing through its
output, and comparing these simulated data to measured SuperDARN data. Since
SAMI3 is computationally intensive, it would be time consuming to run multiple case
studies in order to determine which case best fits these measured eclipse data. This
process can be expedited by running case studies in SAMI2 to evaluate the relative
impacts of different neutral winds on the ray-trace output. This allows us to compare
particular winds to their modeled effects, which develops intuition and allows particular
plasma effects to be better understood. The goal of the study presented here is to take
an initial step toward evaluating the impact of various neutral winds imposed in SAMI2
on the simulated SuperDARN data.

5.2 Neutral Wind Study Methodology

5.2.1 Neutral Wind Cases

Custom neutral wind velocities were input to SAMI2 and run for different times for both
eclipsed (Drob eclipse mask) and uneclipsed (control) ionospheres. The four neutral
wind cases presented are: 1) default wind values from HWM, 2) no wind, 3) north/south
wind values from HWM with no east/west wind, and 4) east/west wind values from
HWM with no north/south wind. For reference, the horizontal neutral wind velocities
from HWM at each site for the eclipse day are given in Figure 31. The red and blue
vectors in Figure 31 show the wind vectors given by the HWM model at each point. The
right plot gives the horizontal wind vectors at various ranges along the radar beam and
altitudes from each radar site, and the left plot gives the horizontal wind vectors at each
radar site for various altitudes as a function of time. Eastward winds correspond to
vectors pointing to the right and northward winds correspond to vectors pointing toward
the top of the pages. The HWM wind speed is greater at CV than at FH over the course
of the day as shown in the left plot. However, at ranges further from each radars at 18
UT, the HWM wind speed along FHW beam 19 and CVE beam 0 are almost equal at
long ranges. Additionally, at F region altitudes the HWM wind direction at both sites is
towards the north-west throughout the entire time period of interest.
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Figure 31. HWM neutral wind vectors (north is positive y and east is positive x) over altitude vs. range (left plot) and
altitude vs. time (right plot).

5.2.2 Ray-trace Conditions and Visualization

SAMI2 calculates the plasma density along a magnetic flux tube, so the simulated
SuperDARN beam must be as closely aligned with the local magnetic declination as
possible for accurate results (i.e. the beam azimuth should be almost equal to the
declination angle of the local magnetic field). Additionally, in order to compare ray-trace
outputs with measured data, the particular azimuth selected for study at each site must
also have data from eclipse day. The beams that best fulfill these criteria are given in
Table 5.

Site Magnetic Declination | Best Aligned Beam Azimuth
Christmas Valley ~14.3° CVE beam 0 16.74°
Fort Hays ~4.8° FHW beam 19 2.54°

Table 5. For each SuperDARN site, the magnetic declination angle and the beam with data that best aligns with it.
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In order to evaluate the temporal

evolution of the ray-trace profiles, R Bamm e Tl ) ST
a custom line-plot visualization plpse

scheme was created. As

illustrated in Figure 32, for each
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these points. Thus, the average oL ‘ ,

path lengths are plotted over time e Il Y e R

with their range indicated by the Figure 32. Process for converting eclipse case raytrace data from
vertical bars through each point. a profile visualization to a line-plot visualization.

This process is performed for both

eclipse and control (uneclipsed) SAMI2 models, each with the same neutral wind
velocity. This plot format is used in the sections that follow to identify the effects of
different hypothetical wind fields on the radar data.

5.3 Results and Analysis

5.3.1 SAMI2 Ray-trace Results

The line-plots from ray-traces through the output of SAMI2 for each of the four neutral
wind cases are shown above for CV (Figure 33) and FH (Figure 34). At each site, these
control data vary only slightly between different wind cases. However, the eclipse data
vary substantially with neutral wind, and are also quite different at the two radar sites.
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Figure 33. Line-plots from ray-trace through output of SAMI2 models initialized with four different wind models at
Christmas Valley.
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Figure 34. Line-plots from ray-trace through output of SAMI2 models initialized with four different wind models at Fort
Hays.
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During the eclipse period at each site and in all wind cases, the path length of the rays
increases while the number of rays that return to the ground decreases. This is
indicated by the narrowing of the vertical bars in the ray-trace profiles. In each wind
case at CVE, except for “HWM", there is a period around eclipse maximum where no
rays return to the ground. In contrast, for every wind case at FHW one or more rays
reach the ground at every modeled time, even during maximum eclipse. Another
difference between the two sites is that during eclipse onset the maximum path lengths
at FHW, in most wind cases, are greater than those of CVE during eclipse onset. In
contrast, during the recovery phase and post-eclipse, the spread of paths lengths is
usually greater at CVE than at FHW.

When comparing the eclipse plots of different wind cases at a site, another feature of
note is that at each site the “Only HWM East/West Wind” plot is almost identical to the
“No Wind” plot. In contrast, the “Only HWM North/South Wind” plot at each site differs
significantly from the “No Wind” plot. This suggests that the zonal (eastward) wind does
not have as much of an impact on the model plasma densities as the meridional
(northward) wind does. However, the zonal wind does appear to have some effect on
the ionospheric eclipse response at CVE, because the “Only HWM North/South Wind”
plot differs significantly from the “HWM?” plot. In the former case there is a short interval
in which all the rays escape near the maximum eclipse phase, whereas in the “HWM”
plot there is always at least one ray that returns to the ground. In contrast, there is
almost no difference between FHW’s “HWM” and “Only HWM North/South Wind”
eclipse plots, suggesting that the zonal wind plays almost no role in the ionospheric
eclipse response at FHW.

Overall, at both sites, variations in the meridional neutral wind velocity produce larger
eclipse deviations compared to the “No Wind” case than do variations in the zonal
neutral wind. This supports the conclusion that the meridional winds have a greater
impact on the eclipsed ionosphere than do the zonal winds. The zonal wind appears to
have a small impact on the eclipse response at CVE, but almost no impact on the
eclipse response at FHW. In order to explain these phenomena, the neutral wind-
induced plasma drift equations must be examined.

5.3.2 Analytical Analysis of Neutral Wind-Induced Drift Velocity

The general form of the neutral-wind induced plasma drift velocity was presented in
section 2.2.3.3. The derivation of the neutral-wind induced charged particle drift velocity
begins with the equation below for the net force exerted on a particle of species j by (1)
the local magnetic field via the Lorentz Force; (2) the neutral wind; and (3) ion-neutral
collisions. Modification of Equation (11) from section 2.2.3 leads to

Fjnee = mynj —= = 1;q;(VjxB) + njmyv;U — njmjv;¥ (28)

(1) (2) (3)
where the electric field and pressure gradient terms have been dropped in order to
focus on just the effects due to the neutral wind, and the symbols are defined as:
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n; : Number density of species j

q; : Charge of species |
v; : Neutral wind-induced drift velocity of species j
B : Magnetic flux density
v; © Species jion-neutral collision frequency
U : Neutral wind velocity
Under steady-state conditions Fj,net = 0 and Equation (28) becomes
m;V;Vj = g (V’jxﬁ)) + mjvjﬁ (29)

Solving for the drift velocity yields

_ Vi w? (U-B)B vo; UxB

! +vi wf +vf |§|2 w} +vi |B| (30)
(Direct) (Parallel) (Perpendicular)

where wj is the gyrofrequency of species j. As shown in equation (30), the wind-induced

charged particle drift velocity depends on three components: the Direct component, the

Parallel component and the Perpendicular component (Rishbeth and Garriott 1969).

These are characterized by the direction of their velocity relative to U and B, as shown

in Table 6.

Vj_

Component Velocity Direction
Direct Parallel to U
Parallel Parallel to B
Perpendicular Perpendicular to both U and B

Table 6. Description of neutral wind-induced drift velocity components.

The relative magnitudes of each component vary with gyrofrequency and ion-neutral
collision frequency, both of which are altitude dependent. For this reason the
contribution of each component in equation (30) varies with altitude as well as species.
As shown in Figure 35, at F region altitudes (above about 150km) the Perpendicular
and Direct components are negligible compared to the Parallel component. Therefore,
the component of the wind that is most closely aligned to the magnetic field will have the
greatest impact on the wind-induced drift velocity at high altitudes. Since the
geomagnetic field generally has its largest component in the north-south-zenith-nadir
plane, one would expect the east-west (zonal) component of the wind to have less
effect on plasma motions than the north-south (meridional) component. Note that
vertically directed winds would also be very important, but it is well known that the
horizontal components of the thermospheric wind are generally much larger than the
vertical winds, so this component can generally be neglected.

At low altitudes there is a thin region in which the Perpendicular component dominates,
while below this region the Direct component is most significant. Since our focus in on
the refraction of rays that reach high altitudes, and therefore have long ray paths, the
lower altitude effects are relatively unimportant. Additionally, as most rays appear to
have an apogee around or above 150km, the effects below about 150km are not
relevant to our main focus here.
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Drift Velocity Components at Christmas Valley at 17:30 UT Drift Velocity Components at Fort Hays at 17:30 UT
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Figure 35. Magnitude of the wind-induced drift velocity's three components with a driving neutral wind with a

magnitude of 1m/s at 45° East of North.

The horizontal component of the magnetic fields at the CV and FH SuperDARN sites
differ from one another as illustrated in Figure 36. The vertical component of the
magnetic field is almost the same at each site, with dip angles of about 66.125° at CV
and dip angles of about 66.309° at FH. Thus, the ionosphere will respond differently at
each site in response to the same neutral wind, as shown in Figure 377. The figure
indicates that the plasma drift velocity at FH does not change quite as much as that at
CV for the same change in the zonal wind magnitude. This explains why the “Only
North/South HWM Wind” and the “HWM” cases appeared more similar in the FH
simulation than in the CV simulation. Additionally, Figure 37 indicates that the
theoretical plasma drift velocity at both CV and FH is more strongly driven by the
meridional wind than by a zonal wind. Thus, due to the magnetic field orientation at
these SuperDARN sites, the meridional wind is expected to have a greater impact on
the wind-induced plasma drift velocity than the zonal wind, especially at FH where the
declination is smaller. Note that vertical plasma motion is also driven at high altitudes by
meridional winds, because the mobility of the charged particles is greatest parallel to B.
For example a northward wind will move plasma downwards within a flux tube in the
northern hemisphere due to the Parallel component of the ion drift.

7 Wind-induced drift velocities were calculated from equation (30) using collision frequency values from
MSIS and the mean ion mass and collision frequency.
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lon Drift Velocities for Different Neutral Wind Velocities

North Honzo ntal 603t 17:30 UT, 250km (Collision Frequency from MSIS values)

4 Magnetic Field V V tf ‘f V
f f
f f
' /

f
f
/

Fort Hayes
Christmas Valley

o
o

f
¥ f
"

Meridional Wind (m/s)
w
(=]

20 !
101 A 4 4 ‘ ‘
0 " i d 4 4
0 10 20 30 40 50
’ EaSt =l CV: 5m/s at 90° East of NDrchonaI Wind (rni)’ FH: 5m/s at 90° East of North
Figure 36. Horizontal magnetic field Figure 37. lon drift velocities at 250km resulting from
orientation at each SuperDARN site. different zonal (x-axis) and meridional (y-axis) wind

speeds. (The electron drift velocity plot is almost identical
at this altitude.)

5.3.3 Comparison to SuperDARN Data
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FHW Beam 19: Mean Path Lengths of Emitted Rays
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Figure 39. Line-plots comparing wind study eclipse simulations to measured FHW slant range data (past range gate
10).

A comparison between the ray-trace outputs from the model wind study and the
measured SuperDARN data is presented in Figure 38 and Figure 39. The green dots
and vertical lines show the SuperDARN data, and are the same for all four plots at each
site. The red dots and vertical lines show the simulated data. Significantly, the
measured data from CV show a loss of signal around the time of totality, which is similar
to that of the “Only HWM North/South Wind” case. Neither the measured nor the
simulated data at FH experienced a total signal loss around totality. Additionally, none
of these FHW simulated data appear to follow the trends of these measured data at
eclipse onset. More rigorous models of the neutral wind velocity might improve some of
these inconsistencies; however, this is outside the scope of the work presented here
and, hence, is left for future studies. Figure 38 and Figure 39 do not show good
agreement between the simulated and measured data at either site during the eclipse,
regardless of the wind. This suggests that either the HWM wind does not correctly
capture winds during the eclipse, or that other factors such as electric fields and
pressure gradients are more important than winds in driving plasma motions during
eclipses. Additional modeling studies may help to resolve this issue.

5.4 Summary

This neutral wind study indicates that the wind direction is capable of changing the
observed ionospheric response to the eclipse. Ray-traces through the output of various
SAMI2 cases indicate that the mid-latitude ionosphere is particularly sensitive to
changes in the meridional winds. Examination of the equation for neutral wind-induced
plasma drift velocity reveals that at F region altitudes, where the ionospheric plasma
density is largest during the eclipse, the neutral wind-induced drift velocity is primarily
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driven by the magnetic field-aligned component of the neutral wind velocity. Hence, as
the magnetic declination angle decreases, changes in the meridional wind have more of
an impact on the wind-induced drift velocity while changes in the zonal wind have less
impact. Since the declination of the magnetic field at each of the SuperDARN sites
considered here is small, the meridional wind is more aligned with the magnetic field
than the zonal wind and hence has more of an impact on the ionosphere. Additionally,
since the declination is somewhat smaller at FH than at CV, the zonal wind has less of
an effect on the ionosphere at FH than it does at CV. The Parallel component of the
wind-driven ion drift is also important to the vertical ion drift, but the diffusive drift due to
the flux-tube aligned pressure gradient may dominate the wind-driven ion drift. Finally,
the studies shown here demonstrate that the combination of SAMI3 modeling and
raytracing is a useful approach for examining the wealth of factors that affect the F
region plasma during eclipses. We describe some ideas for further studies in the next
chapter.
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Chapter 6

6.1 Summary

The dominant effects of the 2017 eclipse on the SuperDARN radars data at CV and FH
were an increase in slant range and a decrease in the number of rays that were
refracted back toward the Earth relative to pre-eclipse observations. The latter
statement implies that the total amount of transmitted radar power escaping into space
increases when the rays travel through the eclipsed F region. There is also an azimuthal
asymmetry - the measured magnitude of the eclipse response appears to decrease as
the radar looks away from the west and towards the east. Additonally, the CV radars
observed decreases in angles-of-arrival (elevation angles) of returned scatter during the
eclipse. The low velocities and small spectral widths of these SuperDARN data indicate
that the majority of observed scatter is ground scatter. The ray-trace model simulates
SuperDARN ground scatter, and the dominance of ground scatter in these SuperDARN
measurements strengthens the comparisons between these data and our models.
Aditionally, the existence of elevation angle data at CVE and CVW allows for additional
validation of the performance of the models.

Our model ionospheric density profiles are generated by imposing an eclipse mask on
the EUV input to the SAMI numerical model. A ray-trace simulation of SuperDARN is
then run through these output ionospheric profiles in order to generate simulated
SuperDARN ground scatter data. Comparison of the simulated timescales and
elevations (for CV radars) with those of measured data allows us to evaluate the
accuracy of our SAMI models and the EUV mask. Our work shows that this is a useful
technique for studying how various forcing terms (herein limited to winds) can affect the
radar data during eclipses.

Using these methods we have performed several initial studies: 1) an investigation of
the nature of the increase in slant range during the eclipse; 2) a validation of an
improved imposed on SAMI; and 3) a study of the impact of neutral wind direction on
eclipse dynamics. Our ray-trace profiles through the eclipsed SAMI3 output indicate that
rays were ducted through the depleted plasma in the eclipsed region. Thus, the
observed increase in slant range is likely due to ducting of rays through the eclipsed
region instead of a change in layer altitude. However, the initial eclipse mask imposed
on SAMI3 produces simulated data with much longer recovery times and higher
elevation angles than that observed by SuperDARN. An improved eclipse mask that
increases the resolution of the obscuration as a function of latitude, longitude, altitude
and time produces better agreement between the simulated and measured data;
however, the modeled recovery time is still too long. This indicates that further
improvements to the SAMI model are necessary to correctly model eclipse dynamics.

In order to investigate one such case we performed a neutral wind study using the SAMI
and PHaRLAP algorithms. The major result of this study is the finding that the
meridional neutral winds have a greater impact on the ionospheric eclipse response
than do the zonal neutral winds. Since neutral winds are very difficult to measure, the
models of their behavior are not as mature as the IRl and MSIS models, especially
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during unusual phenomena like eclipses. Thus our study highlights a new reason for
improving thermospheric wind models and measurements.

6.2 Conclusions

This study has produced several ray-trace tools for evaluating SAMI2 and SAMI3
models. Using these tools, we have determined that the increased slant range observed
by the SuperDARN radars during the eclipse is likely due to ducting of radio waves
through the depleted plasma of the eclipsed region. The four-dimensional accurate
scaling of the EUV flux in SAMI3 produced by the improved Drob mask produces output
ray-trace data that agree more closely with these observed data in elevation and onset
time of eclipse-induced ionospheric effects. However, the recovery time period of the
simulation disagrees sharply with observations, so some parameter(s) of the eclipse
model is/are inaccurate. One likely candidate is the neutral wind velocity during the
eclipse, so we investigated the effect of the neutral wind on our SuperDARN simulation
using SAMI2. The results indicate that the ionosphere is more sensitive to changes in
meridional wind than to changes in zonal wind because of the magnetic field declination
at the latitudes of interest. This importance of wind direction to the ionospheric eclipse
response that is demonstrated by this work will help guide future development of eclipse
wind models.

6.3 Future Work

6.3.1 Modeling the 2017 Eclipse

Evaluation of additional neutral wind models will likely be the subject of future work.
Implementation of promising neutral wind models into SAMI3 will allow for model-to-
measurement comparisons along all SuperDARN look directions that show data
modified by the eclipse. These comparisons might shed light on why the observed
eclipse response varies with look-direction and radar site.

Additionally, there are other phenomena that SAMI may not capture with sufficient
accuracy to model plasma motion during the eclipse. For instance, parallel and
perpendicular plasma diffusion effects (described in section 2.2.3.1) are likely to have a
significant effect on the ionospheric eclipse recovery. Local electric fields associated
with the plasma density gradients created by the eclipse would also drive plasma
transport, primarily perpendicular to the magnetic field. A future ray-trace simulation
study could investigate all of these effects and could potentially lead to modifications
that would help to correct the recovery phase differences between models and
measurements.
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6.3.2 Study of the 2024 Eclipse

2024 Solar Eclipse Magnitude
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Figure 40. The umbra and penumbra of the 2024 eclipse in relation to SuperDARN radars (violet, green and pink)
and the Millstone Hill ISR (black triangle). SuperDARN beams closely aligned with the magnetic field are highlighted
in indigo. (Eclipse path data from (Jubier 2005).)

The next CONUS eclipse on April 8, 2024 will have a south-to-north track, as shown in
Figure 40. The path of totality will cross the FHE and Blackstone® (BKS) SuperDARN
Fields of View as well as that of the Wallops (WAL) SuperDARN radar, which may be
operational by that time. Additionally, as Figure 40 shows, all of the active US
SuperDARN radars will be at least partially encompassed in the eclipse penumbra. The
every-other-beam mode was a useful operating mode during the 2017 eclipse. A similar
operating mode should be employed for SuperDARN radars during the 2024 eclipse,
but with some modifications. Specifically, the operating mode should include
measurements from beams most closely aligned with the local magnetic field at each
site, highlighted in indigo in Figure 40. Additionally, the radars should obtain control data
by operating in eclipse-day mode for at least the day before the eclipse and the day
after. This would provide a control data set for comparison that was not available in
2017 because the radars operated on a different frequency the days before and after
the eclipse. Based on the work described herein, we recommend that the eclipse mode
should be run for a period encompassing the time of the eclipse for several days before
and after the eclipse day. Alternatively, the eclipse mode could be run continuously for
48-72 hours, starting at least one day before the eclipse.

The geometry of the 2024 eclipse path differs from that of the 2017 eclipse, as shown in
Figure 40. The 2024 eclipse path will be more aligned with the magnetic field in the
CONUS than that of 2017. Additionally, the eclipse will begin around noon over the
CONUS. As shown in section 2.2.4, the geometry of the eclipse and solar zenith angle
relative to the magnetic field has a great influence on the ionospheric eclipse response.

8 BKS did not operate in the same mode as the CV and FH radars on eclipse day in 2017 as its FOV did
not intersect the path of totality. Hence, it has been omitted from this study.
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Other differences between these two eclipses include the time of year and the point in
the solar cycle. In planning a study of the ionospheric response to the 2024 eclipse and
interpreting its results, these differences should be taken into account as well as the
lessons learned from the 2017 eclipse.

Finally, another resource that will be available during the 2024 eclipse is the Millstone
Hill Incoherent Scatter Radar (ISR) in Massachusetts. The Millstone Hill ISR can infer
the neutral wind velocity along the magnetic field from its backscatter measurements. It
was operational during the 2017 eclipse, but it was not in the path of totality. However,
in 2024 the path of totality will come much closer to Millstone and may be in the FOV of
the ISR. Measurements that could be obtained include electron and ion temperatures,
line-of-sight plasma velocities, electron density and estimates of ion composition
(Hargreaves 1992). The field-aligned component of the neutral wind velocity and
diffusion-driven drifts could be derived from these ISR measurements as well
(Hargreaves 1992). The ISR could also perform altitude scans in a fixed azimuth to help
separate the importance of diffusion, winds, and electric fields during the 2024 eclipse.
These measurements, along with those from the SuperDARN radars, should be useful
for seeding and evaluating improved models of the eclipsed ionosphere.
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Appendix A: SuperDARN Radars’ Operation

A.1 Eclipse Experiment Beam Azimuth Reference Tables for

SuperDARN Radars

For each radar used in the eclipse experiment, a reference table provides a reference
table for each operational beam of each SuperDARN radar used in the eclipse
experiment.

Each section has a reference table for the azimuth of each beam with eclipse data

For each SuperDARN radar operational during the eclipse, a reference table for the
azimuth of each beam with eclipse data is given.

A.1.1 Christmas Valley West Reference Table

Beam Number (Degreegzléransuttgf North) Camping Beam
3 -47.54° No
5 -41.06° No
7 -34.58° No
9 -28.1° No
11 -21.62° Yes
13 -15.14° No
15 -8.66° No
17 -2.18° No
19 4.3° No
21 10.78° No
23 17.26° No

A.1.2 Christmas Valley East Reference Table

Beam Number (Degreegzéglsuttgf North) Camping Beam
0 16.74° No
2 23.22° No
4 29.7° No
6 36.18° No
8 42.66° No
10 49.14° Yes
12 55.62° No
14 62.1° No
16 68.58° No
18 75.06° No
20 81.54° No
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A.1.3 Fort Hays West Reference Table

Beam Number (Degreeézlér:suttgf North) Camping Beam
1 -55.78° No
3 -49.3° No
5 -42.82° No
7 -36.34° No
9 -29.86° No
11 -23.38° Yes
13 -16.9° No
15 -10.42° No
17 -3.92° No
19 2.54° No

21 9.02° No

A.1.4 Fort Hays East Reference Table

Beam Number (Degreegzéransuttgf North) Camping Beam
0 10.98° No
2 17.46° No
4 23.94° No
6 30.42° No
8 36.9° No
10 43.38° Yes
12 49.86° No
14 56.34° No
16 62.82° No
18 69.3° No
20 75.78° No

A.2 SuperDARN Radar Operation Summary

Parameter Value
Operating Frequency (average) ~10.5 MHz
Time to Complete FOV Scan 1 minute
Non-Camping Beam Temporal Resolution ~ 1 minute
Camping Beam Temporal Resolution ~ 6 seconds
Number of Range Gates per Beam 100
Distance of First Range Gate from Radar 180 km
Width of each Range Gate 45 km
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Appendix B: SuperDARN Ray-trace Simulation

B.1 Overview

An overview of the SuperDARN ray-trace simulation was given in section 4.1.3.
Appendix B provides more details on the relevant codes and programs used in this
simulation as a guide for its future use. As shown in Figure 41, there are two main
blocks of code that are intertwined the MATLAB Ray-trace function and the Python
rayBeamODbj. These are described in the following two sections.

User Inputs:

e Frequency (10.534 MHz from rec file's average)

e Array of times (UT) (or starf time, end time and time step)
e Radar Code(s)

e Beam number(s)

e FElevation Spread

e Model lonosphere Name

e Flagindicating whether to run new raytrace

v

Python Object
“rayDamBeamObj”

Matlab Function
One of the Following Depending
on Version of SAMI Edipse Model:
* ‘raydarn_2d_sami3”
= ‘raydarn_2d_gensami3”
* ‘raydarn_2d_sami2”

p Callls and Provides Input S

Raytrace ”
Data Files o~

Simulated
SuperDARN
Data

Figure 41. Overview of SuperDARN Simulation

B.2 MATLAB Ray-trace Function

The general method of the MATLAB SuperDARN ray-trace algorithm was described in
detail in the first paragraph of section 4.1.3. The flowchart of this algorithm is provided
again in Figure 42 for reference. As described in section 4.1.3, the ray-trace algorithm
takes inputs from the python program and traces the propagation of all rays in the list of
elevations for each time, radar and beam input. For each time, the mat files containing
the corresponding output SAMI data are loaded into the program. For each beam of
each radar, the program uses a gridded interpolation to make a “slice” of the ionosphere
along the beam for all specified ranges and altitudes. Then the raytrace2d FORTRAN
function is called with the electron density grid, initial conditions and rays’ elevations as
inputs. Each elevation is a different ray that is traced until any of the following occur: the
ray exits the ionospheric grid; the ray hits an irregularity; or the ray reaches the ground
after the specified number of hops (in this case one).

The raytrace2d function outputs three structures. The two structures that are significant
to our study are “ray_data” and “ray_path_data”. The size of each structure is
1xNumber of Rays (Cervera 2016). The ray_data structure contains summary
information for each ray including: if it reached the ground, the maximum height
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reached, the plasma frequency at apogee, and other information (Cervera 2016). The
ray_path_data gives information on each ray at every point along its path including the
ray’s height, ground range and path length among other parameters (Cervera 2016). As
shown in Figure 42, the ray-trace program has two outputs for each iteration: a csv file
containing ray path data of all rays in a beam of a radar at one time and a mat file
containing variables that are required to generate a ray-trace profile plot. As rays’ path
data must be loaded into python, a table containing these ray path data is generated for
all rays and saved as a csv file for easy import into python. Additionally, ray_path_data
and other variables are saved in a mat file for use in codes that generate ray-trace
profile plots.

Inputs from Python SuperDARN Simulation:

* Frequency (10534 MHz from radar record file's average)

Structure (tx_sites) containing the following for each radar: lattude, longitude, altitude,
azimuth(s) of beam(s), elevations

Array of times (in UT) (Cell object in Matlab)

Names of model ionosphere files for each time

Spatial (lat/lon/altitude) arrays for model ionosphere’s electron grids

Directory to output raytrace data

. FOR
Set raytrace grid’s Each time IN
limits and mep | Sethop limit to 1 imulation’ t END
resolution simulation’s inpu
times
e i S
Evaluate Each Time RL‘J'N
Preform gridded interpolation of electron Load electron

density grid over its spatial dimensions ¢ density grid .mat
[griddedinterpolate({spatial array}, electron file corresponding END
grid) ] to that time

Electron Density Interpolator Object
[electron density(location) =
interpolator(location’s spatial

coordinates)]

FOR
Each radar IN
tx_sites

Evaluate Each Radar * RUN END

Extract radar’s:
latitude, longitude,
altitude, azimuth array
and elevation array

Azimuth IN azimuth

Run Raytrace for Each Beam

Generate 2D ionospheric

Run 2D Raytrace electron grid for each
(FORTRAN) = location in raytrace grid

from interpolator

* Ray Summary
Data
* Ray Path Data

_—

Create table with data Save ray Save Ray Path Data, 2.D
on ray position and path table |onospher\celectro_n grid
: and other local variables

parameters for each ray to .csv file to mat file

Figure 42. Flowchart of SuperDARN PHaRLAP-based ray-trace algorithm.

58



B.3 Python rayDarnBeamObj

The SuperDARN ray-trace simulation is orchestrated by the algorithm shown in Figure
43. This algorithm is implemented in a custom python class, called “rayDarnBeamObj”.
As illustrated, the program finds the operating parameters of the input SuperDARN
radar(s) and beam(s) and checks if a ray-trace has already been run the input radar(s)’
beam(s) and specified ionospheric model. If the ray-trace must be run, then the code
calls the Matlab PHaRLAP wrapper with the appropriate inputs before proceeding.
Then, the rayDarnBeamODbj calls the custom Python class “rayDarnBeamData”. The
rayDarnBeamData’s class function loads the ray-trace path data from the csv files into a
data frame and then filters out any ray path data from rays that do not return to the
ground before passing the data frame back to the parent rayDarnBeamObj. Finally, the
data frame is passed to a function of rayDarnBeamObj that extracts the path length of
each of the rays’ paths for each time as well as some other parameters that are
analogous to parameters measured by SuperDARN radars (i.e. elevation angle, etc.)
and bins these data into the SuperDARN radar’s range gates. Then, values in the same
range gate are averaged or counted (depending on the parameter). Finally, these data
are put in a dictionary of the same format as SuperDARN’s DavitPy functions use for
measured data.

| ot |
:Lookup SuperDARN radar’'s parameters!

User Inputs:

Frequency (10.534 MHz from rec file's average)
Array of times (UT) (or start time, end time and time step)
Radar Code(s)

Beam number(s)

Elevation Spread

Model lonosphere Mame

Flag indicating whether to run new raytrace

Find the specified
SuperDARN radar's
latitude and
longitude

}

Find the azimuth
corresponding to the

input beam number
for input radar.

Run Matlab
PHaRLAP
Wrapper Program r«§False
for SuperDARN

Raytrace data file
exists AND inputs
specify not to run a

1
Simulation |
1
| I e o
True
Fsaiﬁtggfa Load raytrace Select rays that
Files path data into | j————— reach the ground
dataframe (i.e. “ground scatter”)
(.csv files)
[ mmm e m e
: Bin path lengths into SuperDARN beam’s range gates : l
1
: From DavitPy and .hwd files, 1
! retrieve the following information :
| R
i | | about the beam: | Simulated Ground
: « [irstrange gate’s slant range Scatter’s Path
I « Range gate width ! Lengths
| = Number of Range Gates !
|
1
| v |
l Use DavitPy to obtain the slant Bin simulated :
! ranges (i.e. path lengths) ground scatter .
| _’
| corresponding to each range into range h Simulated SuperDARN Data
: gate’s upper and lower bounds gates :
I
| 1

Figure 43. Flowchart of Python code that converts ray-trace path data into SuperDARN's data format.
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