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Abstract Electron density irregularities in the ionosphere can give rise to scintillations, affecting radio
wave phase and amplitude. While scintillations in the cusp and polar cap regions are commonly associated with
mesoscale density inhomogeneities and/or shearing, the auroral regions exhibit a strong correlation between
scintillation and density structures generated by electron precipitation (arcs). We aim to examine the impact of
electron precipitation on the formation of scintillation-producing density structures using a high-resolution
physics-based plasma model, the “Geospace Environment Model of Ion-Neutral Interactions,” coupled with a
radio propagation model, the “Satellite-beacon Ionospheric-scintillation Global Model of the upper
Atmosphere.” Specifically, we explore the effects of varying spatial and temporal characteristics of the
precipitation, including electron total energy flux and their characteristic energies, obtained from the all-sky-
imagers and Poker Flat Incoherent Scatter Radar observations, on auroral scintillation. To capture small-scale
structures, we incorporate a power-law turbulence spectrum that induces short wavelength features sensitive to
scintillation. Finally, we compare our simulated scintillation results with satellite-observed scintillations, along
with spectral comparisons.

1. Introduction

The influx of energetic particles (particle precipitation) from the magnetosphere into the ionosphere following
solar activity is an important production mechanism for ionospheric density irregularities. These irregularities are
localized variations in the electron density of the ionosphere, which can lead to disruptions in radio wave
propagation and communication. Rapid fluctuations in the trans-ionospheric radio signals are referred to as
ionospheric scintillation. Scintillation can degrade the performance of satellite communication links, disrupt
Global Positioning System (GPS) signals, and affect radar signal propagation. Understanding and predicting
ionospheric scintillation events are important for developing techniques to mitigate their impacts on these sys-
tems. At high latitudes, GPS scintillation is attributed to ionospheric irregularities (on the scale of tens of kilo-
meters down to hundreds of meters at GPS frequencies) and gradients in total electron content (TEC) that are
typically associated with geomagnetic storms and substorms. Jayachandran et al. (2009, 2012) has reported that
the GPS TEC variations are associated with a polar cap arc. The specific mechanisms linking these ionospheric
structures to GPS scintillation events are still an area of active research, and the dynamic nature of the high-
latitude ionosphere adds to the complexity. The main high-latitude regions exhibiting scintillation are the
ionospheric cusp, the polar cap, and the auroral regions. Observational studies have shown that the dominant
factors in the production of ionospheric irregularities are plasma flow, density structures, and energetic particle
precipitation (Aarons et al., 2000; Hosokawa et al., 2014; Jin et al., 2014; Moen et al., 2013; Weber et al., 1984).
This study explores the role electron precipitation plays in structuring the auroral ionosphere, thereby producing
the density irregularities that cause auroral scintillation.

1.1. Scintillation Associated With Auroral Activity

Active auroral arcs, characterized by intense and dynamic auroral emissions, often exhibit enhanced scintillation
effects on trans-ionospheric radio signals. During active auroral arcs, energetic particles precipitate into the
ionosphere, leading to the formation of density structures associated with spatial and temporal variations in the
precipitation pattern. These irregularities can cause fluctuations in the phase and/or amplitude of trans
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ionospheric radio signals, resulting in scintillation. The scintillation effects associated with auroral arcs are
typically more pronounced when the arcs exhibit increased brightness and enhanced dynamics, including particle
precipitation, plasma instabilities, and field-aligned currents. The complex interplay between these factors
contributes to the generation and evolution of the irregularities, thereby influencing the scintillation effects. A
basic correlation exists between the brightness of auroral features, specifically arcs, and the intensity of scin-
tillations. Brighter auroral arcs are often associated with stronger scintillation effects (Kintner et al., 2007; Mrak
et al., 2018; Semeter et al., 2017; Wang et al., 2021). This correlation suggests that the characteristics and dy-
namics of the auroral features, such as energy flux, velocity, and scale sizes present in the arc, contribute to
generating density irregularities that cause scintillation. Many studies have demonstrated connections between
energetic electron precipitation and the presence of small-scale plasma density structures (Kelley et al., 1982).
The presence of E-region ionization enhancements concurrent with phase scintillation has been documented by
Chartier et al. (2016) and Loucks et al. (2017). Datta-Barua et al. (2015) has shown concurrence between
scintillation and soft electron precipitation as evidenced by auroral 630 nm emission and strong F-region plasma
heating. Correlations between precipitation and scintillation have been cataloged in the form of a multi-year
record of scintillation events using Poker Flat Incoherent Scatter Radar (PFISR) (Sreenivash et al., 2020) and
a colocated GPS array Scintillation Auroral GPS Array (SAGA). Collectively, these investigations demonstrate a
consistent association between intense energetic electron fluxes and occurrences of auroral scintillation.

1.2. Energy and Spatial Distributions of Energetic Electron Precipitation in Auroral Arcs

The energy distribution of electrons within auroral arcs is crucially important to understand auroral scintillation.
The specific energy distribution within the arcs significantly influences the characteristics of these density ir-
regularities and, consequently, the intensity of scintillation. Mathematical functions, such as the Maxwellian,
Kappa, and Power law distributions, are used to describe the energy distribution of auroral arcs. The energy
spectra of precipitating electrons are well-captured by kappa distributions with energies around a few hundred eV.
Conversely, inside strong auroral arcs, a sum of a Maxwellian distribution (for lower energies) and a power law
distribution (for higher energies) provide a better fit to the observed spectrum (Ogasawara et al., 2006). In
addition, the spectrum shape can also be used to determine the type of aurora with which it is associated. It is
generally accepted that accelerated Maxwellian distributions adequately describe the energy spectra of electrons
responsible for discrete auroral arcs. At the same time, those associated with diffuse auroras typically adhere to
simple Maxwellian distributions (Evans, 1974; Kaeppler et al., 2014; Karlsson, 2012; McIntosh & Ander-
son, 2014). Nevertheless, it is crucial to note that a certain deviation from the Maxwellian distribution (either
accelerated or non-accelerated) more or less exists at higher energies (as depicted in Figure 2 of Morooka
et al. (2004)), which can be represented by power-law distributions. Notably, a combination of a Maxwellian
distribution at lower energies and a power law distribution at higher energies indicates the presence of both low-
energy and high-energy electrons within the arcs. These different energy populations have distinct effects on the
ionospheric plasma and the formation of irregularities.

Regardless of spatial and time structure, high- and low-energy electrons differ in the altitude of the energy
deposition. for example, 300 eV electrons deposit energy near the F-region while 5 keV electrons penetrate the
mid/lower E-region. Understanding the energy distribution of electrons within auroral arcs allows us to model the
formation of density irregularities more accurately, which is essential for predicting and mitigating the impact of
scintillation on radio signals in auroral regions. In this study, we represent the precipitating electron energy
distribution using a Maxwellian; the spatial structure at mesoscale sizes is taken to be an auroral arc representative
of that seen in an event that motivates our model. The smaller-scale (below 4 km) structures are modeled as noise-
like power law spectra intended to plausibly mimic the range of small-scale structures from events similar to the
one we present.

1.3. Motivation

Understanding the underlying physics behind auroral scintillation and the formation of irregularities is a chal-
lenging task. The complexity arises from the simultaneous occurrence of multiple physical processes within a
single auroral structure, encompassing strong flow structures, field-aligned currents, and particle precipitation
spanning a wide range of energies. In principle, energetic electrons have the potential to generate density ir-
regularities through impact ionization if the precipitation exhibits adequate spatial structure. Additionally, these
electrons can establish persistent seed structures, subsequently leading to further structuring through instabilities
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(Kintner & Seyler, 1985; Moen et al., 2013). The effect of small-scale precipitation on scintillation has rarely been
investigated. However, recent studies showed that ionospheric structures generating scintillation are highly
localized, even smaller than the scale of an arc (Nishimura et al., 2023). Localized precipitation is closely related
to density irregularities (Buschmann et al., 2023). Thus, it is important to test how much small-scale precipitation
impacts scintillation. In this study, we explore the connections between a scintillation observation and the un-
derlying plasma that produced it, specifically, the degree to which precipitation structures the auroral plasma and
its effects on auroral scintillation. We employ the physics-based Geospace Environment Model of Ion-Neutral
Interactions (GEMINI) (Zettergren & Semeter, 2012), coupled with the Satellite-beacon Ionospheric-
scintillation Global Model of the upper Atmosphere (SIGMA) (K. Deshpande et al., 2014). By utilizing the
SIGMA-GEMINI coupling (K. B. Deshpande & Zettergren, 2019), our research is able to investigate the specific
role of electron precipitation in generating auroral scintillation.

2. Methodology

For an accurate depiction of signal propagation through electron-precipitated density structures, two models are
essential: a high-resolution plasma model capable of capturing the density structures from an auroral arc at a high
resolution (~100 m) and a propagation model that simulates the behavior of the signal as it traverses through these
structures. To closely mimic the precipitation energies observed in realistic active auroral arcs, we incorporate
precipitation spectral distributions similar to those inferred from, for example, all-sky imagers (ASI), narrow-field
imagers, and PFISR. These tools are combined in this study in an effort to gain insights into how, in principle,
these electron precipitation arcs generate density irregularities that may be responsible for auroral scintillation
phenomena.

2.1. Modeling Tools: GEMINI-SIGMA

The GEMINI model is a three-dimensional ionospheric multifluid-electrodynamic model, first introduced by
Zettergren and Semeter (2012), and further extended in subsequent studies (Zettergren & Snively, 2015; Zet-
tergren et al., 2014). This model incorporates a fluid system of equations (Blelly & Schunk, 1993; Schunk &
Sojka, 1997) that effectively describes the dynamics of the ionospheric plasma. The fluid system is self-
consistently coupled to a quasi-electrodynamic treatment of auroral and neutral dynamo currents. Within the
fluid system, the model includes mass, momentum, and energy conservation equations for various ionospheric
species relevant to the E, F, and topside regions, including o*, NO, N;’, 0; ,N*, and H". The conservation of
mass equations accounts for chemical production and impact ionization (Fang et al., 2008), as well as chemical
loss (Diloy et al., 1996; St.-Maurice & Laneville, 1998). Photoionization sources are determined using the
methodology outlined in Solomon and Qian (2005), with solar fluxes obtained from the EUVAC model (Richards
et al., 1994).

This study investigates the impacts of two key parameters, total energy flux (Q) and characteristic energy (E;), on
the phenomenon of scintillation. Within the GEMINI model, these density structures can be generated through
various configurations by modifying factors such as precipitation flux, average energies, and the noise spectrum
integrated into precipitation that induces small-scale disturbances. The spectrum of the small-scale features
(~500 m) within the arc structure derived from narrow-field camera data is used to constrain the modeling
parameter space, such as spectral index (y), arc width, and edge gradient scales.

SIGMA is a comprehensive three-dimensional electromagnetic wave propagation model that simulates signal
transmission from a moving satellite to the ground through multiple phase screens. SIGMA proves particularly
valuable in high-latitude regions, given its ability to account for the complex magnetic field line geometry in these
areas. In the SIGMA model, the process starts with translating a spatial distribution of electron number density,
obtained from either a spectral model for irregularities or a plasma model like GEMINI, into phase screens (Yeh
& Liu, 1982). K. Deshpande et al. (2016) studied auroral and polar cap scintillation, where spectral models were
used to create ionospheric structuring and an inverse method with SIGMA was employed to understand the
physics of irregularities. We used the same technique in Vaggu et al. (2023) to study the morphology of auroral
scintillation producing irregularities over Poker Flat. The physics-based model GEMINI was coupled with
SIGMA to study scintillation in polar cap patches with gradient-drift instability as the underlying instability
mechanism (K. B. Deshpande & Zettergren, 2019; Spicher et al., 2020). Once the phase screens are set up, the
signal propagates through these multiple-phase screens toward the ground. To accurately represent the scattering,
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interference, reflection, and diffraction effects encountered during the signal propagation through this random
medium, SIGMA employs a hybrid approach that combines the multiple-phase screens technique with a split-step
solution to the forward propagation equation (C. Rino, 2011; C. L. Rino & Carrano, 2011). SIGMA produces
several outputs, including a two-dimensional complex signal propagated on the ground and a high-rate scintil-
lation phase and power time series sampled at 50 Hz. Parameters such as S4 and 6, which characterize scin-
tillation, can be readily extracted from these outputs.

Our approach involves a systematic modeling process using GEMINI to investigate the development of density
structures in the E-region of the ionosphere due to the energetic electron precipitation. We consider various
factors, including (a) the spatial and temporal characteristics of the aurora forms, (b) the total energy flux, and (c)
the characteristic energy, all chosen to be representative of data from our example event. We vary these input
parameters to gain a quantitative understanding of the direct influence of precipitation on the formation of
ionospheric structures. We explore this parameter space based on characterizations derived from observed data,
which includes camera images that provide information about the edge gradient scales, arc motion, arc width, and
precipitation intensity in terms of both flux and energy in regions of scintillation, particularly in the vicinity of the
auroras. The density observations obtained from PFISR offer insights into the altitudinal extent of density en-
hancements along the magnetic field lines. Considering that the scintillation measurements are taken by a satellite
positioned at high elevation angles and oriented close to the magnetic field, the field-aligned beam density
measurements from PFISR provide altitudinal density profiles closely aligned with the conditions favorable to
scintillation activity.

We employ background conditions and small-scale precipitation (~500 m scales as observed by the narrow-field
camera) to model the plasma density structures that are generated by electron precipitation. GEMINI-modeled
precipitation density structures are imported into the SIGMA model like prior studies (K. B. Deshpande &
Zettergren, 2019; Spicher et al., 2020; Lamarche et al., 2022) with the notable difference that the present focus is
on the effects of precipitating electrons. Electron density structures are taken from the GEMINI simulation output
files and rotated and interpolated in space and time onto the grid used internally in the SIGMA model. Within
SIGMA, the radio wave emitted from the satellite is propagated through the electron-precipitated density
structures (which are converted into a certain number of phase screens), allowing us to assess the effects of these
simulated plasma density structures on the transmitted signal as it reaches the ground. SIGMA results for ground
phase variations are then detrended to eliminate low-frequency effects, such as those arising from satellite motion.

The combined capabilities of GEMINI and SIGMA enable a coupled investigation into the relationship between
precipitation-induced density structures and their influence on radio wave propagation, providing insights into the
spatial and temporal effects of these density structures.

2.2. Imager and PFISR Data

To understand the variations in precipitation that lead to scintillation, it is crucial to establish the connection
between the particle energy, precipitation flux, the resulting density structures, and the associated scintillation.
This connection can be derived from the analysis of optical and radio data, particularly during conjunction events
that involve simultaneous measurements using multiple instruments.

We chose for our analysis an auroral scintillation event occurring on 14 April 2013; both the University of
Alaska's multispectral ASI and the Boston University's narrow field of view (FOV) camera at Poker Flat were
operational at 08:54 (hh: mm) UTC, capturing data simultaneously, as shown in Figure 1. The ASI records all-sky
images at 427.8 nm every 13 s. The narrow field camera operates at a 53 Hz sampling rate using the BG3 filter
(Semeter et al., 2008), which is a wide-band filter that removes the long-lived oxygen metastable emission lines.
The FOV covers a ~20 X 20 km area when mapped to 110 km altitude near the magnetic zenith. The weather
conditions were clear, providing optimal visibility for the observations. Both the ASI and narrow field camera
detected a northwest-southeast oriented arc. The narrow field camera detected a discrete auroral arc displaying
substructures, covering nearly the entire FOV, revealing fine-scale features within the auroral arc. The arc's
visibility persisted for over 30 s, allowing for an extended observation period.

ASI optical measurements are utilized to assess background plasma inhomogeneities and their correlation with
scintillation events. These help to characterize precipitation structures at sub-kilometer scales in the optical data,
considering their spatial and temporal spectra within camera limitations, shown in Figure la. However, for
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Figure 1. All-sky imagers (ASI) and narrow field imager data at Poker Flat at
08:54:34 UT on 14 April 2013. (a) ASI image at 427.8 nm. North is to the
top, and east is to the right. The dashed square marks the field of view of the
narrow-field imager. The colored dots indicate the variation of the Global
Positioning System phase recorded by the POKR and CIGO receivers at
Poker Flat and Fairbanks. (b) Narrow-field imager data. The intensity is in an
arbitrary unit. North is to the top, and east is to the right. The star near pixels
(225, 250) is Phecda in Ursa Major's constellation. (c) Line plot of the
narrow-field imager intensity across the arc. The distance is measured from
an arbitrary location to the west of the arc. (d) Power spectrum of the auroral
intensity across the arc as a function of the wavenumber.

amplitude scintillation studies, it is important to examine structures at the
Fresnel scale sizes, typically a few hundred meters. We extract small-scale
precipitation statistics from the narrow-field camera data that provide in-
sights to determine gradient scales, arc motion, arc width, and the internal
structure of precipitation in terms of both flux and energy. It can be seen from
Figure 1b that the arc exhibits a width of ~7 km, and the information of
gradient scales referred from Figure 1c is used as a reference to model arc
width and its edge gradient scales. Moreover, the spectrum of small-scale
features across the arc structure derived from narrow field camera offer in-
sights into scale sizes, typically in the range of a few hundred meters. From
Figure 1d, the spectrum is approximated as a power law with a spectral slope
of —3. This power law extends down to approximately a few hundred meters
(about 500 m), while the flat spectrum at shorter wavelengths is considered to
represent noise. We incorporate this spectrum into our model, introducing it
to the energy flux at various precipitation intensities to examine the small-
scale feature's impact on scintillation.

Additionally, we leverage PFISR E-region density measurements in
conjunction with the scintillation data for a comprehensive characterization.
In Figure 2, the geodetic Global Navigation Satellite System (GNSS) receiver
at Poker Flat recorded phase and amplitude fluctuations during the observa-
tion, indicating the presence of scintillation effects caused by the interaction
of the auroral arc with the ionospheric plasma. The GPS data collected from
this GNSS receiver was obtained with a time resolution of 15 s, which may
not be sufficient to capture detailed scintillation behavior. Nevertheless, the
data proved useful in detecting low-frequency phase and amplitude
fluctuations—phase fluctuations were observed between 08:53 and 08:57
UTC, followed by the detection of amplitude fluctuations at 08:57 UTC, as
shown in Figures 2c¢ and 2d. These fluctuations are associated with a transient
TEC enhancement linked to the intensification of the auroral activity. We
acknowledge that the TEC increase shown here could have considerable
uncertainty. The GPS data exhibiting the high delta phase (6¢) value corre-

sponds to an elevation of approximately 75° (pseudo-random noise 29), signifying a notably elevated position in
high-latitude regions. Moreover, its orientation is characterized by an angle of approximately 3° to the magnetic
field, indicating an extremely close alignment. The field-aligned beam measurements obtained from PFISR reveal

that the electron density reaches 1 x 10' el/m> at E-region altitudes, corresponding to the observed arc during the

scintillation interval, as illustrated in Figure 2f. The PFISR density profile was used to estimate the energy flux
and characteristic energy of precipitation (Nishimura et al., 2020). Here, the GLobal airglOW (GLOW) model
(Solomon, 2017) was used for the forward modeling of the density from precipitation. The least squares method
was used to find a combination of the energy flux and characteristic energy that minimizes the difference between
the PFISR density and the GLOW density at each time. The MSIS model was used for the neutral atmosphere. The
PFISR inversion suggests a peak potentially exceeding 100 mW/m?, though model calculations with GEMINI
suggest that such a density can be generated with ~50 mW/m?>. Additionally, using ASI observations, GLOW
estimated a flux of approximately 7.5 mW/m? with an energy level of approximately 3 keV for the same

observed arc.

There is a notable disparity between the camera-derived (~7.5 mW/m?) and PFISR-derived (>100 mW/m?)
energy fluxes for our event. One possible explanation is that the PFISR-estimated electron densities may well be

contaminated by coherent scatter resulting from beam-induced Langmuir turbulence, which can lead to an

overestimate in electron density. However, there is no conclusive evidence of Langmuir turbulence observed in
the PFISR data. Due to the absence of any certain ways of resolving these differences, we have chosen to run our

simulation with a range of energy fluxes commensurate with various estimates from this event. Specifically, our

data for this event can only be bound by the total energy flux as being in the range 5-50 mW/m?; hence, several

different simulation cases are required to understand the potential impacts of these flux levels on scintillation.
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Figure 2. (left) Global Positioning System receiver data at PFRR. The panels shown are (a) Elevation angle, (b) azimuth
angle, (c) phase variations, (d) Carrier-to-noise ratio variations, and (e) total electron content. The data are color-coded by the
pseudo-random noise code. (right) Poker Flat Incoherent Scatter Radar (PFISR) and precipitation parameters. The panels

shown are (f) PFISR density along the field-aligned beam (beam 13), (g) density along the beam fitted using the GLobal

airglOW Model model, (h) energy flux that is used for panel (g), and (i) characteristic energy that is used for panel (g).

2.3. Modeling Approach

The intent of this work is to study the hypothetical dependence of irregularity formation and attendant scintillation
on the character of the precipitating electrons. Data shown in Figures 1 and 2 are used as guidance and motivation
for constructing these hypothetical cases where we focus on the potential roles of several parameters in producing
scintillation, namely the motion of the arc, the total energy flux in the arc, and the spectrum of small-scale
structures within the arc.

2.3.1. Synthesis of Auroral Features in GEMINI-SIGMA

For all simulations in this study, the mesoscale arc feature used is deterministic, with parameters chosen to mimic
the camera data summarized in Figure 1:

8
—(x—v0)* —(y = o) — vy1)

Qshape(x’ Y, t) = exp 3 : exp S - (1)

208 208

where the arc widths 6, , are chosen to be fixed quantities for this study to generate a feature roughly the size of the

arc as it appears in the narrowfield data. The parameter y, is chosen to give the arc some amount of curvature,

while the arc motion is determined by varying the v, , parameters in some of our calculations (see results section

below).

Small-scale structures are captured in our modeling via the inclusion of a noise-like spectrum of fluctuations in the
total energy flux. This spectrum is imposed within the larger scale, deterministic structure (Equation 1) to mimic
the overall mesoscale shape function of the auroral arc. We use a power spectrum, Py, (units of 1/m®Hz?), based
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on a power law like our event of interest (though we choose various different parameters for spectral index). The
spectrum chosen for our work is characterized by two outer scales 7,

/2
P k 2 + i il k 2 + b 2 >1
WNazg ) " \2ag! 2n67") " \ont! ©)

Py otherwise

PQQ(kx’ k )

where y is the spectral index, and the spatial scales are defined to mimic the fact that we typically see different-
sized internal structures in the direction along versus across the arc (e.g., Figure 1). In our work, we choose the
wavenumbers k, , associated with scale lengths £, , of 2 and 20 km in x- and y-directions, respectively.

A specific realization of total energy flux is obtained by converting power spectral density in signal amplitude and
then applying a random phase and taking the inverse Fourier Transform (numerically applied as an inverse Fast
Fourier Transform)—taking care to observe signal symmetry considerations in the generation of the random
phase so that the results is purely real-valued. The realizations remain fixed throughout the simulation, creating a
consistent representation of static precipitation. This configuration allows us to investigate the influence of
constant noise realizations and make the time variability in the noise spectrum a primary focus for future research.

1 Y / ; )\ ikox ik, y
Q:mall(x’ y) = wf / ( PQQ (kx’ kv) elZ’M(XQ)) ekx e kvydkxdky (3)

where a(x, y) is a uniformly distributed field of random numbers between 0 and 1. Of course, in practice, all
quantities and operations are discretized on some mesh used for input data but shown here in continuous form for
simplicity. Finally, the full input for GEMINI-SIGMA is constructed as follows:

Q = QshapeQO(l + aQsmall) (4)

The small-scale precipitation in this study effectively held constant with time, while the arc envelope itself varied
slowly in some of the simulations presented in the Results section. a is an adjustable fraction to control relative
noise levels; in this work, we use a = 1, meaning the noise amplitude is equal to the peak intensity of total energy
flux (Qy).

2.3.2. Summary of Processing Approach

In this study, we have employed a highly non-uniform grid within GEMINI, adjusting the resolution to achieve
approximately 100 m grid spacing at the center-most part of the grid. This approach allows us to capture detailed
spatial and temporal variations in the density structures within the ionosphere. The values of total energy flux for
the modeling are taken from ASI and PFISR observations, as detailed in the previous section. To account for
smaller-scale fluctuations, we incorporate a spectrum of ionospheric turbulence that follows a power-law
behavior with a spectral index (y) of —3, consistent with the observed data. This representation enables us to
effectively capture the short-wavelength features of electron density irregularities, which are crucial in generating
scintillations. Within the GEMINI model, we derive impact ionization rates, providing valuable insights into the
altitudinal profiles of plasma density, electron and ion temperatures, and other relevant parameters. These profiles
are strongly influenced by the intensity of electron energy depositions (Q and Ej).

Figure 3 presents the comprehensive simulation process. This process involves creating the GEMINI grid
structure, which is utilized as the foundational framework to incorporate model inputs for generating plasma
parameter profiles determined by the GEMINI chemistry. We further import the density structures modeled in
GEMINI, resulting from electron precipitation, into SIGMA. Within SIGMA, we simulate and extract the
scintillation effects produced by precipitated density structures. For the present study, we have constructed
simulation inputs using a number of different combinations of the input parameters of interest, presented in
Table 1.
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Figure 3. The sequence (a) through (e) depicts the entire simulation process, starting from generating a non-uniform high-resolution GEMINI grid, as shown in (a). This
grid is employed to generate plasma parameter profiles, such as the density profile visualized in (b). The density profile modeled in GEMINI is imported into Satellite-
beacon Ionospheric-scintillation Global Model of the upper Atmosphere and showcased as (c). In the next step, the spatial fluctuations of the propagated signal are
captured on the ground, for example, the simulated spatial phase in (d). Finally, the detrended temporal signal fluctuations are extracted from these spatial fluctuations,
for example, the detrended phase shown in (e).

3. Results

This section provides an overview of the results from the set of model simulations summarized in Table 1 (with
some minor additions left to supplementary materials)—this set encapsulates a range of total energy fluxes
implied by the data for our example event and also different commonly observed drifts and spectral indices.

3.1. Effect of Precipitating Total Energy Flux on Scintillation

By examining the impact of increased energy flux on the scintillation, our findings reveal a direct correlation
between precipitation energy flux and scintillation intensity. As outlined in Section 2.2, we have established an
energy flux of 50 mW/m? as a value at least somewhat consistent with generating the electron densities illustrated
in Figure 2. Despite the GLOW estimate indicating a flux exceeding 100 mW/m?, we opted to utilize a flux of
50 mW/m? which generated the density intensities that align with the PFISR densities, to evaluate the effects of
energy flux on scintillation. Additionally, we have chosen a value of 25 mW/m? for relatively weaker arcs. As the

Table 1
List of Simulations and the Choices of the Parameters to Analyze the Effects of Precipitation, Spectral Index, and Drift
Velocity on Scintillation

Case SI Flux (mW/m?) Energy (keV) Drift speed (m/s) Drift direction® H,,,, (km)
Section 3.1 y=-5/3 25 versus 50 2 300 180° 110
Section 3.2y = —5/3 versus y = =3 50 2 300 180° 110
Section 3.3 y=-3 50 2 300 versus 600 180° 110

“Direction counter-clockwise from geomagnetic south.
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Figure 4. Satellite-beacon Ionospheric-scintillation Global Model of the upper Atmosphere simulated signal fluctuations in (a) phase and (b) power for two different

precipitation energy flux levels.

energy flux increases from Q = 25 mW/m? to Q = 50 mW/m?>, the electron density in the E-region also rises
significantly from approximately 6.5 X 10'! el/m?, reaching 1 x 10'? el/m?, respectively. This elevated electron
density becomes a source of scintillation at E-region altitudes. Importantly, comparisons made under the same
power law noise spectrum (y = —5/3) and arc speeds (v, = 300 m/s) demonstrate that higher energy flux levels
result in stronger scintillation, as seen in Figure 4. In the case of Q = 50 mW/m?, fluctuations in signal phase
exceeded 2 rad peak to peak (P2P), with power fluctuations of approximately 1.4 dB P2P, surpassing scintillation
intensities observed for Q = 25 mW/m>. Thus, it is evident that higher energy fluxes lead to higher electron
densities, consequently causing more pronounced scintillation effects. On the contrary, we also analyzed the
minimum energy flux thresholds necessary to induce phase and amplitude fluctuations by systematically
decreasing the energy fluxes to determine the lower energy limit that triggers scintillation effects. Through our
analysis, it is revealed that a minimum energy flux of approximately 7.5 mW/m? (Q, = 5, & = 0.33) is required for
detectable phase scintillation, resulting in a density of 3.5 x 10"" el/m®, which produces phase fluctuations of
0.4 rad P2P and power fluctuations of 0.1 dB P2P (figure shown as supplementary). This level of energy flux is
notably close to that suggested by analysis of the optical data (~7.5 mW/m?).

3.2. Effect of Spectral Index on Scintillation

As mentioned previously, we introduce an ionospheric turbulence noise spectrum to the precipitation that follows
a power-law behavior with a spectral slope of —3, consistent with observed data to account for the stochastic
nature of electron density. This modeling approach allows us to effectively capture the finer-scale variations in
electron density irregularities, which are important for scintillation generation. Initially, we adopted the Kol-
mogorov turbulence spectrum to describe energy distribution across various scales, including outer and inner
scales, with a spectral slope of —5/3. However, to maintain consistency with auroral observations, we have also
incorporated a spectral slope of —3, shown in Figure 1d. In the previous example, we observed the influence of
increased energy flux on scintillation intensities when introducing a noise spectrum characterized by a slope of
—5/3. An intriguing observation emerged when we altered the noise spectrum to slope = —3. Specifically, when
the noise spectral slope changed to —3, and the arc velocity remained at 300 m/s, fluctuations in signal phase
decreased from 2 rad P2P (observed with slope = —5/3) to 1 rad P2P, shown in Figure 5. This suggests that the
turbulent noise spectrum responsible for inducing small-scale density irregularities within precipitation plays a
crucial role in radio signal propagation. A steeper slope in the noise spectrum results in reduced scintillation
effects. Furthermore, this reduction in scintillation intensity is also observed in power fluctuations when tran-
sitioning from a noise spectrum with slope = —5/3 to slope = —3. A noise spectrum characterized by a spectral
slope of —3 generates a steeper profile with fewer short-wavelength features. Consequently, this leads to fewer
scintillation-scale-sized structures, thus having a reduced impact on scintillation activity. We note that modifying
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Figure 5. Variation in the intensity of (a) signal phase fluctuations and (b) signal power fluctuations as the noise spectrum varies.

the spectral index results in an alteration of the total power within the fluctuating component (i.e., the integral over
k). However, for a steeper spectral index (y = —3), the power is concentrated more at lower frequencies (longer
wavelengths), while a flatter spectral index (y = —5/3) is distributed across both longer and shorter wavelengths.
Altering the spectrum in this manner preserved the power at the outer scale, which we deemed desirable for this
study since those scales are fairly well-constrained by the data. Therefore, introducing a flatter spectrum creates
more structures at the scintillation scales, causing a stronger scintillation activity. In the discussion section, we
explore how long- and short-wavelength features distinctly influence the signal phase and power.

3.3. Effect of Across-Arc (North-South) Motion on Scintillation

In addition to precipitation energy flux and the turbulent spectrum, arc velocity is an important factor influencing
scintillation intensity. Notably, when the noise spectrum is adjusted to a slope of —3 with an arc velocity (v,) of
300 m/s, scintillation intensity remains relatively lower, even in the presence of higher energy fluxes. To evaluate
the impact of arc velocities on signal scintillation, we conducted a detailed analysis including two distinct arc
velocities: 300 and 600 m/s. This investigation was conducted while maintaining a noise spectrum with a slope of
—3 and a constant energy flux of 50 mW/m? Interestingly, our analysis reveals that scintillation intensity

Phase [rad]

—arc velocity = 600m/s
—arc velocity = 300m/s

—arc velocity = 600m/s
—arc velocity = 300m/s |

T

1 1 1 1 1 _1 2 1 1 1 1 1 1 1 1
40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90
Time [sec] Time [sec]

Figure 6. Effects of arc velocities on (a) signal phase and (b) signal power as the signal propagates through the density structures with two different velocities.
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Figure 7. The panels shown are (a) Spatial density variations, (b) their corresponding spatial phase, (c) temporal phase variations, and (d) power variations as the arc
drifts across the satellite LOS. Density units are el/m?, and ground phase units are radians.

amplifies as the arc velocity increases from 300 to 600 m/s, as represented in Figure 6. This shows higher arc
velocities are associated with more noticeable and pronounced scintillation effects.

Remnant ionization is left in the wake of the arc as it moves (Figure 7); this is due to the plasma chemical lifetime
in the E-region, which is of the order of a few seconds. The arc structure itself acts as a refractive medium,
inducing refractive effects on the transmitted signal, predominantly causing phase fluctuations. As the arc ve-
locity increases, these refractive effects intensify, notably enhancing the phase scintillation activity. The line-of-
sight (LOS) interaction with the arc occurs at a later instance in the 600 m/s case (utilizing a larger grid space),
resulting in signal fluctuations being detected later compared to the 300 m/s case.

To investigate the impact of the combination of satellite LOS and precipitation density structures on scintillations,
we analyze signal phase fluctuations observed at the ground level as the arc structure interacts with LOS. Figure 7
is an example showcasing the precipitation density structures and their effects on signal propagation as the
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Figure 8. The panels shown are (a) Spatial density variations, (b) their corresponding spatial phase, (c) temporal phase variations, and (d) power variations as the arc
moves along the satellite LOS. Density units are el/m>, and ground phase units are radians.

structure moves across the LOS. The top panels of the figure depict the arc structures at three time stamps during
the simulation, spanning from the initial time (left) to the end of the simulation (right). The arc gradually moves
northward during the simulation and intersects with the LOS between 25 and 55 s. This northward motion
continues until the simulation ends at 90 s. We continuously monitor signal disruptions during the simulation, and
notable phase fluctuations are evident when LOS intersects density structures of scale sizes that are sensitive to
scintillation, as shown in Figure 7. The intensity of the scintillation varies with precipitation strength, scale sizes
within the precipitation, and its drift speed, as discussed in previous sections. Weak structures may not impact the
satellite signal, while strong ones induce stronger scintillation activity.

3.4. Effect of Along-Arc Motion on Scintillation

In contrast with Figures 7 and 8 illustrates the scintillation effects as the arc structure drifts along the LOS. Unlike
the previous case, the satellite LOS consistently remains close to the arc. Consequently, a heightened interaction
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Figure 9. Fluctuations in (a) signal phase and (b) signal power as the number of irregularity layers increases.

between the LOS and the arc results in a more pronounced impact of the auroral arc and continuous signal
disturbances. These disturbances become apparent in the received signal on the ground, shown in Figure 8. As
mentioned earlier, the intensity of the scintillation varies with precipitation strength, scale sizes within the pre-
cipitation, and drift speed. In GEMINI, we resolve an outer scale in the north-south direction, constrained by the
width of the arc (approximately 7 km in this case), and inner scales are resolved to 100 m, occasionally extending
below this threshold. The broad scales are influenced by the width of the arc, giving rise to phase fluctuations,
while the smaller scales could contribute to amplitude fluctuations. In both cases, stronger scintillation effects are
observed when the LOS intersects the edges of the arc structure. Utilizing edge gradient scales extracted from the
narrow field camera data, we are able to mimic structures resembling the active auroral arcs at the edges of the arc.
These edge gradient scale structures appear to have a more pronounced influence on the signal as it traverses
through them.

3.5. Irregularity Layer and Scintillation

In the SIGMA model, we simulate the three-dimensional propagation of a satellite signal as it approaches the
irregularity at an oblique angle and passes through it. This irregularity is represented as an arrangement of dif-
fractive phase screens or irregularity layers. According to Yeh and Liu (1982), the term “phase screen” represents
an assumption where each layer is thin enough to introduce random phase perturbations into the incident signal.
These perturbations are directly proportionate to the electron content within that specific layer. However, it's
crucial to note that the signal's amplitude remains constant inside the layer. As the wave propagates in free space
between two layers, perturbations in the amplitude may start to develop. Here, the density structures produced by
electron precipitation, as simulated within GEMINI, are given as input to SIGMA, where we divide the density
into the number of layers representing the phase screens. The impact of varying numbers of irregularity layers on
signal propagation within SIGMA is shown in Figure 9. It is noticeable that an increase in the number of ir-
regularity layers tends to enhance scintillation activity. The increase in the number of irregularity layers in-
tensifies signal fluctuations through a compounded effect arising from disruptions caused by these irregularities.
As the signal traverses through multiple layers with varying electron density, these disruptions amplify due to the
interference at each layer, contributing significantly to signal fluctuations.

4. Discussion
4.1. Phase Fluctuation Detectability Versus Total Energy Flux

The total energy flux parameter is most closely connected with the ionization rate (roughly proportional), and
hence plasma density increases. Results presented in this study suggest that the types of phase scintillations seen
in our example event are associated with 25-50 mW/m? precipitation for our chosen energy of 2 keV. At a
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Figure 10. The simulated signal fluctuations in (a) phase and (b) power were analyzed for different precipitation energy levels.

relatively low incoming flux (~7.5 mW/m?), we observe a weaker phase scintillation activity; this level of energy
flux is probably near the minimum threshold for generating such detectable activity. The amount of phase
scintillation present in our model increases very roughly in proportion to the total energy flux overall (Figure 4
and supplementary materials). Notably, amplitude scintillation remains quite small for all of the simulations
presented in this work.

4.2. Effect of Characteristic Energy on Scintillation

In our analysis of the influence of precipitation energy on scintillation phenomena, we compared the scintillation
effects induced by precipitation energies of 1 and 10 keV, shown in Figure 10. The total energy flux was
maintained at ~10 mW/m?, which generated a density peak ranging from 4 to 5 X 10'" el/m? for both the cases. It
is noticed that high-energy precipitation (10 keV) produced the peak electron densities occurring at below 100 km
altitudes, whereas the low-energy precipitation (1 keV) produced the peak densities at around 140 km altitudes
(density profiles are added as supplementary material). It is also observed that the thickness of the plasma layer
generated by high-energy precipitation exhibits a thinner profile (approximately less than 10 km) compared to the
plasma layer thickness (~100 km) generated by low-energy precipitation. For 1 keV energy with a plasma layer
thickness of ~100 km, the intensity of the scintillation is relatively stronger when compared to the 10 keV energy
case, shown in Figure 10. These variations in plasma layer thickness at different energies did notably affect the
intensity of phase and power fluctuations. Unlike the variations in total energy flux, which showed a substantial
impact on fluctuations, the characteristic energy itself does not significantly influence signal fluctuations.

4.3. Scintillation Associated With Higher Energy Fluxes

The energy fluxes used for this study are based on the PFISR density-derived fluxes using the GLOW model,
suggesting a peak exceeding 100 mW/m>. However, scintillation data available for this event has a 15-s time
resolution, limiting our ability to analyze the high-rate scintillation behavior. We identified another relevant event
occurring on 12 March 2015 over Poker Flat. During this event, high-rate (100 Hz) scintillation data was captured
by SAGA, associated with higher energy flux recordings from ASI and density measurements from PFISR,
shown in Figure 11. The ASI recorded energy fluxes peaking above 100 mW/m? with PFISR observed densities
ranging between 5 and 6 x 10'" el/m’. These measurements are correlated with SAGA-observed high-rate phase
and power fluctuations. It suggests that the energy fluxes used in our simulations (25-50 mW/m?) fall within
ranges observable by ASI, and the simulated high-rate scintillation intensities are at comparable levels with the
ones observed by SAGA over Poker Flat.

4.4. Effects of Model Resolution on Diffraction (Amplitude Scintillation)

All simulations presented to this point have been conducted with 100 m grid resolution in the SIGMA analysis
region of the GEMINI mesh. This section explores, briefly, the role of resolution and noise-like structure in our
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Figure 11. All-sky imagers (ASI), Poker Flat Incoherent Scatter Radar (PFISR), and Scintillation Auroral GPS Array observations during the event on 12 March 2015
over Poker Flat. (a) Energy flux derived from ASI, (b) ASI observations depicting the auroral emissions, (c) PFISR density measurements, (d) and (e) Scintillation
Auroral GPS Array-measured high-rate phase and power fluctuations, respectively.

models on amplitude scintillation for cases similar to what has been presented above. To this end, we have
conducted comparisons of our simulations at 100 m and 1 km resolution using different noise amplitudes (set by
our parameter « in Equation 4). Figure 12 shows the results of this additional analysis. All results in Figure 12 are
conducted using a flux of ~7.5 mW/m? (lower energy bound), thus the weaker scintillation intensity.

For our test simulations on a 1 km grid, the basic arc structure, without noise, acts as a purely refractive medium
that induces phase variations without affecting signal power (Figures 12c and 12d). These variations originate
from structures spanning scales between 1 km (grid resolution) and approximately 7 km (arc width/outer scale)—
which excludes the structures of small-scale precipitation at sizes below 1 km. The enhancement in phase var-
iations correlates with an increase in noise amplitude, emphasizing the influence of the long-wavelength regime
(1 to ~7 km) of the power law noise spectrum on generating phase variations.

The transition from a 1 km grid to a 100 m grid presents a distinct scenario. The finer 100 m grid resolution allows
us to create Fresnel scale structures using the power law noise spectrum, which is crucial for amplitude scin-
tillation. As previously mentioned, the arc itself (without noise) functions as a refractive medium generating
phase variation. It is worth noting that, even over a 100 m grid, virtually no amplitude scintillation activity (black
line in Figure 12b) is observed as the basic arc structure (without noise) lacks small-scale structures that cause
diffractive changes in signal power. The addition of progressively higher levels of small-scale precipitation
structure amplifies both phase and amplitude scintillation activity (Figures 12a and 12b). The long wavelength
features within the noise spectrum continue to contribute to phase fluctuations, while the shorter wavelength
features within the spectrum contribute to power fluctuations. These shorter wavelength features, ranging from
less than 1 km to ~100 m, contribute to generating Fresnel scale features, which become important in causing
amplitude scintillation.

Comparisons shown in Figure 12 show that the overall arc mesoscale structure acts solely as a refractive medium,
predominantly inducing phase variations. However, integrating the power law noise spectrum alongside a grid
resolution capable of resolving small-scale structures facilitates contributions to both phase (from the long-
wavelength regime) and power (from the short-wavelength regime) variations. Our observations underscore
the significance of structures larger than 1 km for generating phase variations and those smaller than 1 km for
generating power variations and indicate that the latter, while seldom resolved except in narrow-field camera data
acquired very near magnetic zenith (Dahlgren et al., 2013), appear to be required to study amplitude scintillation.
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Figure 12. Illustrating the influence of 100 m grid (small-scale precipitation) versus 1 km grid (large-scale precipitation). The amplitude scintillation triggers when a
noise spectrum that includes small-scale features is introduced. The noise realizations impact both phase and amplitude. The noise amplitude is denoted by aQy, in the

figure legends.

4.5. Toward a More Complete Characterization of Small-Scale Fluctuations

Simulations conducted for this study use effectively constant noise realizations (Q,,,; not a function of time).
However, for fully realistic auroras, one will also have time variability in the noise spectrum, though this is not
well-constrained at this point. Indeed, fine-scale auroral imaging frequently reveals wave-like space-time
structures that would have very distinctive signatures (Semeter & Blixt, 2006; Semeter et al., 2008). It seems
plausible that such coherent structures could have a substantial impact on the production of ionization and,
potentially, on attendant scintillation from these types of auroras.

More generally, there is a need to continue to use the narrow-field camera systems available to identify more
events where there are concurrent ISR, camera, and scintillation measurements. The one event presented in this
article has been helpful for making quantitative simulations; however, there are still some parameters (total
energy flux and conjugate particle measurements from LEO spacecraft, like FAST) that are not well-constrained
in this particular case. Having more individual event examples and analysis could help to better pin down the
energy flux conditions under which the scintillation is occurring and types of spectral features at small scales that
may also be associated. Further, if enough examples can be found, they will provide valuable information about
the range of precipitation characteristics associated with the scintillation.
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4.6. Modeling Improvements

Construction of model inputs for event modeling (as opposed to noise-like characterizations used here) can be
challenging as it is almost never the case that the model inputs can be fully specified with at least a few ad hoc
assumptions required to convert data into fully 2D input particles and fields. However, recent progress (Clayton
et al., 2019, 2021) does provide some potential pathways for event-realistic simulation and would seem to be a
promising avenue moving forward.

While this study has focused exclusively on the effect of energetic electron precipitation on auroral scintillation,
there is also a need to use models to examine the combined effects of these particles with various plasma in-
stabilities. Auroral forms are known to be a source of sheared flow and strong plasma density gradients; thus, fluid
instabilities like gradient-drift and Kelvin-Helmholtz should be examined more closely. A challenge here is that
strong auroral precipitation, to our knowledge, has not been included in any prior instability simulations. So, there
is little information on whether it may seed/suppress the progression other than the basic physical consideration
that a completely uniform E-region will tend to short out charge accumulation associated with instabilities.

5. Conclusion

We utilize physics-based modeling to investigate how energetic electron precipitation generates density irreg-
ularities leading to radio scintillation. Our focus solely rests on modeling the density structures arising from
impact ionization, excluding ionospheric electrodynamics. This approach isolates ionospheric structuring due to
precipitation from external convection or instability-related effects. Our investigation centers on two key
parameters—total energy flux (Q) and characteristic energies (E,) and their impact on scintillation. Within the
GEMINI model, we generate density structures by modifying precipitation flux, average energies, and the noise
spectrum, integrated into precipitation that induces small-scale disturbances. Our exploration of this parameter
space relies on observed data, including camera images detailing edge gradient scales, arc motion, arc width, and
precipitation intensity in terms of both flux and energy in regions of scintillation, particularly in the vicinity of
auroras. Utilizing the camera data, we characterize small-scale precipitation at a few hundred-meter scales,
considering their spatial and temporal spectra within the camera's limitations. Additionally, we leverage PFISR E-
region density measurements in conjunction with the scintillation data for a comprehensive characterization.
Narrow field camera data reveals a power law spectrum with a slope of —3 for small-scale features within auroral
arcs, effectively capturing short-wavelength features crucial for generating scintillations. Incorporating this
spectrum into our model allows us to explore its impact on scintillation by varying precipitation intensity and arc
velocity. We design a non-uniform high-resolution grid with a resolution of ~100 m, which is utilized as the
foundational framework to incorporate model inputs for generating plasma parameter profiles determined by the
GEMINI chemistry. These precipitation-induced density structures from GEMINI are then imported into
SIGMA, where we simulate and extract scintillation effects resulting from these structures.

Our simulations focus on various factors, as detailed in Table 1, including different precipitation energy fluxes,
noise realizations with varying spectral indices, and arc motion, to explore their impact on radio scintillation.

Key findings from our analysis:

1. Energy Flux Impact: Higher energy fluxes (50 mW/m?) generate higher electron densities (1 X 10'? el/m?),
resulting in more pronounced scintillation activity. The minimum energy level triggering scintillation is
approximately ~7.5 mW/m?.

2. Effect of Small-Scale Precipitation: Noise with a spectral slope of —5/3 induces stronger scintillation
compared to a slope of —3, generating more turbulent spectra responsible for producing stronger scintillation
effects.

3. Arc Motion Influence: The velocity of the auroral arc significantly affects scintillation. Higher arc velocities
intensify refractive and diffractive (if small-scale features are present) effects, notably enhancing scintillation
effects.

4. Irregularity Layers: Increasing the number of layers amplifies scintillation intensity. More number of layers
expose the signal to multiple disruptions, intensifying scintillation effects.

5. Small-scale precipitation: The arc structure is a refractive medium, inducing phase-only fluctuations. Incor-
porating a power law noise spectrum over a finer grid resolution enables contributions to both phase and power
variations introduced by long- and short-wavelength scale features.
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These findings contribute to a deeper understanding of how much small-scale precipitation is important for
inducing scintillation and how factors such as the arc's energy and its motion influence the scintillation activity.
These insights offer significant contributions for future studies focused on small-scale precipitation-associated
scintillation, and in future simulations, we will probably want to resolve even more smaller-scale structures
(within fluid model limits).
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GEMINI input configuration files, SIGMA time series outputs, and observational (camera) data used for this
study are stored (Vaggu, 2024) and can be obtained at https://doi.org/10.5281/zenodo.11114475, https://doi.org/
10.5281/zenodo.12169549. The SAGA scintillation data in Figure 11 is available at http://apollo.tbc.iit.edu/
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