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Abstract—Small-scale ionospheric plasma structures can cause scintillation in radio signals passing
through the ionosphere. The relationship between the scintillated signal and how plasma structuring
develops is complex. We model the development of small-scale plasma structuring in and around an
idealized polar cap patch observed by the Resolute Bay Incoherent Scatter Radars (RISR) with the
Geospace Environment Model for Ion-Neutral Interactions (GEMINI). Then, we simulate a signal passing
through the resulting small-scale structuring with the Satellite-beacon Ionospheric-scintillation Global
Model of the upper Atmosphere (SIGMA) to predict the scintillation characteristics that will be observed
by a ground receiver at different stages of instability development. Finally, we compare the predicted signal
characteristics with actual observations of scintillation from ground receivers in the vicinity of Resolute
Bay. We interpret the results in terms of the nature of the small-scale plasma structuring in the ionosphere
and how it impacts signals of different frequencies and attempt to infer information about the ionospheric

plasma irregularity spectrum.
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1 Introduction

Radio signals passing through the ionosphere often experi-
ence ionospheric scintillation (rapid stochastic fluctuation of
the amplitude and phase of the signal) due to non-uniform
electron density in the ionosphere. Scintillation depends on
the frequency of the signal and the scale of structuring, with
GPS L-band frequencies being most sensitive to plasma irregu-
larities in the 100 m — 10 km range (Kintner et al., 2007; Wang
et al., 2016). Due to the societal importance of modern commu-
nication and navigation systems that depend on satellite-to-
ground communication, it is critically important to understand
what ionospheric conditions are responsible for potentially dis-
ruptive scintillation-scale plasma structures (Sojka, 2013).

The polar cap ionosphere, in general, is known to be
dynamic and highly structured on a range of scales (Tsunoda,
1988), however, the exact relationship between different scales
is still poorly understood. Large-scale structures such as polar
cap patches and polar holes can be hundreds of kilometers
across (Weber et al.,, 1984; Crowley et al., 1993; Crowley,
1996). These structures are thought to develop meso- and
small-scale structures over time through various instability
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mechanisms (Hosokawa et al., 2009). The gradient drift instabil-
ity (GDI) is one of the primary drivers of structuring in the polar
cap (Linson & Workman, 1970; Tsunoda, 1988; Burston et al.,
2016). Linear theory suggests GDI is unstable on the trailing
edge of polar cap patches and stable on the leading edge, lead-
ing to a greater degree of small-scale structuring on the trailing
edge of patches (Keskinen & Ossakow, 1981; Makarevich,
2014). Some observations support this asymmetrical develop-
ment of structuring in patches (Weber et al., 1984; Milan
et al., 2002; Hosokawa et al., 2016), while others demonstrate
a significant amount of leading-edge structuring (Kivang &
Heelis, 1997; Coley & Heelis, 1998; Thayyil et al., 2021).
Specifically, GPS observations have shown scintillation in the
vicinity of patches regardless of whether the ray path is passing
through the leading or trailing edge, suggesting that other insta-
bility mechanisms may be important (Coker et al., 2004; Jin
et al., 2014, 2017; Jayachandran et al., 2017). Other studies
have also found that nonlinear instability development and
turbulent wave interaction may be critical to how meso- and
small-scale structures form in the polar cap (Gondarenko &
Guzdar, 2006a; Spicher et al., 2015; Lamarche et al., 2020).
A number of modeling studies have examined the linear
and nonlinear behavior of gradient-drift instability as related
to polar cap patches. Guzdar et al. (1998) conducted 2D and
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3D simulations and demonstrated that the evolution of patches
is impacted by whether one model has local (i.e., confined
F-region) versus nonlocal effects. The full ionospheric altitude
distribution of fields and plasma needs to be considered in ana-
lyzing detailed patch dynamics. These studies were later
extended by Gondarenko & Guzdar (1999), who added in the
effects of ionospheric ion inertia, which plays the role of slow-
ing patch growth, consistent with prior 2D studies (Mitchell Jr.
et al., 1985; Huba et al., 1988), and found good correspondence
between density fluctuations in the model and those observed
by the DE 2 satellite (Gondarenko & Guzdar, 2004a, 2004b).
The effects of shearing (Gondarenko & Guzdar, 2006a) and
time-dependent forcing (Gondarenko & Guzdar, 2006b) have
likewise been shown to impact density and electric field fluctu-
ations arising from the ionosphere turbulence. Deshpande &
Zettergren (2019) have coupled a physics-based model of
GDI to a radio propagation model and shown that the instability
can generate density irregularities that can explain some aspects
of polar cap phase scintillation. Collectively these theoretical
studies paint a complicated picture of patch evolution and its
connection to irregularities and scintillation — patches are highly
sensitive to the initial distribution of ionospheric plasma (includ-
ing large-scale gradients, seeding structures, and altitude pro-
files), as well as the temporal effects like variable forcing and
ion inertia (Deshpande et al., 2021). Very little has been done
to explore the parameter spaces of how various patch features
(gradients, absolute density, seeding, mesoscale propagation)
impact scintillation; most modeling studies lack data constraints
for these.

Scintillation on the ground is seen as fluctuations in a
received radio signal and occurs due to the propagation of radio
waves through irregular media. Both refractive and diffractive
effects contribute to scintillation, and the Fresnel radius (rf) is
usually cited as the critical scale where signal diffraction
becomes significant. This study uses equation (1) for the Fresnel
radius rather than the far-field approximation presented in other
GPS scintillation work (i.e., Yeh & Liu, 1982; Kintner et al.,
2007) that assumes the transmitter is far from the scattering

volume:
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Here, A is the signal wavelength, and r; (r,) is the distance from
the transmitter (receiver) to the scattering volume.

The turbulent density in the ionosphere needs to be accu-
rately presented to represent the underlying instability mecha-
nism for a rigorous scintillation simulation of an ionospheric
event. Historically, spectral models have been used to represent
irregularities (Shkarofsky, 1968; Costa & Kelley, 1977); how-
ever, these models do not capture the plasma dynamics at
different stages of an instability’s development, viz., instabilities
progress through various physical stages related to seeding,
linear growth, nonlinear evolution, and saturation/turbulence.
Physics-based models are a promising avenue to capture this
temporal evolution and develop a better understanding of how
scintillation is related to polar cap patches and their motion
and evolution.

In this study, we aim to investigate how scintillation-
scale structures develop nonlinearly under realistic polar cap
conditions — to the extent that we can constrain these with

our data — and examine how well current nonlinear first princi-
ple models can replicate spectral characteristics of observed
scintillation signals. We will also compare scintillation at three
frequencies and consider if differences between these signals
allow us to infer characteristics of the intrinsic plasma structur-
ing that causes scintillation.

2 Methodology

We examine a single case of a polar patch observed travel-
ing through the polar cap and use state-of-the-art models guided
by direct observations to predict the scintillation signatures in
the local region. These expected scintillation signatures are then
compared with high-rate scintillation data from co-located
multi-frequency receivers in the polar region. This study uses
a variety of instrumentation and numerical models discussed
below. Due to observation and model constraints, the modeled
patch is still idealized but characterized by direct measurements.

2.1 RISR

The Resolute Bay Observatory (RBO) is home to two
Advanced Modular Incoherent Scatter Radars (AMISR) (Kelly
& Heinselman, 2009): Resolute Bay Incoherent Scatter Radar
North (RISR-N) (Bahcivan et al., 2010) and Resolute Bay
Incoherent Scatter Radar Canada (RISR-C) (Gillies et al.,
2016) bore-sighted approximately along magnetic north and
magnetic south, respectively. Incoherent scatter radars are
ground-based instruments that can measure the electron density,
electron and ion temperature, and ion line-of-sight (LoS) velocity
of plasma in the ionosphere. AMISR radars utilize electronic
beam steering to rapidly scan through a relatively large number
of pointing directions, allowing the radar to effectively measure
plasma parameters in a local volume simultaneously. This capa-
bility allows us to image polar patches and other large-scale
ionospheric structures in three dimensions (3D). The standard
AMISR processing routine gates the lag product array into auto-
correlation functions, and determines the plasma parameters
within each range gate through the nonlinear least-squares fitting
of the autocorrelation functions. This analysis assumes the fitted
parameters are slowly vary in range over the pulse length and in
time over the integration period. This study focuses on F-region
dynamics, so only long pulse data are presented.

For the event considered here, both RISR-N and RISR-C
were operating in the 51-beam “Imaginglp” mode. At 300 km
height, the combined field-of-view (FoV) in this mode is
approximately 1000 km long and 500 km wide, with an average
beam separation of about 58 km. In addition to the general size,
shape, and peak electron density (NmF2) and altitude (hmF2) of
the patch from the volumetric density measurements, full
plasma convection velocity vectors can be derived from the
AMISR LoS velocity measurements by assuming relatively
stable convection over the FoV (Heinselman & Nicolls, 2008).

2.2 GEMINI-SIGMA

The GEMINI (Geospace Environment Model of Ion-
Neutral Interactions) is a three-dimensional (3D) multifluid-
electrodynamic model of ionospheric plasma instabilities
(Zettergren & Snively, 2015). GEMINI includes electrodynamic
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processes and aeronomical transport that are required to model
the generation of ionospheric fluid instabilities, such as GDI and
KHI. It has been interfaced with a full three-dimensional (3D)
electromagnetic wave forward propagation model (Deshpande
etal., 2014), SIGMA (Satellite-beacon Ionospheric- scintillation
Global Model of the upper Atmosphere) (Deshpande &
Zettergren, 2019; Spicher et al., 2020). SIGMA can simulate
the propagation of a radio signal through irregular media in
the ionosphere, which comprises effects such as scattering,
diffraction, wave refraction, and reflection through an arbitrary
density field - including a turbulent plasma simulated by a phy-
sics-based model like GEMINI. SIGMA handles the propaga-
tion of a radio frequency signal from a moving satellite to the
ground through the ionosphere anywhere on the globe
(Deshpande et al., 2014). The multiple phase screens (MPS)
approach is an established method of model effects of iono-
spheric irregularities on radio signals (Knepp, 1983). This
method divides the ionosphere into phase screen(s), which only
impart phase fluctuations on the incoming wave. The signal
undergoes further phase and amplitude fluctuations both during
the free space propagation between the screens and from the
bottom of the irregularity to the ground.

The propagation in SIGMA works in a local geomagnetic
continuously displaced coordinate system (CDCS) along the
LoS vector, similar to that described by Rino (2010). GEMINI
density cubes are spatially linearly interpolated at the desired
sampling times and then fed into SIGMA with the side of the
cube between 50 and 100 km. The GEMINI simulation in this
paper uses a ~100 m grid, however due to numerical diffusion
and limits of the modeled physical processes, the smallest
realistically resolvable scale is ~200-250 m. Inside SIGMA,
the density cubes are transformed into phase screens using a
split-step method, and the forward propagation equation is
solved for the incoming LoS signal (Rino, 2010). The signal
undergoes scattering inside the density cube (or the ionospheric
irregularity), and the complex signal received on the ground has
a distorted phase and power. The signal phase and power at the
receiver as a function of time are recorded as the high rate signal
phase and power time series, which we filter with the same tech-
niques as the observations.

2.3 Scintillation data

GPS scintillation data are obtained from the CHAIN
(Canadian High Arctic Ionospheric Network) receiver at
Resolute Bay (Jayachandran et al., 2009). For this study, we
are using the high-rate (50 Hz) amplitude and phase data from
the L1 (1575.420 MHz) signal. RBO also hosts a CERTO
(Coherent Electromagnetic Radio Tomography) receiver
(Bernhardt & Siefring, 2006; Siefring et al., 2015). This receiver
can detect 50 Hz VHF (150.012 MHz) and UHF (400.032 MHz)
signals transmitted from beacons on a variety of low-earth orbit
satellites. For this study, the beacon was on CASSIOPE, with an
orbiting altitude of ~650 km. Power is recorded from VHF and
UHF, but the phase is only measured in VHF relative to the UHF
channel. These time series are detrended by subtracting a cubic
polynomial fit to the data, then applying a sixth-order high-pass
Butterworth filter with a 0.1 Hz cut-off to remove any low-
frequency components associated with either satellite motion
or large-scale (not scintillation-causing) plasma structures. The
Fresnel scale (Eq. (1)) for the L1 (1575.420 MHz), UHF
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Fig. 1. Polar patch considered in this case study as seen in the RISR
FoV. RISR beam positions and measured densities at 300 km are
shown, as well as the tracks from 18:00 to 19:00 (grey line) and
positions at 18:46 (thick “x”) of the IPPs from the four conjunctions
considered in this study. Both the CHAIN and CERTO receivers are
located in Resolute Bay, but CHAIN detects signals transmitted by
various GPS satellites while CERTO detects that from the
CASSIOPE  beacon. Included are CHAIN-GPS GI10 (green),
CHAIN-GPS GI15 (purple), CHAIN-GPS G18 (orange), and
CERTO-CASSIOPE (pink). An animation of the entire period the
patch was observed is available in the Supplementary materials.

(400.032 MHz), and VHF (150.012 MHz) signals in the iono-
sphere at F-region height are approximately 237 m, 348 m,
and 568 m, respectively.

3 Event overview

The polar cap patch considered in this study was observed
with RISR on November 21, 2017, from 18:30 to 19:00 UT.
The polar cap patch was moving roughly antisunwards across
the polar cap, traversing first through RISR-C, then RISR-N
in about 30 min. Figure 1 shows the electron density measured
by RISR at the F-region peak at 18:46 UT, where the patch is
clearly visible on the right side of both radar’s FoV. Addition-
ally, there were four scintillation observations with receivers in
Resolute Bay in the vicinity of this patch. Three were from the
CHAIN receiver and correspond to signals transmitted from
three different GPS satellites (PRNs 10, 15, and 18) and one
from the CERTO receiver (corresponding to the beacon trans-
mitter on CASSIOPE). The Ionospheric Pierce Points (IPPs)
of the satellite-receiver line from each of these events are
also plotted in Figure 1 as “x’s. Passes are identified by the
receiver network (CHAIN or CERTO) for consistency with
the receiver data shown later in this article. An animation of
the motion of the patch and the four IPPs is available in the
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Fig. 2. Electron density measurements from beams in the center of the RISR-N (a) and RISR-C (b) FoVs for the period around the event
considered in this paper. The patch considered in this study is the large density enhancement that appears between 18:30 and 19:00 in both

radars.

Table 1. Basic characteristics of the polar cap patch considered in
this study.

Characteristic Value
Horizontal extent 415 km
Vertical extent 175 km
h,,F> 335 km
N,.F> 494 x 10" m™
Interior Te 1250 K
Exterior Te 2000 K
Velocity 875 m/s

Supplemental Material (S1). The CERTO IPP quickly trans-
verses the entire RISR FoV between 18:43 and 18:48 UT.
The CHAIN IPPs are much slower, and the patch effectively
moves over them as it convects across the polar cap. Figure 2
shows electron density from beams near the centers of the FoVs
of both RISR-N (Fig. 2a) and RISR-C (Fig. 2b). Because the
patch is moving north—east, it is visible in the RISR-C data first
(at around 18:35 UT) before moving into the RISR-N FoV at
around 18:45 UT. Note that this patch is one of a series of
density enhancements passing through the polar cap. Table 1
describes the approximate size of the patch and the plasma
parameters that characterize it and are used to initialize the
GEMINI simulation. Technically, the initial patch parameters
should be measured at the patch’s conception in the cusp, but
this is outside the combined RISR FoV. The patch edge gradient
scale length is critical to the GDI growth rate, but it cannot be
calculated reliably from RISR as the beam separation, even in
imaging modes, is significantly greater than the gradient scale
length expected to drive GDI (discussed in detail in Sect. 6).
This event was chosen because it was a relatively clear and
isolated density enhancement that abides by most traditional
definitions of polar cap patches (a plasma density enhancement
at least twice the background density) (Weber et al., 1984;
Perry & St.-Maurice, 2018; Ren et al., 2018). Furthermore, it
occurred when both RISR-N and RISR-C were operating in
an imaging mode in conjunction with several independent
scintillation observations. There are only a limited number of

close conjunctions of all systems, so we choose to focus on a
single example with high-quality data for this study.

4 Simulating irregularity development and
scintillation

In this work, we use the GEMINI ionospheric model
(Zettergren & Snively, 2015; Zettergren et al., 2015; Deshpande
& Zettergren, 2019) to simulate instability on an idealized patch
with approximate characteristics derived from the RISR
observations. A 3D Cartesian grid spanning 90 < z < 1000,
—350 < x <350, —25 <y < 25 (km) is used for this simula-
tion; the y-direction is assumed periodic, and the magnetic field
is taken to be in the —z-direction (northern hemisphere). The
initial plasma density patch in the model is given by:

1 - 1 _
1e(%, 9,2, 10) = neo(z) + 4no(2) {5 tanh (x /x1> L anh (x /xz)}

(2)
ve(x,¥,2,1) = vg. (3)

Here, vy &~ 875 m/s and n.o ~ 1.2 x 10" m~ so that the patch
velocity and peak density (4 times the background) are approx-
imately equivalent to the observed values in Table 1. The
gradient scale length for this simulation is / = 10 km and the
patch horizontal extent is taken to be x; = —220 km;
X, = —140 km. The gradient scale length was not calculated
from RISR observations and instead intuited from the approxi-
mate time scale of the event and previous sounding rocket and
modeling studies. This is discussed in detail in Section 6. Note
that the patch extent is different from the data but does not affect
the initiation and progression of the instability over time scales
of interest to this work and greatly reduces the number of grid
points required to simulate the irregularities — the patch is some
400 km across, yet we only attempt to simulate instability at the
edges, viz. where it is initiated in this model. The model
resolution, Ax x Ay, for this simulation is ~125 x 100 m. This
polar cap patch is seeded with additive white Gaussian noise
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Fig. 3. Output from GEMINI simulation an altitude slice around 300 km at several times as the instability progresses. Panels a, b, and ¢ show
the full simulation area, while panels d, e, and f are zoomed-in views to highlight small-scale structuring and sharp gradients.

with 1% of the amplitude of the local background density (7).
The simulation is run for a total of 480 s from this initial con-
dition, with output density data being generated every 0.5 s to
input to SIGMA.

Figure 3 shows snapshots of the plasma density in the x—y
plane at about 300 km altitude. Structures are visibly present
at around 200 s into the simulation (Figs. 3a and 3d), and fully
developed finger-like structures form by 240 s (Figs. 3b and
3e). These develop into structures with very sharp gradients as
the instability progresses to times where we evaluate the scintil-
lation (>300 s, Figs. 3¢ and 3f). By the final stage of the simula-
tion, depicted partly in Figure 3f, there are very clear and large
(i.e., >100%) variations in plasma density over distances of
<1 km — commensurate with Fresnel scales of interest for our
data. An animation of the GEMINI density output from the entire
simulation is available in the Supplemental Material (S2). Such
structures are a natural part of the nonlinear variation of GDI,
where structures tend to steepen on their trailing edge leading
to, effectively, the formation of contact discontinuities in density
(Deshpande et al., 2021).

It is noted here that our models are not yet able, given current
software and computational capabilities, to resolve diffusive
scales (~decameter) that likely stabilize GDI (Lamarche et al.,
2020), so part of the irregularity spectrum will necessarily be
unresolved, which will affect modeled scintillation to an extent.
However, we are still able to resolve Fresnel scales for VHF and
UHEF signals from the CERTO beacons and (to a somewhat les-
ser extent) for an L1 signal from CHAIN. Thus these simulations
still provide useful insight into the initiation and growth of
plasma instability and its connection to observed scintillation sig-
nals in our data.

The 3D electron density generated by GEMINI is fed into
SIGMA to predict the power and phase of the scintillation
signal on the ground (Deshpande et al., 2014; Deshpande &
Zettergren, 2019). In order to obtain theoretical context for

the multi-frequency, multi-scale observational study presented
in this paper, we performed SIGMA simulations at L1, UHF,
and VHF to match the three observational signals observed at
Resolute Bay. For simplicity, we only show one representative
L1 SIGMA run with an IPP passing through most parts of the
patch. This will be compared with the three observed CHAIN
L1 signals, which pass through the interior, exterior, and trailing
edge of the patch. In order to avoid memory issues on a standard
high-performance computer cluster, we simulate 60 s long time
series with a 10 Hz sampling frequency. SIGMA takes in
GEMINI density patterns at 05:05:50, which is late in the run
when small-scale structuring has developed and permeated the
patch (a minute before the instance shown in Fig. 3c). This stage
was chosen because, at the measured plasma drift velocity, it
would have taken on the order of 10s minutes for the patch
to travel from the cusp (where it was assumed to be created)
to RBO. We confirmed this choice by performing propagation
simulations at earlier times as well as later times in the simula-
tions (not shown in this paper), where the strengths of the
simulated signal were much lower. We also did a study with
a lower resolution (~200 m) of GEMINI runs and found that
SIGMA simulated results were not sufficiently capturing the
scintillation, thus we generated the highest resolution GEMINI
run presented in this paper. For UHF and VHF SIGMA simu-
lations, we apply spherical wave propagation correction because
waves transmitted from a low-Earth orbit no longer satisfy the
plane wave assumption at ionospheric altitudes that otherwise
is applicable for GPS transmissions.

5 Data-model comparison

Finally, we qualitatively compare the SIGMA output of
predicted fluctuations with the actual signal fluctuations
measured by ground receivers in the vicinity of Resolute Bay.
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Fig. 4. Signal power time series and PSDs of both observed and simulated dates for L1 (panels a and b), UHF (panels ¢ and d), and VHF

(panels e and f).

Figures 4 and 5 show the detrended signal perturbations as mea-
sured by the CHAIN and CERTO receivers and the predicted
perturbations from GEMINI-SIGMA simulations. We apply a
5-point median filter to the 50 Hz observed CHAIN and
CERTO data to ease comparison with the 10 Hz simulated data.
Although 10 Hz is not sufficient to capture all the dynamics
related to scintillation, previous studies have indicated that a
10 Hz sampling rate is enough to capture most of the signal
fluctuations (Deshpande & Zettergren, 2019). Figure 4 shows
the detrended power of the L1, UHF, and VHF signals
(Figs. 4a, 4c, and 4e, respectively). Figures 4b, 4d, and 4f show
the power spectral densities (PSD) of the L1, UHF, and VHF
signals, respectively. Figure 5 shows the detrended absolute
L1 phase (Fig. 5a) and relative VHF phase (Fig. 5c), as well
as the corresponding L1 (Fig. 5b) and VHF (Fig. 5d) PSDs.

SIGMA returns the absolute phase for all frequencies, but to
ease comparison with the relative phase measured by the
CERTO receiver, the VHF phase relative to the UHF phase is
calculated based on Bernhardt and Siefring (2006, Eq. (2)).
Note that due to the stochastic nature of irregularity devel-
opment and scintillation, we do not expect the SIGMA results
to match the observed CHAIN or CERTO time series. Rather,
we look for similarities in the peak-to-peak amplitude of the
signals as well as the PSD. SIGMA L1 power (Fig. 4a) has dis-
tinctly smaller perturbations than any of the three CHAIN time
series, however even the measured perturbations are extremely
low-amplitude and likely do not indicate significant plasma
irregularities. Both the time series (Fig. 4a) and the PSDs
(Fig. 4b) of all three CHAIN signals are extremely similar, indi-
cating that for this event, there is minimal plasma structuring at
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Fig. 5. Signal phase time series and PSDs of both observed and simulated date for L1 (panels a and b) and VHF (panels ¢ and d). Note that the

L1 signal is absolute phase while the VHF signal is relative phase.

the L1 Fresnel scale in and around the patch. The SIGMA
results for UHF power (Fig. 4c) approximately match the ampli-
tude of the CERTO perturbations for some parts, but not all, of
the time series. However, the SIGMA fluctuations in VHF
power (Fig. 4e) generally overestimate the CERTO fluctuations
and have a longer period, leading to as steeper PSD (Fig. 4f).
This is thought to be due in part to GEMINI under resolving
the smallest scale features, which systematically reduces the
power in the high-frequency end of the PSD. Both the L1
and VHF phase time series (Figs. 5a and 5c) have some regions
where the peak-to-peak SIGMA amplitude is similar to the
observed scintillation.

The PSD spectra from both the SIGMA simulations and the
CHAIN/CERTO observations appear similar in most cases, but
they can be challenging to compare directly. We want to reiter-
ate that this is a qualitative comparison. The simulated and
observed PSDs of phase (Fig. 5) match better compared to those
of power (Fig. 4). The VHF phase PSDs show particularly good
agreement at lower frequencies (Fig. 5d). Observed power PSDs
appear much flatter, possibly due to the presence of a high-fre-
quency noise-like signal. At L1 frequencies, both phase and
power time series show minimal fluctuations (note the small
y-axis ranges). The noise floors for observed L1 power and
phase start between 1 and 2 Hz (Figs. 4b and 5b), which could
result from a combination of high velocities and lack of close-
to-Fresnel scale size structures. Although power drops for sim-
ulated time series go up in strength with lower frequencies as
expected, SIGMA simulations may need scrutiny to determine

if propagation at lower frequencies is creating any artifacts in
power.

6 Discussion

Although we have based our GEMINI simulation on RISR
measurements, several parameters were effectively uncon-
strained and had to be specified in an ad hoc fashion. Moreover,
it is relatively straightforward to argue that these specifications/
assumptions impact the development of plasma irregularities
and motivate future experiments studying irregularity formation
and its effects on radio propagation.

The most significant assumption made in our modeling is
likely the initial gradient scale length, # = n/|[Vn| = 10 km, along
the edge of the polar patch. In an ideal geometry (local, planar),
the linear growth rate for GDI is y = vy/Z, and the gradient scale
length strongly impacts the rate of irregularity development into
a nonlinear regime (Keskinen & Ossakow, 1981; Gondarenko
& Guzdar, 2006a). If a gradient scale of 100 km (rather than
10 km) is assumed, irregularity development will be approxi-
mately 10 times slower. To visualize this, compare the GEMINI
output (from Supplemental Material (S2)) at 05:05:50 (350 s
into the simulation), which is the late stage that was fed into
SIGMA, and at 05:00:35 (35 s into the simulation), which is
the expected state of development at the end of the simulation
if it had been started with / = 100 km. At this stage, GEMINI
has yet to develop any visible perturbations that could generate
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scintillation. To develop scintillation-scale structures on a
reasonable time scale, a larger growth rate (and sharper initial
gradient) is needed. Unfortunately, RISR’s ~58 km-beam sepa-
rations at F-region altitudes cannot directly resolve the sharp
edge gradients expected to drive GDI. The choice of 7 = 10
km in this study is both consistent with the growth time
scales we expect for this event and comparable to the gradient
scale lengths assumed in other modeling studies (Guzdar
et al., 1998; Gondarenko & Guzdar, 1999, 2004a, 2004b,
2006a). However, a major need for future studies is to find bet-
ter observational constraints for the scale length 7.

We also do not know what type of additional internal or edge
structuring the patch possessed when its formation in the cusp.
Resolute Bay is well within the polar cap, so we have no direct
cusp observations for this event. We have assumed that the
dayside plasma is relatively smooth with small, noise-like broad-
band perturbations in our models. One can easily imagine a very
different situation where a pre-existing large-scale structure
within the patch and/or uneven gradients affect growth. There
have been some direct observations of patch formation with cusp
incoherent scatter radars (Oksavik et al., 2006; Ren et al., 2020;
Nishimura et al., 2021), as well as in situ sounding rocket
measurements that demonstrate sub-kilometer initial structuring
on polar cap patches (Lorentzen et al., 2010; Moen et al., 2012;
Oksavik et al., 2012). These studies support our initial assumed
10 km gradient scale length, but it is still challenging to deter-
mine appropriate seed structuring.

Ultimately, the initial gradient scale length and noise-like
seeding choices are poorly constrained by the currently avail-
able data and difficult to fully justify, and we know that these
are significant factors controlling the formation of irregularities
and scintillation. By nature, small variations in linear growth
conditions can lead to very different system behavior, and this
fact is borne out in our simulations. Future work will explore
the use of new observational techniques to establish a better
range of values for these parameters — effectively constraining
parameter spaces to guide further simulation and theoretical
work.

Due to the lack of direct cusp measurements, we can only
estimate the patch’s path across the polar cap and approximate
the time between patch formation and its appearance over
RBO. We assume this is a classic cold-plasma patch formed
from dayside photoionized plasma being pulled into the cusp
by the polar convection pattern (Cowley et al., 1991; Lockwood
& Carlson, 1992; Zhang et al., 2017). It is (very roughly)
estimated that the patch is about 10 min old when it is directly
over RISR based on the local convection pattern and dis-
tance between RBO and the cusp, however, the GEMINI
simulation only runs for 8 min due to computation constraints
and exhibits robust turbulence for a substantial part of that
runtime. When running SIGMA, we use the last 2.5 min of
the GEMINI run to characterize the irregularity region, so we
are as close as possible to the actual state of the patch, but this
does introduce some additional uncertainty in the expected state
of internal structuring in the patch during the observation period.
Because both the patch age and initial structuring (discussed
above) are effectively unconstrained by data, one could come
up with a number of gradient and time parameters where the
model would show robust irregularities and scintillation.

The GEMINI simulation in this study was initialized with an
ideal “tubular” patch (i.e., elongated in the y-direction in our

simulation) this approximation allows boundary conditions in
the y-direction of the simulation to be cyclic, which avoids edge
artifacts. However, the fact that RISR can image the actual
morphology of the patch in 3D shows us that there is a poten-
tially substantial structure in the patch-tangent direction that the
modeling has not captured. Future work will attempt to address
this issue and model a realistically-shaped polar cap patch, but
this will require larger simulation domains, such that edge
effects do not affect the instability development or novel treat-
ments of boundary conditions to alleviate related artifacts. This
issue and the fact that we are not resolving diffusive scales, in
particular, demonstrates the technical challenges faced by
studies that attempt to model scintillation directly as we do.

Finally, we return briefly to the issue of the role that model
resolution plays in features of simulated irregularities. Recent
studies have shown that interchange instabilities like GDI can
be quite sensitive to model resolution — e.g., it is intuitively clear
that this is the case if a model does not resolve dissipative
processes, either through lack of resolution or physics, like
cross-field diffusion that halts cascade to ever-smaller scales
(Deshpande et al., 2021). Simulation of the saturated/turbulent
state of the instability, wherein diffusive scales need to be
resolved, incurs a high computational cost and is left to a future
study focused on the modeling and theoretical aspects of the
irregularities.

Although there are many challenges with accurately initializ-
ing GEMINI based on direct observations, our modeling shows
that plasma turbulence is plausibly present during this event and
that it can explain, to a degree, the frequency-dependent radio
scintillation that is observed. We can specify the patch interior
and exterior densities based on RISR observations and the
approximate patch drift velocity (e.g., averaged over the RISR
field-of-view). As such, we feel that our modeling is an impor-
tant step forward from foundation studies like Gondarenko &
Guzdar (2006a) and Deshpande & Zettergren (2019), which
focused on the basic physics of the instabilities but unconstrained
by direct F-region patch measurements afforded by RISR.

The proper treatment of scintillation data at high latitudes is
an open question. The main goal of filtering scintillation data is
to remove large-scale variations that include satellite motion and
low-frequency tropospheric effects. This is typically done by
applying a high-pass filter with the Fresnel frequency as the
cutoff, however, 0.1 Hz (the traditional cutoff frequency) is only
a reasonable value if the plasma is approximately stationary
relative to the IPP velocity (Beach, 2006; Jayachandran et al.,
2017; Wang et al., 2018). This generally removes refractive
effects from large-scale structures while leaving diffractive
and refractive effects from structures close to the Fresnel scale.
At high latitudes, plasma velocities on the order of 1 km/s are
routinely observed, so “stationary plasma” is not a safe assump-
tion (Spogli et al., 2022). Amplitude fluctuations diminish
rapidly at scales larger than the Fresnel scale, while phase fluc-
tuations are still apparent. The phase fluctuations can either be
due to refractive bending effects in the regions of large spatial
gradients or rapid changes in phase advance as the signal LoS
moves through the plasma. These resulting phase fluctuations
are considered to be equivalent to variations in the LoS total
electron content (TEC) (Kintner et al., 2007), but it is challeng-
ing to differentiate these from diffractive perturbations in the
signal. This results in the filtered phase containing both diffrac-
tive and refractive components, which can lead to phenomena
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such as the so-called “phase without amplitude scintillation”
(Forte & Radicella, 2002; Spogli et al., 2009; Prikryl et al.,
2013; Jin et al., 2015; McCaffrey & Jayachandran, 2019). This
is not a straightforward effect to correct for, and a variety of
approaches have been proposed, but there is presently no
generally accepted solution (Forte, 2005; Mushini et al., 2012;
Tinin, 2015; Ghobadi et al., 2020; Spogli et al., 2022). Since
we are interested in seeing fluctuations in phase and amplitude
irrespective of the effect (diffractive vs. refractive), we are not
applying any advanced filtering criteria to our analysis.

One of the most interesting results from this study is the
clear UHF and VHF signal perturbations observed in the
vicinity of the patch despite no significant L1 perturbations from
any of the three CHAIN satellites (Figs. 4 and 5). This indicates
that there are likely plasma structures at the VHF and UHF
Fresnel scales, particularly within and on the trailing edge of
the polar cap patch; however, there is no evidence of similar
structures at the L1 Fresnel scale anywhere in or around the
patch, suggesting that the spectrum of plasma irregularities does
not continue all the way down to L1 Fresnel scales. The patch
may not be fully structured by the time it was observed over
RBO, and structuring at the L1 Fresnel scale will develop as
the patch continues to propagate. It is challenging to determine
the exact state of patch development from the available observa-
tions, however, SIGMA also did not predict significant L1
scintillation even using the late-stage GEMINI output. Alterna-
tively, there could be some other processes or mechanisms
responsible for structuring this patch beyond GDI. There is no
indication of strong local shears in the RISR velocity data,
and the statistical convection patterns for the conditions of this
event indicate the patch should continue to move across the
polar cap in uniformly-flowing plasma. The available data
cannot completely rule out auroral arcs or a sporadic-E layer,
but the patch is a “classic” or “cold” patch (interior electron
temperature less than the background electron temperature,
Table 1), suggesting that F-region particle precipitation is not
a large factor (Zhang et al., 2017). Some variety of turbulent
or multi-stage mechanisms could still be active (Kelley &
Kintner, 1978; Carlson et al., 2007; Burston et al., 2010).
Finally, it is possible that there is some aspect of the nonlinear
instability development that causes the turbulent cascade to
“cutoff” or stabilize at a particular scale under certain condi-
tions. All of these options should be investigated in detail in
future work, but we would like to emphasize that the results
of this case study show one example of how plasma density
structures develop around a polar cap patch but should not be
interpreted as a general trend for all patches.

7 Conclusion

This study models the plasma irregularity development and
scintillation around an observed polar cap patch and qualita-
tively compares simulation output with direct measurements
of multi-frequency scintillation in the region. We find perturba-
tions in the observed UHF and VHF signals, indicative of
plasma structuring at the UHF and VHF Fresnel scales, but
no comparable fluctuations in the L1 signal. This suggests that
L1 Fresnel scale plasma structures are not present in or around
this patch despite the fact that larger structures are, indicating
the GDI nonlinear turbulent cascade has not fully developed

to the smallest scales in this patch’s lifetime (~10 min), or there
are stabilization factors that prevent the cascade from develop-
ing below a minimum “cutoff” scale. Further work is required
to conclusively determine what physical processes might
contribute to these modifications to the turbulent cascade. The
simulated and observed scintillation time series often have
comparable peak-to-peak amplitudes, but there can be signifi-
cant differences in the PSDs. This, along with open questions
regarding the spectrum of irregularities produced by plasma
instability mechanism and small-scale physics, highlights the
need for more detailed modeling work in the future. Despite
this, this study represents an important step in grounding
physics-based simulations with direct measurements of local
plasma parameters and interpreting the output in relation to local
observations.

Supplementary material

Supplementary material is available at https://www.swsc-
journal.org/10.1051/swsc/2022023/0lm.

Supplementary Material (S1): Animation of RISR observa-
tions of the polar cap patch used in this case study. Format
matches Figure 1.

Supplementary Material (S2): Animation of GEMINI simu-
lation output at an altitude slice around 300 km. Format similar
to top row of Figure 3.
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