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Abstract Evolution of large-scale and fine-scale plasmaspheric plume density structures was examined
using space-ground coordinated observations of a plume during the 7-8 September 2015 storm. The large-
scale plasmaspheric plume density at Van Allen Probes A was roughly proportional to the total electron
content (TEC) along the satellite footprint, indicating that TEC distribution represents the large-scale plume
density distribution in the magnetosphere. The plasmaspheric plume contained fine-scale density structures
and subauroral polarization streams (SAPS) velocity fluctuations. High-resolution TEC data support the
interpretation that the fine-scale plume structures were blobs with ~300 km size and ~500-800 m/s in the
ionosphere (~3,000 km size and ~5-8 km/s speed in the magnetosphere), emerging at the plume base and
drifting to the plume. The short-baseline Global Navigation Satellite System receivers detected smaller-scale
(~10 km in the ionosphere, ~100 km in the magnetosphere) TEC gradients and their sunward drift. Fine-scale
density structures were associated with enhanced phase scintillation index. Velocity fluctuations were found
to be spatial structures of fine-scale SAPS flows that drifted sunward with density irregularities down to ~10
s of meter-scale. Fine-scale density structures followed a power law with a slope of ~—5/3, and smaller-scale
density structures developed slower than the larger-scale structures. We suggest that turbulent SAPS flows
created fine-scale density structures and their cascading to smaller scales. We also found that the plume
fine-scale density structures were associated with whistler-mode intensity modulation, and localized electron
precipitation in the plume. Structured precipitation in the plume may contribute to ionospheric heating, SAPS
velocity reduction, and conductance enhancements.

Plain Language Summary A plume of cold plasma circulates in the system during geomagnetic
storms, and it is important for global positioning system (GPS) signal scintillation at mid-latitudes of the Earth.
We show that the plume contains fine-scale density structures across multiple-scales, and reveal their 2-d
structure and motion using GPS remote sensing and multiple satellites. The network of GPS receivers showed
that the fine-scale plume structures were blobs with hundreds of km size in the ionosphere, and GPS signal
scintillation was highly correlated with the fine-scale density structures. Radar observations identified a close
relation between the fine-scale density and fast plasma streams. The plume density structures formed first

at large-scales and then small-scale density structures emerged near the peak of the geomagnetic storm. We
suggest that fast plasma streams created fine-scale density structures and their turbulent cascading to smaller
scales.

1. Introduction

The plasmaspheric plume is an important density structure of cold plasma in the magnetosphere-ionosphere
coupled system during geomagnetically disturbed times. Remote sensing by extreme ultraviolet imaging and
global positioning system (GPS) total electron content (TEC) has been widely used to characterize the large-
scale structure and evolution of the plume (e.g., Foster et al., 2002, 2014; Goldstein & Sandel, 2005). In situ
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measurements of the cold plasma density have revealed that the plasmaspheric plume always contains fine-scale
density structures (Goldstein et al., 2004; Spasojevié et al., 2003). The amplitude of fine-scale density structures
can be larger than the large-scale density, and thus the fine-scale density structures have significant contributions
to cold plasma structures in the plume. The size of the fine-scale structures in the magnetosphere is of the order
of 1,000 km (Moldwin et al., 1995). Smaller-scale structures may also exist, but are difficult to measure because
of limited instrument sampling rates.

The sunward motion of the plume is driven by the enhanced convection that includes large-scale convection and
the subauroral polarization streams (SAPS) (Goldstein & Sandel, 2005). Interestingly, the velocity in the fine-
scale density structures is not smooth but has large-amplitude velocity fluctuations (Borovsky & Denton, 2008;
Goldstein et al., 2004). While it is possible that the velocity fluctuations are instrumental noise, if they are real
velocity features, the velocity fluctuations could be turbulent flows that create the fine-scale density structures.
However, it is not understood whether the velocity fluctuations are spatial or temporal. If the velocity fluctuations
are spatial, their scale size and speed should be compared to the size and motion of the fine-scale density struc-
tures in order to examine whether the velocity fluctuations contribute to the formation of the fine-scale density
structures. Goldstein et al. (2004) and Borovsky and Denton (2008) also discussed that other mechanisms could
create the fine-scale density structures: The fine-scale density structures may originally exist in the plasmasphere
and be transported by the enhanced convection. Gradient drift instability, velocity shear, and magnetosphere-ion-
osphere coupling time scales (such as the Alfven transit time) could also be candidates for the formation of the
fine-scale structures. These possibilities should also be tested to identify the potential mechanism for creating the
fine-scale density structures.

It is difficult to evaluate these potential mechanisms for the fine-scale density structures using single-satellite
observations. The Cluster satellites have been used to show that the plume density structures are spatial (Matsui
et al., 2012). However, the density structures they measured were stationary, and it is not understood whether the
density structures in enhanced convection are spatial or temporal. It is even more challenging to determine the
origin of the fine-scale density structures because a wide spatial and temporal coverage is required to trace motion
of the fine-scale density structures.

Tonospheric observations have been widely used for plume and SAPS research owing to the advantage of 2-d
measurement capability. GPS receivers have been used to show that density irregularities are present in the
plume (Heine et al., 2017; Mrak et al., 2020). The plume can evolve to multiple channels and density irregu-
larities are localized to their steep TEC gradients (Nishimura et al., 2021). Super Dual Auroral Radar Network
(SuperDARN) echoes are also enhanced at the TEC gradients, indicating that density irregularities extend down
to 10s of meter wavelengths (Nishimura et al., 2021). Velocity observations in the ionosphere have shown that
SAPS also contain fine-scale (~tens of km) structures that propagate quasi-periodically (Erickson et al., 2002;
Foster et al., 2004; Makarevich & Bristow, 2014; Oksavik et al., 2006). Such flows are wave-like structures in the
broader SAPS flow channel and are associated with density irregularities (Mishin & Blaunstein, 2008; Mishin
& Burke, 2005). Although ionosphere observations have not been used to identify 2-d structures and motion of
fine-scale density structures in the plume, their wide coverage could be used to address what the 2-d structures
of the fine-scale density structures are, where they are created, whether they move with flow fluctuations, and
whether the flow fluctuations are spatial or temporal.

The present paper addresses these fundamental questions on the fine-scale structures in the plume, by utilizing a
coordinated observation event of the plume in the magnetosphere and ionosphere during the 7-8 September 2015
geomagnetic storm. Van Allen Probes A (RBSP-A) encountered the plume in the inner magnetosphere during the
storm main phase, and the GPS network detected the plume in the ionosphere at multiple scales. The GPS TEC
observations provided critical information of 2-d distribution and motion of the fine-scale density structures.
The Defense Meteorological Satellite Program (DMSP) and Swarm satellites were located near the local time of
RBSP-A and were used to complement the TEC observations. One of the SuperDARN radars provided 2-d obser-
vations of the velocity fluctuations and density irregularities. This dataset was also used to examine whether the
fine-scale density impacts whistler-mode waves and precipitation. We also evaluate whether motion of the plume
density is mainly due to convection, or whether substantial upflow/outflow is present in the plume.
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Figure 1. (a) SYM-H index for the 7-8 September 2015 storm. The vertical lines mark the times of the total electron content (TEC) maps. (b—g) TEC maps in the
ionosphere in the northern hemisphere on 2° geographic latitude and 6° longitude grids. (h—m) TEC maps projected to the equatorial plane along the TO1 magnetic field
model. The magenta dot shows the Van Allen Probes A (RBSP-A) location. The magenta lines show the satellite orbits. The gray envelope in Panels (h—m) shows the
simulated plasmapause (Goldstein et al., 2014). The black line in Panels (h—-m) marks the model magnetopause (Shue et al., 1998).

2. Results
2.1. Large-Scale Plume Structure

The main phase of the storm took place between ~13:00 UT on 7 September 2015 and ~02:00 UT on 8 September
2015 (Figure 1a). Figures 1b—1g show TEC maps in the northern hemisphere at selected times that are indicated
in Figure 1a. TEC data were gridded to 2° geographic latitude and 6° longitude cells with 5 min time resolution.
TEC increased in the dayside mid-latitude ionosphere during the early main phase, known as storm enhanced
density (SED, Figure 1¢). Then a narrow plume formed at ~13—14 hr magnetic local time (MLT, Figure 1d), and
the plume base rotated toward the dusk in the late main phase (Figures le and 1f). The plume TEC decreased in
the recovery phase (Figure 1g). This large-scale plume evolution is consistent with the repeatable pattern of the
plume dynamics documented by Goldstein and Sandel (2005).

The TEC maps were projected to the equatorial plane by tracing the TO1 magnetic field lines (Tsyganenko, 2002)
(Figures 1h—1m). Different magnetic field models provide essentially the same mapping of the plume. The dark
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Figure 2. Van Allen Probes A (RBSP-A) observations during the

storm. (a) Total plasma density, (b) magnetic field in the solar magnetic

(SM) coordinates (a quiet-time background has been subtracted), (c) dawn-
to-dusk electric field in modified Geocentric solar ecliptic, (d) sunward E X B
drift speed, (e) ion energy flux perpendicular to the magnetic field, (f) electron
energy flux perpendicular to the magnetic field, and (g) wave magnetic field
spectrogram. The black lines in Panels c—d are 5-min smoothed data. The red
line in Panel a is total electron content (TEC) along the RBSP-A orbit mapped
to the ionosphere. The white lines in Panel g are fractions of the local electron
cyclotron frequencies. The vertical lines indicate the sunward and anti-sunward

edges of the plasmaspheric plume.

gray envelope was produced by a simulated plasmapause by the plasma-
pause test particle (PTP) model (Goldstein et al., 2014). The PTP simulation
run for this event was initialized at 00:00 UT on 7 September 2015 with an
initial plasmapause specified by the empirical model of O’Brien and Mold-
win (2003) and driven in 10-s time steps by Kp and the OMNI solar wind
electric field with scaling factor f = 0.2 (Goldstein et al., 2014). Consistent
with the TEC data, the PTP model also predicted that the plume was wide
in the early main phase (Figure 1i). The simulated plume became narrower
(Figure 1j) and then rotated duskward (Figure 1m). Although the simulated
plume was shifted duskward of the TEC plume by ~1-2 Ry, PTP reasonably
reproduced the overall behavior of the plume of this event. The difference
between the PTP and TEC plumes could be because the PTP simulation uses
a simplified initial plasmapause location and convection electric field model.

The magenta dot in Figures le—1g and 1k—1m indicates the RBSP-A location.
RBSP-A encountered the TEC plume at ~23 UT (late main phase) and stayed
close to the plume until ~4 UT (early recovery phase). The RBSP-A data
are shown in Figure 2. Based on the in-situ density from the upper-hybrid
resonance frequency (black line in Figure 2a), RBSP-A encountered the plas-
maspheric plume at 23:58 UT and left the plume at 03:51 UT. The RBSP-A
orbit was traced to the ionosphere, and the TEC data nearest to the RBSP-A
footprint were recorded and are shown as the red line in Figure 2a. To retain
the original resolution of the TEC data, ungridded TEC maps (1-min resolu-
tion at each ionosphere pierce point, see Section 2.4 for more details) were
used instead of the gridded TEC in Figure 1. The sunward edge of the TEC
plume was more gradual, and RBSP-A encountered the TEC plume some-
what earlier than the plasmaspheric plume (the steepest TEC gradient was
found at 23:47 UT). The anti-sunward edge of the TEC plume coincided well
with that of the plasmaspheric plume within a few minutes of difference.
Both the plasmaspheric plume density and TEC were elevated near the edges
of the plume and were reduced near the middle of the plume (~2 UT). In this
event, TEC and the in-situ density approximately followed a scaling that is
described as n = 8.1T EC — 31 [cm~]. This relation indicates that TEC in
the plume reasonably represents the plasmaspheric plume density with an
appropriate scaling. In addition to the large-scale plume structure, the plume
also had notable fine-scale density structures, consistent with the observa-
tions by Goldstein et al. (2004). The fine-scale density structures are investi-
gated in detail in Sections 2.2-2.4.

As typical storm-time features, the B, magnetic field in the inner magnetosphere was reduced due to the enhanced
ring current (Figure 2b), and the E, electric field was enhanced (Figure 2¢). The E X B drift speed for the meas-
ured electric field (using both E, and E,) was enhanced sunward (Figure 2d), where the averaged sunward drift

speed in the plume was 8.4 km/s. The enhanced ring current ions (>keV) can be seen on the same field lines as

the plume (Figure 2¢), and its leading edge coincided with the encounter of the enhancement of E,. The inner
edge of the electron plasma sheet (<~3 keV) was not found until 04:11 UT (Figure 2f), and thus the plume was
located on subauroral magnetic field lines and the enhanced sunward drift was the magnetospheric signature of

the SAPS. Warm ion and electron fluxes were also enhanced intermittently below a few 100 eV. Whistler-mode

waves also intensified in the plume (Figure 2g), consistent with the earlier finding by Yuan et al. (2012) and Li

etal. (2019), where the plume density increases the growth rate of whistler-mode waves and forms a duct for wave

propagation (Chen et al., 2012).

Another notable feature in Figures 2c and 2d is that the electric field and hence the E X B drift speed had
large-amplitude fluctuations. The fluctuations started when the satellite encountered the plume, and they were

well above the noise level (~0.1 mV/m). This observation supports that the flow fluctuations that were suggested

by Goldstein et al. (2004) are real flow features in the plume, and that the flow fluctuations could contribute to
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Figure 3. (Left) Van allen probes A (RBSP-A) observations over 00:30-02:00 UT. (a) Total plasma density, (b) sunward

E X B drift speed, (c) electron energy flux, and (d) wave magnetic field spectrogram. (Right) defense meteorological satellite
program (DMSP-16) observations over 01:30:30-01:35:40 UT. (e) Total plasma density, (f) sunward and upward velocities,
(g) ion and electron temperatures, and (h) precipitating electron energy flux.

the formation of fine-scale density structures in the plume. The relation between the flow fluctuations and plume
density is examined further in Sections 2.2 and 2.5.

2.2. Fine-Scale Plume Density and Electron Precipitation

Figures 3a—3d show a blowup of the RBSP-A observations within the plume between 00:30-02:00 UT. The
plume contained fine-scale density structures, where the characteristic size was a few minutes or ~2,000 km
length at ~10 km/s speed (Figure 3a). The amplitude of the fine-scale density perturbations was comparable to
or larger than the large-scale plume density. The sunward E X B drift also fluctuated substantially, and the fluc-
tuation amplitude was comparable to the smoothed velocity (Figure 3b). Both density and velocity fluctuations
had a major period of ~5 min, indicating a potential physical connection between the density and velocity fluc-
tuations. The phase lag, however, was not constant but variable (out-of-phase in the first few tens of minutes, and
then in-phase). The whistler-mode waves were enhanced in the regions of density enhancements, and the wave
intensity was correlated with the density (Figure 3d). The electron flux above 10 keV only slowly changed in
time without a correlation with the density, while the low-energy electrons below 100 eV were enhanced in some
of the density depletions (Figure 3c). Thus, the whistler-mode wave intensifications were not due to changes in
energetic electron fluxes but due to the modulation of the plume plasma density.

Around 01:33 UT, DMSP-16 passed the plume ~1 hr MLT away from the footprint of RBSP-A (Figure 1f).
DMSP detected the plume at 01:32:40-01:34:45 UT in the sunward flow (Figures 3e and 3f). The equatorward
boundary of the auroral oval was located at 01:35:07 UT. Thus, consistent with the RBSP-A observations, the
plume was indeed present in the subauroral ionosphere and the sunward flow was SAPS. The upward flow was
also measured in the plume, but its magnitude (~200 m/s) was much less than the sunward flow. Therefore, the
plume plasma was dominantly transported sunward perpendicular to the magnetic field. Unless large upward
accelerations occur above the topside ionosphere, the plume plasma at the DMSP location would not reach the
RBSP-A location but would go much farther downstream of the convection.

The plume along the DMSP orbit also had significant fluctuations of the density and SAPS flow speed. Interest-
ingly, electron precipitation and ionospheric electron temperature were enhanced in two of the regions of velocity
reductions and density enhancements (Figures 3g and 3h, highlighted by the dashed lines). The precipitating
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Figure 4. (a) SYM-H and the times of the Swarm-C observations, (b—i) density observations along the selected passes
of Swarm-C in the northern hemisphere on the dusk side (14.5-16.6 hr magnetic local time), and (j) power spectra of the
density. The conversion to the wavelength is obtained based on 7.8 km/s satellite orbital speed and the magnetosphere-
ionosphere mapping factor of ~10.

electrons spread over a wide energy range without inverted-V spectra, and thus the precipitation was likely driven
by wave-particle interaction. The >10 keV precipitation could arise from scattering of the >10 keV electrons in
the inner magnetosphere (Figure 3c) by the whistler-mode waves (Figure 3d), similar to the results shown in Li
et al. (2019). Because the >10 keV electrons in the inner magnetosphere only changed slowly, the precipitation
structures may reflect wave structures associated with the plume density fluctuations that were described earlier
(Figures 3a and 3d; though we cannot directly see the connection because the satellites were not exactly on the
same field lines). The <keV flux in the inner magnetosphere was low and thus acceleration along the magnetic
field lines is required to explain the <keV precipitation.

The precipitation is likely the cause of the ionospheric plasma heating. The reduction of the SAPS flow could
be because the precipitation increased the ionospheric conductance. The ionospheric heating and SAPS velocity
modulation suggest that precipitation in the plume has significant impacts onto the subauroral ionosphere. Note
that electron temperature was also elevated in another velocity reduction and density enhancement at ~01:34:50
UT, but precipitation was not enhanced within the measurable energy range.

2.3. Multi-Scale Plume Density From Swarm

The Swarm satellites passed the plume multiple times during the storm and provided time evolution of the plume
density structure. Eight of the Swarm-C satellite passes were selected during the main and early recovery phases
(Figure 4a), and the density for each satellite pass is shown in Figures 4b—4i. The orbit of Swarm-C was close
to that of DMSP-16 and the footprint of RBSP-A (Figure 1f). The density at the beginning of the main phase
was low and nearly uniform without the plume (Figure 4b). The plume became evident with the storm enhanced
density as the main phase progressed (Figures 4c—4f). The equatorward boundary of the trough also became
steeper in time. Localized density structures also developed poleward of the main plume density enhancement,
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and they could also be part of the structured plume density. The plume density became lower and the density peak
moved poleward during the early recovery phase (Figures 4h and 41).

In addition to the large-scale plume, fine-scale density structures developed during the storm main phase. The
plume density in the early main phase was dominated by the large-scale structure (Figures 4b—4e), but then the
plume showed density irregularities in the late main phase particularly in the equatorward portion of the plume
(Figures 4f and 4g). The irregularities became weaker but still existed in the early recovery phase (Figures 4h
and 4i). The power spectra of the plume density in Figure 4j present time-evolution of the density at various
scales. The horizontal axis shows the wavelengths in the ionosphere and magnetosphere assuming that Swarm-C
measured spatial structures. The satellite velocity (~7.8 km/s) was much faster than the plasma flow velocity
(<~1 km/s, Figure 3f and Section 2.5), and as shown later, the motion of the plume density was mainly azimuthal.
Thus, the variations in the satellite frame of reference were approximately spatial. At large-scales (>~500 km
in the ionosphere), the spectral power became the largest in the early main phase. At meso-scales (~100 km),
the spectral power increased as the storm progressed and became the largest in the recovery phase. The spectral
power at small-scales (<~100 km) also increased during the main phase and peaked near the end of the main
phase. While the spectra at <~100 km size followed a power law, the spectral slope became less steep as the
time progressed. A spectral break was initially at ~20 km size (beginning of the main phase), and then shifted to
~5 km (early main phase) and <1 km (late main and early recovery phases). This time evolution of the spectra
indicates that the density irregularities developed at longer wavelengths first and then shorter-wavelength irreg-
ularities developed afterwards. Considering that the spectra followed a power law, it is likely that turbulence
developed in the plume and that the density structures cascaded down to smaller scales as the storm developed.

2.4. Multi-Scale Plume Density From TEC

In order to determine the 2-d structure of the fine-scale plume density, we used high-resolution vertical TEC
maps at individual lines-of-sight (LOS) between the GPS receivers and satellites every minute. Figures 5a—5c
show three selected snapshots of the high-resolution TEC maps in North America near the end of the main phase.
This region covered the plume and RBSP-A footprint in the afternoon sector (Figure 1). Interestingly, TEC along
the plume had multiple TEC enhancements (fine-scale TEC structures) as highlighted by the magenta arrows.
The fine-scale TEC structures were quasi-periodic blobs in the plume and the poleward edge of the SED base.
TEC farther toward midnight or at lower latitudes did not have such fine-scale structures, and thus the fine-scale
TEC structures did not originate near midnight or at lower latitudes.

The rate of TEC index (ROTI), a measure of ionospheric irregularities, also shows that temporal variations
of TEC were locally enhanced at the plume base and in the plume as highlighted by the magenta dotted line
(Figures 5d-5f). ROTI in the plume can be as large as those in the auroral oval (elevated ROTI poleward of the
plume), and thus the TEC variations in the plume were comparable to those in the auroral oval.

TEC along the plume is plotted as a function of magnetic longitude (MLON) in Figure 6b. Here, background TEC
was removed by subtracting minimum TEC within each 30 min sliding window (ATEC) (Zhang et al., 2019).
ATEC in central Alaska is also plotted as a function of magnetic latitude (MLAT) in Figure 6¢. ATEC in the
plume had fine-scale structure that drifted sunward repetitively. Although coverage gaps occasionally appeared at
~—80° MLON, the fine-scale structures were seen to form mostly at the base of the plume, and ATEC away from
the plume base (>~—60° MLON) was mostly smooth. The emergence of the fine-scale structures in the plume
base provides evidence that the fine-scale structures formed at the plume base and drifted into the plume. It is
unlikely that such fine-scale structures were present in the quiet-time density structure and became the fine-scale
structure by convection. This finding is consistent with the suggestion that there were less structures in the main
plasmasphere (Spasojevic et al., 2003). The characteristic size of the quasi-periodic structure was ~300 km, and
the drift speed was ~500-800 m/s, based on the size and motion of ATEC in Figure le. This speed was compa-
rable to the sunward drift speed measured by DMSP-16 (Figure 3f), and thus the fine-scale structures drift at the
E x B velocity. Figure 6¢ also shows that the TEC enhancements can be seen as quasi-periodic TEC modulation at
a fixed longitude only within the plume latitudes, with an apparent poleward and equatorward expansion because
of a blob drifting across the longitude. The size and speed in the ionosphere corresponded to a ~3,000 km size
and ~5-8 km/s speed in the inner magnetosphere by tracing the magnetic field lines (the mapping factor is ~10).
This size is consistent with the estimate from the in-situ density (Moldwin et al., 1995). This range of speed is
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Figure 6. (a) SYM-H, (b) Atotal electron content (TEC) along the plume as
a function of magnetic longitude, and (c) ATEC as a function of magnetic
latitude at —94° to —91° MLON.

comparable to the averaged sunward E X B drift speed that was detected
at RBSP-A (Figure 2d). Therefore, the TEC observations provided the 2-d
imaging of the fine-scale plume density.

While GPS receiver coverage above ~60° MLAT is generally sparse, south-
ern Alaska has dense receiver coverage and allows us to resolve even small-
er-scale density structures. Augustine Island in Alaska (59.3° latitude and
—153° longitude in geographic; marked in Figure 5c) has 5 GPS receivers
with short (<10 km) baselines, which can potentially resolve ~10s of km
TEC structures. Looking from the Augustine Island GPS receivers, one of the
GPS satellites (Pseudo-Random Noise (PRN) 04) was located at ~76° eleva-
tion and ~8° away from the magnetic field line at 03:55 UT on September
8. Thus, the GPS receivers were ideal to resolve TEC structures across the
magnetic field. Figure 7a shows the geometry of the pierce points at 350 km
altitude between the GPS receivers and PRN 04 at 03:55:49 UT. The time-se-
ries of the TEC at one of the GPS receivers (AV20) is shown in Figure 7g.
TEC overall increased until ~03:54 UT and then decreased until ~04:30 UT.
The elevated TEC corresponds to the plume. The TEC in the plume had fine-
scale TEC structures that were also seen in Figure 5, and the amplitude of
the TEC fluctuation reached ~30%—40% of the background TEC. The fine-
scale TEC gradients in the plume that drifted at the convection speed were
associated with the enhanced phase scintillation index (Figure 7h), indicating
a significant impact of the fine-scale TEC structures on the GPS signal in
the mid-latitude ionosphere (analogous to high-latitude scintillation Mitchell
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Figure 7. (a—f) Atotal electron content (TEC) maps from the short-baseline global positioning system (GPS) receivers and
pseudo-random noise (PRN) 04 on Augustine Island (see Figure Sc for the location) in the magnetic north-south and east-
west distances relative to the AV 16 pierce point at 350 km altitude. ATEC was obtained by detrending TEC over a 30 min
period. (g) TEC and (h) phase scintillation index from the AV20 GPS receiver-PRN04 pair, (i) drift velocity of ATEC by
triangulation of the GPS receivers, and (j) ATEC from AV20, AVO1 and AV16 GPS receivers.

et al., 2005; Moen et al., 2013). Here, the phase scintillation was calculated using the method described in Mrak
et al. (2020).

Figure 7j shows ATEC during the fine-scale TEC structures (03:51-03:59 UT) from three receivers that were
aligned nearly with the orientation of the plume (southeast-to-northwest; AV20, AVO1 and AV16). The fine-scale
TEC structures at the three receivers were nearly identical except for the time lag, and thus they were spatial and
drifted from southeast to northwest with little temporal variation. The drift of one of the fine-scale TEC struc-
tures is shown in Figures 7a—7f. TEC increased at the eastern receivers first (Figure 7b). The leading edge of the
enhanced TEC moved westward (Figures 7c and 7d), the trailing edge of the enhanced TEC moved westward
(Figure 7d), and then the TEC returned to the prior level (Figure 7f). The multipoint observations unambigu-
ously resolved ~10 km scale TEC gradients whose normal direction was mainly in the east-west direction. The
time lag of the TEC variations at the multiple points was also used to obtain the 2-d horizontal drift speed by a
cross-correlation analysis (Figure 7i). The drift speed was dominantly westward with ~400-500 m/s speed. This
speed is consistent with the TEC drift speed over a wider longitude range (Figure 6b), and its speed mapped
to the magnetosphere (~4-5 km/s) was also comparable to the £ X B drift speed at RBSP-A soon before 4 UT
(Figure 2d) and at DMSP (Figure 3f).

2.5. Structured SAPS Flows in the Plume

The RBSP-A and DMSP observations in Figures 3 and 4 suggest that the flows in the plume were not uniform
but highly variable. To identify whether the flow variations were moving spatial structures or temporal varia-
tions, we present observations from the SuperDARN radar at Christmas Valley West (CVW, 43.3° latitude and
239.6° longitude in geographic) in Figure 8. The radar field-of-view (FOV) covered the plume and the footprint
of RBSP-A near the end of the main phase (Figure 8a).
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Figure 8. Super Dual Auroral Radar Network (SuperDARN) christmas valley west (CVW) radar and AB43 global
positioning system (GPS) receiver data. (a) Radar field-of-view (FOV), AB43 GPS station and Van Allen Probes A (RBSP-
A) footprint overlaid onto the total electron content (TEC) map at 00:52 UT on 8 September 2015. (b—f) Radar echo power,
(g—k) lines-of-sight (LOS) velocity, (1) TEC and (m) phase scintillation index from the AB43 GPS receiver-PRN18 satellite
pair, (n) radar echo power averaged over beam 8-10, and (0) LOS velocity averaged over beam 8-10. The solid lines in Panels
n—o show the longitude of the pierce point of the AB43 receiver data. Only ionospheric echoes are used in the plots.

Selected snapshots of the SuperDARN echo power and LOS velocity are displayed in Figures 8b—8k. The radar
echoes below ~61° MLAT were located in or at the poleward edge of the plume. The backscatter echoes indicate
existence of 10s-of-meter size density irregularities in the ionosphere (Nishitani et al., 2019). Thus, the radar
echoes associated with the plume indicate that the plume contains density irregularities at 10s of m size, in addi-
tion to the 10-100s km size that were detected in TEC. The echo power was not constant across the radar beams
but had a few peaks as highlighted by the arrows. Each region of the enhanced echo power had a ~100 km size
in north-south and ~300 km size in east-west, and drifted sunward. The size and motion were comparable to the
fine-scale TEC structures in the plume (Figure 5), indicating that the echo power structure corresponded to the
fine-scale density in the plume.

The sunward-looking beams had the largest LOS velocity of ~1 km/s, and the northward-looking beams meas-
ured much smaller velocity (Figures 8g—8k). This LOS velocity pattern corresponds to a sunward SAPS flow at
~1 km/s. Interestingly, the LOS velocity also had localized enhancements that drifted sunward as highlighted by
the arrows. The velocity enhancements were not evident along the northward-looking beams because of the large
angle to the convection velocity, but the velocity enhancements became larger as the regions of the enhanced
velocity drifted sunward. This observation indicates fine-scale structures of the SAPS flow. Some of the velocity
enhancements were collocated with the enhanced echo power, but it was not always the case. The fine-scale SAPS
flows are analogous to those reported by Makarevich and Bristow (2014), but the observation location was some-
what different. Their fine structures were observed near the poleward edge of the trough, while our fine-scale
flow structures were seen in the plume equatorward of the trough.

Figures 81-8m show the TEC and phase scintillation index from a GPS receiver (AB43) that was located within
the radar FOV (Figure 8a). One of the GPS satellites (PRN 18) was located at ~73° elevation and ~5° away from
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Figure 9. Power spectrum of the plasma density at (a) Van Allen Probes A (RBSP-A) (00:00-03:45 UT) and (b) Swarm-C
(00:49:30-00:53:30 UT; same as the sixth orbit of Figure 4). The straight solid lines show power-law fitting. The dashed lines
show the —5/3, —2.2, —2.3 and —3 power laws. The conversion to the wavelength at RBSP-A is obtained based on 8.4 km/s
averaged flow speed (RBSP-A, Section 2.1).

the magnetic field in the main phase at 00:40 UT on September 8. The TEC structure at this location was similar
to the one in Alaska in the early recovery phase (Figure 7g). The GPS receiver was in the SED base until ~00 UT.
The receiver encountered the plume with multiple TEC enhancements at ~00:00-01:10 UT, and the enhanced
phase scintillation index had a nearly one-to-one correspondence with the fine-scale TEC structures in the plume.
Then the receiver went to the trough after ~01:10 UT, where the density was much smoother than in the plume
and scintillation was absent.

SuperDARN echo power and LOS velocity along the beams that were closest to the pierce point of the GPS
receiver data (beams 08, 09 and 10) were averaged and are presented in Figures 8n—8o. The echo power and
velocity have quasi-periodic (~5 min) and coherent structures that moved away from the radar, that is, sunward
along the plume. The enhancements of the echo power and velocity had nearly a one-to-one correspondence with
the fine-scale TEC structures in the plume. This observation indicates that 10s of m irregularities were collo-
cated with 10-100s of km fine-scale plume density structures and drifted sunward along the plume. The drift
of the density irregularities was associated with the motion of the fine-scale SAPS flow structures (structures
in Figures 8n—80o had the same slope). Hence, the quasi-periodic enhancements of the flow velocity may have
contributed to form the fine-scale density enhancements. These observations indicate that the fine-scale SAPS
flows contributed to form and transport the fine-scale density enhancements. The flow fluctuations at RBSP-A
and DMSP were mainly spatial, where fine-scale SAPS flow structures repetitively drifted sunward and modu-
lated the plume density.

2.6. Potential Mechanism of Density Irregularity Formation

The multi-scale nature of the plume plasma density in the magnetosphere and ionosphere can also be identified in
the power spectra of the measured density. Figure 9a shows the power spectrum of the plasma density at RBSP-A
at 00:00-03:45 UT (using data in Figure 2a). The power spectrum above ~3 mHz (<~5,000 km) followed a
power law with a slope of ~—1.56, and this scale of the density corresponded to the fine-scale density structures
seen in Figure 3a. This slope was close to the —5/3 Kolmogorov spectrum, and thus suggests that Kolmogorov
turbulence is the mechanism for creating the fine-scale density structures (Kolmogorov, 1991). The fine-scale
density structures extend down to at least 100 km size in the magnetosphere (~10 km in the ionosphere). The
spectral power at ~1,000 km size corresponds to the structures that were resolved by Moldwin et al. (1995), and
the present study was able to show that the fine-scale density structures extend down at least to ~100 km size.
While we do not know the smallest size of the density due to the sampling frequency limit at RBSP, the Swarm
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Figure 10. Schematic illustration of the multi-scale density in the plume in the (a) magnetosphere and (b) post-noon ionosphere. The green-to-white color indicates
the density, and the light blue arrow denotes the fine-scale subauroral polarization streams flow. The gray color in Panel a shows the Van Allen Probes A orbit and the
measured in-situ electron density.

density observations indicate that the slope continues down at least to ~10 km size in the magnetosphere (~1 km
in the ionosphere).

Figure 9b replicates the power spectrum of the Swarm-C density at 00:49:30-00:53:30 UT from Figure 4j. The
power law distribution above ~0.1 Hz (<~100 km in the ionosphere; <~1,000 km in the magnetosphere) had a
slope of ~—1.77, which was also close to the —5/3 Kolmogorov spectrum. It suggests that the density irregular-
ities in the ionosphere was also related to the Kolmogorov turbulence. Therefore, the fine-scale plume density
structures in both the ionosphere and magnetosphere are suggested to form due to the turbulent SAPS flow.

The spectral slope is useful for evaluating whether other potential instability mechanisms are possible. The gradi-
ent drift instability is predicted to have a power law index of ~—2.3 in the direction perpendicular to the convec-
tion (the Swarm satellite orbit was meridional and SAPS is nearly azimuthal) (Gondarenko & Guzdar, 2004).
Kelvin-Helmholtz instability has a slope of ~—2.2 across a flow channel (Huba et al., 1988), although the slope
varies with the degree of magnetosphere-ionosphere coupling. A slope of ~—3 is expected for 2-d enstrophy
cascade (Hysell and Shume, 2002). Temperature gradient drift instability has a —2.2 slope (Eltrass et al., 2016).
The measured spectral slope significantly deviates from those slopes. Hence, the Kolmogorov turbulence is the
most likely scenario for driving the turbulence spectrum in the plume. The presence of turbulent flow has been
demonstrated as fluctuating £ X B drift speed at RBSP-A (Figure 2d) and localized flow structures in SuperD-
ARN (Figure 80).

The fine-scale density structures and their drift may be responsible for the enhanced phase scintillation index of
the GPS receiver data (either as actual scintillation or as phase variation). While we do not know the spectrum
below 1 km size in the ionosphere due to the sampling frequency limit, the enhanced SuperDARN echoes suggest
that density irregularities in the plume may extend down at least to 10s of m scale.

3. Conclusion

We examined the multi-scale nature of the plasmaspheric plume density using multi-instrument observations
in the magnetosphere and ionosphere during the 7-8 September 2015 geomagnetic storm. The large-scale TEC
plume structure showed the typical plume evolution, and was overall consistent with the PTP model prediction.
The TEC plume location mapped to the magnetosphere roughly agreed with the in-situ plume observation by
RBSP-A, and the plume TEC along the RBSP-A footprint was proportional to the in-situ density. Thus, the TEC
distribution in the ionosphere represents the plasmaspheric plume structure, and TEC may be useful for specify-
ing the large-scale plume density distribution in the magnetosphere.

The key findings on fine-scale density structures in the plume are schematically illustrated in Figure 10. Both in
situ density and TEC in the plume had large-amplitude fluctuations that were comparable to the magnitude of the
large-scale plume density. The GPS receiver network was able to image the 2-d structure of the fine-scale density
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as blobs with a characteristic size of ~300 km and a sunward drift speed of ~500-800 m/s along the plume in the
ionosphere (~3,000 km size and ~5-8 km/s speed in the inner magnetosphere). The short-baseline GPS receiver
network revealed even smaller (~10 km) TEC gradients that drifted sunward at a similar speed. The fine-scale
TEC structures were associated with the elevated phase scintillation index, and thus the fine-scale structures have
a significant impact on radio signals.

The SuperDARN radar observations in the plume also identified that the SAPS flow in the plume had fine-scale
(~300 km) structures that drifted sunward along the plume. Therefore, the large-amplitude fluctuations of the
E X B drift in the plasmaspheric plume are likely spatial structures. The echo power also had sunward-propagat-
ing fine-scale structures, and they had a nearly one-to-one correspondence with the fine-scale TEC structures,
indicating that density irregularities in the plume continued down to 10s of m size. The fine-scale SAPS flow
structures were suggested to create the fine-scale plume density structures at the base of the plume and transport
them sunward along the plume.

Multiple plume crossings by the Swarm-C satellite identified time evolution of density structures across multiple
scales. The density structures developed at large-scales (>~500 km in the ionosphere) in the early main phase.
Meso-scale (~100 km) density increased throughout the main phase. Small-scale (<~100 km) density was not
enhanced in the early main phase but increased in the late main phase. The density spectrum at meso- and small-
scales followed a power law with a ~—5/3 slope, indicating that the energy cascade followed the Kolmogorov
turbulence.

The fine-scale plume density structures were also associated with whistler-mode wave intensity modulation.
Electron precipitation above 10 keV and below 1 keV was detected in the fine-scale density structures, and
scattering of trapped electrons by the whistler-mode waves was suggested to be the cause of the precipitation
in the plume. The precipitation may contribute to localized ionospheric heating, SAPS velocity reduction, and
conductance enhancements.

The coordinated observations of the plume were able to visualize the multi-scale structures and drift of the
density and velocity in the plume, and their possible importance in magnetosphere-ionosphere coupling. The
present study showed that ionospheric observations are useful for remote sensing of the plume structures across
scales. This method could be applied to other multi-scale structures for identifying the size and motion of various
types of structures.

Data Availability Statement

The RBSP, Swarm, SuperDARN, DMSP and TEC data were obtained through https://cdaweb.gsfc.nasa.gov/
pub/data/rbsp/rbspa/ (13 efw, 13 emfisis, 13 rbspice, 13 ect, and 14 emfisis), http://vt.superdarn.org/tiki-index.
php?page=Examine%20Fit%20Contents, https://swarm-diss.eo.esa.int/#swarm%2FAdvanced%2FPlasma_Data
%2F16_Hz_Faceplate_plasma_density%2FSat_C, www.openmadrigal.org (distributed ground based satellite
receivers), and https://www.unavco.org/data/gps-gnss/gps-gnss.html (rinex). Data processing used SPEDAS-V3.1
(Angelopoulos et al., 2019).
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