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Abstract An approach for creating continental-scale, multi-scale plasma convection maps in the nightside
high-latitude ionosphere using the spherical elementary current systems technique has been developed and
evaluated. The capability to reconstruct meso-scale flow channels improved dramatically, and the velocity
errors were reduced by ~30% compared to the spherical harmonic fitting method. Uncertainties of velocity
vectors estimated by varying the model setup was also low. Convection maps for a substorm event revealed
multiple flow channels in the polar cap, dominating the convection in the quiet time and early growth phase. The
meso-scale flows extended toward the nightside auroral oval and had continuous flow channels over >20° of
latitude, and the flow channels dynamically merged and bifurcated. The substorm onset occurred along one of
the flow channels, and the azimuthal extent of the enhanced flows coincided with the initial width of the auroral
breakup. During the expansion phase, the meso-scale flows repetitively crossed the oval poleward boundary,
and some of them contributed to subauroral polarization streams enhancements. Increased flows extended
duskward, along with the westward traveling surge. Then, flows near midnight weakened and evolved to the
Harang flow shear. The meso-scale flow channels had significant (~10%—40% on average) contributions to the
total plasma transport. The meso-scale flows were highly variable on ~10 min time scales and their individual
maximum contributions reached upto 73%. These results demonstrate the capability of specifying realistic
convection patterns, quantifying the contribution of meso-scale transport, and evaluating the relationship
between meso-scale flows and localized auroral forms.

1. Introduction

Plasma convection is one of the most fundamental processes in the geospace system. In the presence of magnetic
field perturbations, it signifies electromagnetic energy transfer in terms of Poynting flux. In the ionosphere and
thermosphere, convection redistributes plasma density, promotes Joule heating, and facilitates momentum ex-
change between plasma and neutrals via ion drag (see reviews by Nishimura, 2021; Nishimura et al., 2021). The
large-scale two-cell convection pattern represents the dominant mode of global transport under a southward
interplanetary magnetic field (IMF), but convection also involves meso-scale flow channels that have narrower
(~100s of km) widths, exhibiting multi-scale convection structures. In the nightside high-latitude ionosphere,
polar cap flow channels are embedded in large-scale anti-sunward convection in association with polar cap
patches and arcs (Lyons et al., 2016). Polar cap flow channels reach the poleward boundary of the nightside
auroral oval and trigger poleward boundary intensifications (PBIs), the ionospheric counterpart of magnetotail
reconnection (de la Beaujardiere et al., 1994). The poleward boundary of the substorm auroral bulge is the region
of active discrete aurora, where a strong flow shear is expected to occur. Auroral streamers are approximately
north-south aligned arcs that emanate from PBIs and the poleward boundary of the bulge, and generally move
equatorward. A streamer marks an upward field-aligned current sheet, and typically has a fast equatorward flow
channel just dawnward of it (Gallardo-Lacourt et al., 2014). A flow channel is an ionospheric manifestation of a
plasma sheet flow burst (e.g., Ferdousi et al., 2021). Flow channels associated with streamers (i.e., those that start
at the poleward boundary) can occasionally reach the equatorward boundary of the auroral oval. When they do,
they can intensify subauroral polarization streams (SAPS) (Gallardo-Lacourt et al., 2014).
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Modeling of high-latitude convection has a long history. In situ observations along satellite tracks have resulted in
statistical models of convection (Heppner & Maynard, 1987; Weimer, 2005). The spherical harmonic fit (SHF)
technique fits line-of-sight (LOS) Doppler velocity measurements by ground-based radars such as the Super Dual
Auroral Radar Network (SuperDARN) (Ruohoniemi & Baker, 1998; Thomas & Shepherd, 2018) by merging a
statistical convection model and LOS observations to reconstruct time-dependent convection patterns. SHF has
been used extensively, including the investigation of convection during substorms (Grocott et al., 2009, 2010).

However, statistical convection models are parameterized by the IMF. As a result, they have difficulty with
expressing dynamical variations of convection that do not correlate well with the IMF. Moreover, SHF typically
uses the 8th-order spherical harmonic functions, meaning that structures with a size smaller than a 3-hr MLT size
are smeared out. Similarly, the Assimilative Mapping of lonospheric Electrodynamics (AMIE) technique uses the
10-th-order spherical harmonic functions for creating convection patterns from velocity, magnetic field and
precipitation measurements (Richmond & Kamide, 1988), making it difficult to resolve convection structures less
than ~2.4 hr MLT in size.

Attempts have been made to build convection maps that express both large and meso-scale flows. Merging flow
measurements and statistical convection models improves performance in describing localized flows within the
large-scale convection pattern (Ozturk et al., 2020; Wu & Lu, 2022). The Global, Local Divergence Free Fitting
(G-LDFF) technique (Bristow et al., 2022) combines the high-resolution divergence-free flows and statistical
convection models, and resolves localized flow structures in SuperDARN data more realistically. However, since
those methods rely on statistical convection models, the convection patterns are still affected by the limited
accuracy of the statistical convection model. Incoherent scatter radars can resolve localized flow structures
without reliance on global convection models (Nicolls et al., 2014), but their fields-of-view (FOVs) are much
smaller than SuperDARN's FOVs, so that only a small region, much less than a continental scale, can be measured
simultaneously. LOS velocities alone have successfully resolved flow channels (Gabrielse et al., 2018; Nishimura,
Lyons, Zou, Xing, et al., 2010; Nishimura et al., 2014), but it is difficult to discern flow orientation or connections
between flows in adjacent echo regions. The Lompe technique can provide realistic convection without the need for
background convection models by combining various data sets (Laundal et al., 2022), but meso-scale flow
structures could be underestimated since typically not all data sets have high spatial and temporal resolution.
Inaccurate specification of convection breaks consistency between convection and precipitation structures,
resulting in large errors in the specification of ionospheric and thermospheric states (Sheng et al., 2019).

The present study aims to examine the evolution of meso-scale flow channels on a continental scale and quantify
their contributions to the total flows in the nightside high-latitude ionosphere. We have extended the spherical
elementary current systems (SECS) method (Amm et al., 2010; Vanhaméki & Juusola, 2020) to reconstruct high-
resolution convection on a continental scale without any dependence on statistical convection models or the
degree of spherical harmonic functions. We applied the method to a substorm event on 26 March 2014, where the
THEMIS ASIs and SuperDARN radars covered much of the substorm activity. Previous investigations of this
substorm event have already demonstrated the presence and utility of the favorable auroral and radar data
coverage for identifying localized auroral and flow channels (Bristow et al., 2022; Lyons et al., 2019, 2022).
Sections 3.1 and 3.2 quantify uncertainties of the SECS convection maps. Sections 3.3-3.5 show the evolution of
the flow structures and the contributions of meso-scale flow channels to the total convection on continental scales
in the nightside high-latitude ionosphere. SHF and SECS flows are also compared to evaluate improvements and
limitations for specifying convection.

2. Data and Methods
2.1. Data

The THEMIS ASIs measure white-light auroral intensity every 3 s with a spatial resolution near the zenith of
~1km (Mende et al., 2008). The ASI data are mapped nominally onto a 110 km altitude plane, a typical emission
height for ~10 keV electron precipitation. Figure 1 shows a representative snapshot of the ASI mosaic in
grayscale during the substorm growth phase on 26 March 2014. The auroral structures connected almost smoothly
across the boundaries between the ASI FOVs, validating the choice of the mapping altitude.

The SuperDARN radars measure LOS velocities of ionospheric plasma every 1-2 min with a 45 km range
resolution (Chisham et al., 2007). Figure 1a shows the LOS echo distribution in North America as colored vectors.
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Figure 1. Maps of SuperDARN data (colored vectors) overlaid onto the THEMIS ASI data (grayscale, white being the brightest) at 06:38 UT on 26 March 2014. The
panels shown are the velocity maps of (a) LOS, (b) spherical harmonic fit, (c) Global, Local Divergence Free Fitting, and (d) spherical elementary current systems. The
thick and thin vectors in panels (b—d) indicate grid points with and without LOS echoes. The magenta lines in panel (b) illustrate the two-cell convection.

While SuperDARN radar echoes in the nightside auroral oval are often sparse, the radar echoes during this event
had remarkable coverage over much of the nightside high-latitude ionosphere. The LOS velocities show localized
enhancements indicated by the white arrows. The THEMIS ASIs provided auroral observations over nearly 8 hr
of continuous local time coverage. This wide ASI and radar coverage allows for the identification of how the
plasma flows are related to the location of the auroral oval and localized auroral structures.

The Defense Meteorological Satellite Program (DMSP) satellites measure cross-track plasma velocity along their
polar orbits. The DMSP satellites generally orbit on the dayside when North America is on the nightside, but their
magnetic footprints mapped from the southern hemisphere paths traverse North America. The satellite cross-track
direction often had a large angle from the 2-D flow vectors in the convection map, but we identified a path whose
cross-track direction was close to the 2-D flow vectors. That satellite path was used for validating the accuracy of
the SECS flows.

2.2. Regional Divergence-Free Flow Reconstruction

The SECS method (Amm et al., 2010) was originally developed for divergence-free ionospheric horizontal
currents from ground magnetometers (Amm & Viljanen, 1999), and was later applied to ionospheric flows. The
basic principle of the SECS method is that the ionospheric flows are divergence-free (V - v = 0), considering that
ionospheric plasma is incompressible for the scale of interest (Bristow et al., 2022; Cowley, 2000; Southwood &
Kivelson, 1993).
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The SECS method does not directly solve V - v = 0 because it is computationally expensive and requires a
boundary condition. Instead, a divergence-free flow field is constructed by solving a matrix equation,

TI=Z (1)

where Z is a 1-D array, and Z; is the ith LOS velocity that is recorded within a 2-min time window. Poles (centers)
of elementary divergence-free flow vortices are placed in the regions with radar echoes. The separation between
poles in regions with dense echoes is 0.5° X 1.5° in latitude and longitude (~60 X 60 km at 70° latitude),
comparable to radar range resolution, while fewer poles are placed in regions with sparse echoes. The pole
separation determines the smallest scale size of flows to reconstruct. The pole distribution is determined by the
echo distribution at each time, and this adaptive pole placement allows us to take advantage of dense echo
coverage at each time. / is a 1-D array where /; is the strength of the jth pole. [; creates a divergence-free vortical
flow around the pole v; = [/4zar, where r is the distance from the pole, and «a is a geometric factor. T is a
geometrical transformation matrix where Tj; describes the direction of divergence-free flow velocity that is
created by the jth pole along the LOS of the ith data point.

Equation 1 is solved for / using the singular value decomposition (SVD) as an optimization method
(Strang, 2016). Although the equation may have more than one solution or no exact solution, SVD finds a solution
that expresses large-scale flows more accurately and suppresses small-scale and weak flows that could be noise.
Singular values less than 4% of the largest singular values were eliminated to remove such small-scale and weak
flows. We varied this threshold between 1% and 6% and confirmed that the reconstructed convection maps were
not affected largely by the choice of the threshold. A larger threshold resulted in a smoothed convection pattern
that had large differences from the LOS velocity pattern, while a smaller threshold did not change the overall
convection pattern but introduced unrealistic small-scale flow structures due to noise and edge effects of LOS
echo coverage. SVD has also been applied to other space physics subjects such as GPS data processing (Fan &
Ma, 2014). For the solution to converge, the array size of I should be smaller than the size of Z, and the radar
echoes should cover a good portion of the region of interest. Once / is determined, 2-D velocity vectors can be
determined at any desired locations as a sum of the vortical flows from all poles. We used a 0.5° X 0.1 hr MLT
spherical grid system for visualization of the SECS 2-D flow vectors (this grid system does not affect the solution
of Equation 1). This procedure is repeated for each UT.

LOS data at the first 8 range gates were excluded to eliminate E-region echoes. Isolated echoes (regions with only
a few echoes) are removed to avoid spurious flow structures. The SECS method does not require echoes in a
common volume. Although the velocity perpendicular to each LOS is not measured, the LOS velocity pattern
over >16 beams carries information on 2-D flow vectors that are projected along each LOS (Makarevich &
Dyson, 2007). Thus a minimum of one radar observation can be used to reconstruct flows within available data
coverage.

Earlier works showed the capability of SECS for reconstructing convection in small regions covered by
SuperDARN radars with a common volume (Amm et al., 2010) and large-scale electrodynamics in combination
with various observations (Laundal et al., 2022). We extended the method to reconstruct flows over a continental
scale using a maximum of 17 radars covering North America. We set the high spatial resolution to express both
continental-scale and meso-scale convection together, but only used SuperDARN to avoid smearing out localized
2-D structures that SuperDARN can resolve better than other large-scale observables (such as currents and
conductances). In Amm et al.’s work, their pole locations were not constrained by radar echoes, and poles far from
LOS data contributed to large uncertainties. Our method placed poles only in the region of radar echoes at each
time to improve the accuracy of flow reconstruction.

The SECS method has several advantages compared to other approaches. (a) SECS does not use any background
convection models. SECS does not assume how background convection should vary with solar wind parameters.
Thus SECS is free from uncertainties in statistical convection models and can describe dynamic variability of
flows that does not correlate with solar wind parameters. (b) SECS does not use spherical harmonic functions.
SHF and AMIE use the spherical harmonic functions, where the smallest flow structures are limited by the order
of the spherical harmonic functions (the 8th order gives >3 hr local time size). SECS can reconstruct meso-scale
convection features as small as the pole separation (0.5° X 1.5° size). (c) SECS does not use any boundary
conditions. Models that solve electrostatic potential require a zero-potential boundary at the outer boundary
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(Heppner-Maynard boundary for SHF). The location of the outer boundary affects how much a flow pattern
expands to lower latitudes. SECS does not require a boundary but allows flows to close at any latitude.

Figures 1b and 1d compare SHF (Thomas & Shepherd, 2018) and SECS convection maps at 06:38 UT on 26
March 2014. The SHF convection map is dominated by a large-scale two-cell convection pattern. The LOS
velocity map in Figure 1a shows enhanced and localized LOS velocities above 75° MLAT (Velocity 1, 2 and 3).
The poleward boundary of the auroral oval was found at ~68° MLAT, and thus those enhanced velocities were
located in the polar cap. The SHF velocities in the polar cap were dominated by large-scale flows, and the
localized nature of the LOS flows was essentially smeared out. In contrast, the SECS convection map recon-
structed equatorward flow channels of ~1 hr MLT width. Namely, SECS successfully reproduced multiple polar
cap flow channels that the LOS velocity map suggests. The flow speed for Velocity 2 is comparable to the LOS
speed. SECS somewhat underestimated the speed for enhanced Velocity 1 and 3, likely because they were
surrounded by slower flows. Velocity 1 and 3 were located near the edges of the echo coverage, and thus the
actual flow width could be wider. Nevertheless, SECS adequately represents the flow gradients within the echo
coverage.

The multiple flow channels in the polar cap reconfigured to two flow channels at ~74° MLAT at 21 and 23.5 hr
MLT in the SECS convection map (Velocity 4). The flow channel at 21 hr MLT further extended equatorward and
then turned duskward in the auroral oval, consistent with the Harang flow shear, typical at this MLT sector. SHF
only shows a broad anti-sunward flow of a ~3 hr MLT width at this latitude. Both SECS and SHF reproduced the
enhanced duskward flow at ~70° MLAT (Velocity 5), but SHF provided a weaker and broader flow channel.

Figure 1c presents the G-LDFF velocity map for reference. High-resolution grids for this version were placed
between dusk and midnight. Overall, both SECS and G-LDFF can reproduce localized flow structures for most
regions where they are expected based on the LOS velocity. Velocity 2 and 3 are represented as localized flow
channels in a similar manner to SECS. The flow enhancements for Velocity 4 and 5 are also seen, although the
flow channels are somewhat wider than the LOS velocity suggests. Velocity 1 was located outside the high-
resolution grids and appears as a weak enhancement in the low-resolution grid. SECS uses the adaptive grid
system based on the echo distribution at each time, and therefore resolved this flow channel within the high-
resolution grids. The removal of background convection models in SECS could also contribute to the ability
to show flow structures more clearly. More details of the G-LDFF velocity maps and validation for this event can
be found in Bristow et al. (2022).

This example demonstrates that the SECS convection map reveals the spatial structure of convection that is
expected from the LOS velocity map. More comparisons between SHF and SECS are presented in Sections 3.2
and 3.3. Despite the advantages of SECS, it is not appropriate for global convection patterns, because a statistical
convection model is not used, and flow solutions away from radar echoes are not reliable. SECS focuses on
regional convection when and where dense echo coverage exists. The flow solution is noisier when echoes are
sparse, and SECS outputs are not constrained well outside echo coverage (thin vectors in Figure 1d). For example,
there are few echoes around 76° MLAT near midnight in Figure 1a. This gap introduces uncertainties about how
the flow channels above 78° MLAT and below 76° MLAT are connected to each other. SECS outputs in regions
of echo coverage gaps are unreliable and should not generally be used to derive conclusions.

In addition, SuperDARN itself has limitations for estimating ionospheric flow velocity. SuperDARN tends to
underestimate plasma flow velocity because the index of refraction is not routinely corrected (Gillies et al., 2018;
Koustov et al., 2016), and radar echo locations have uncertainties due to the unknown density distribution along
the signal raypath (Yeoman et al., 2008). Furthermore, some echoes are largely contaminated by various noise
sources. Corrections of such known issues about SuperDARN are beyond the scope of the present study, as we
aim to reconstruct high-resolution convection patterns within the current capability of SuperDARN. In Sec-
tions 3.1 and 3.2, we estimate uncertainties of the output velocity using various model setups, and we compare the
output velocity to DMSP observations.

3. Results
3.1. Uncertainty Analysis

We created SECS convection maps every 2 min during 5-10 UT on 26 March 2014, a period with dense radar
echo coverage. The flow evolution is discussed in Sections 3.3-3.5. Before presenting the scientific analysis of
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Figure 2. Occurrence probability distributions of the velocity errors in (a, b) m/s and (c, d) percentage. Panels a and c are for
spherical harmonic fit, and panels b and d are for spherical elementary current systems.

the data, here we provide error estimates of the SECS flows. Figure 2b evaluates the performance of SECS flows
by calculating the difference between the SECS velocity projected to the LOS direction and the measured LOS
velocity. The velocity difference was obtained at each LOS echo location at each time, and all data points were
combined to create the occurrence probability distribution. The occurrence probability was calculated every
25 m/s for 9 velocity thresholds. The same analysis was performed for SHF in Figure 2a. While the peak of the
distribution for all data points was found close to zero velocity error (at —25 m/s more precisely), the probability
distribution for SECS was more sharply peaked with nearly twice as high probability at the peak, indicating a
higher accuracy of the 2-D flow velocity than SHF. The velocity error at the peak of the distribution reduced from
—375 (SHF) to —200 m/s (SECS) for >500 m/s flows, and from —575 m/s (SHF) to —350 m/s (SECS) for >800 m/s
flows. The occurrence of moderate-to-large velocity errors (<—400 and >300 m/s) decreased by a factor of 3.

Figures 2c and 2d show velocity errors in percentage (velocity error normalized by the LOS velocity). The SHF
velocity error peaked at 65%, while the peak of the SECS velocity error was significantly lower (35%) for all
levels of flow strengths. The occurrence of large (<—100% and >100%) velocity errors also reduced by 30%.
These comparisons demonstrate that SECS provides flows that are fairly consistent with the measured LOS
velocity. This improvement was achieved by removing the use of spherical harmonic functions and background
convection models, as well as by increasing the spatial resolution. On the other hand, a notable level of velocity
error is still present in SECS for multiple reasons: Even if ionospheric convection is perfectly divergence-free, the
measured LOS velocity pattern may not exactly satisfy the divergence-free condition, because SuperDARN
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Figure 3. (a) Same as Figure 1c, denoted as the default spherical elementary current systems (SECS) map. Panels (b—f) show the SECS velocity distributions by (b) using
less echoes, (c) excluding echoes with large LOS velocity errors, (d) adding or subtracting LOS velocity errors, (e) using less poles, and (f) moving poles randomly.
Panels (b—f) subtracts the velocity in panel (a).

cannot resolve flow structures less than several tens of km and because flow variations faster than a few minutes
cannot be measured either. The errors in LOS velocity measurements that are mentioned in Section 2.2 also distort
convection patterns. The optimization by the SVD method attempts to filter out small-scale fluctuations that
deviate from divergence-free flow patterns, and it acts as a low-pass filter and hence underestimates the velocity.

We also estimated uncertainties of 2-D flow vectors by performing five additional SECS runs by varying the
model setup: (a) removing 10% of radar echoes randomly, (b) removing echoes that had >50% errors of LOS
velocity, (c) adding or subtracting LOS velocity errors randomly, (d) removing 10% of poles randomly, and (e)
moving poles by <100 km randomly. These runs intended to test how sensitive the SECS 2-D convection maps
are to (a) the echo coverage, (b) LOS data points with large errors, (c) LOS velocity errors, (d) the number of
poles, and (e) pole locations. The measurement errors of the LOS velocities were obtained from the radar data
files.

Figure 3 shows convection maps for the default and five additional runs at 06:38 UT on 26 March 2014. Figure 3a
is the map for the default setup, identical to Figure 1d. This map was subtracted from the maps for runs (a) through
(e), and the velocity differences are presented in Figures 3b—3f. The velocity differences in Figures 3b-3f are
small overall, indicating that much of the convection pattern in Figure 3a is robust and does not depend strongly
on small variations of the model setup. The largest velocity differences were found in Northern Alaska, where the
dense echo region with large LOS velocity was adjacent to the region of sparse and small LOS velocity
(Figure 1a). The ambiguities about how the fast westward flow should continue farther duskward increased the
uncertainties. Moderate velocity differences of ~400 m/s were found in isolated regions where the echoes were
sparse and were expected to have uncertainties. Where dense echo coverage existed, velocity differences were
less than ~100 m/s.

The SECS convection maps for runs (a) through (e) were created every 2 min at 5-10 UT on 26 March 2014. The
velocity differences from the default run were calculated in the same manner as in Figure 3 at each UT. We
combined all velocity differences and calculated occurrence probability distributions of the velocity magnitude
differences (Figure 4a) and angle differences (Figure 4b). The distributions sharply peaked around zero. The
median errors were as small as 22 m/s and 3°. The small errors confirm that the convection maps were obtained
reliably without strong dependence on the model setup.
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Figure 4. Occurrence probability distributions of the (a) velocity magnitude error and (b) velocity angle error. Here the
velocity error is defined as the velocity differences in Figures 3b—3f but using all data points at 5-10 UT.

3.2. Validation With DMSP

The trajectory of DMSP-17 at 07:44-07:51 UT mapped from the southern hemisphere is shown in Figures 5a and
5b as a white line, overlaid onto the SHF and SECS convection maps at 07:48 UT. We chose this satellite path to
compare the measured cross-track velocity and the 2-D flow vectors projected to the cross-track direction,
because the cross-track direction was reasonably close to the 2-D flow vectors. The radar echoes were present in
much of western Alaska (indicated as thick vectors) in the vicinity of the satellite path, and the 2-D flow vectors
around the satellite track were mostly directed westward and northwestward. Although we did not anticipate a
precise agreement between DMSP and SuperDARN because of the observations in the different hemispheres, we
evaluated how much the flow structures in SHF and SECS represent the in situ observations.

The DMSP cross-track velocity was enhanced sunward at 61°—68° MLAT with a narrow peak at 66°-68° MLAT
and anti-sunward weakly at >68° MLAT (Figure 5c). The cross-track SHF and SECS velocities successfully

Validation with DMSP
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Figure 5. Validation with Defense Meteorological Satellite Program (DMSP) observations. (a) Spherical harmonic fit (SHF)
and (b) spherical elementary current systems (SECS) velocity maps at 07:48 UT. The white line shows the DMSP-17 satellite
track mapped to the northern hemisphere using the Tsyganenko (2002) magnetic field model. (c) Cross-track velocity
measured by DMSP-17, positive sunward. (d) SHF and (e) SECS velocities projected to the cross-track direction at the
spatial grid and UT nearest to each DMSP data point.
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Latltude d|str|but|on reproduced the equatorward boundary of the enhanced sunward velocity. SHF

only showed a broad westward velocity. Its poleward boundary extended
beyond 72° MLAT, and the SHF flow was smooth and did not exhibit any
localized structure. The peak SHF velocity was about 45% of the DMSP
measurement, a large underestimation of the velocity. In contrast, the cross-
track velocity from SECS reconstructed multiple peaks. The narrow velocity

peak of ~2° latitudinal width was reproduced successfully, although the peak
velocity was underestimated (~70% of DMSP) and the flow reversal latitude
was shifted poleward by ~2°. SECS also reconstructed the secondary peaks of
the sunward velocity at 63° and 65°. Considering that SuperDARN tends to
underestimate the flow velocity by ~25% (Koustov et al., 2016) and to have

echo location uncertainties of ~100 km (Yeoman et al., 2008), SECS gave a

c%.—. 80E 4| 10° _ good agreement with DMSP, demonstrating its capability to provide realistic
LIG.S.‘::. 75 , *:&; high-resolution convection maps.
’é‘—E" 70 Al 8
2: 8(5) 3.104 3.3. Flow Evolution During the Substorm: Latitudinal and Local Time
- 85 ] 800 Distributions
5_ 80 ] 600 . . 4 .
82 75 ' ‘ = We utilized tl.le SECS convection maps to describe the evolution of flow
>% 70 ) A 400°¢ structures during the 26 March 2014 substorm. We show that the magneto-
'j'f S 65 ‘ 200'_' sheath magnetic field near the subsolar magnetopause was measured by
2 60 HE THEMIS-A (Figure 6a), since observations near the subsolar magnetopause
< 85 800 provided a better estimate of the arrival of IMF orientation changes than
§.o_. 80 ol Fl‘v | 600 observations in the solar wind. The IMF turned southward and duskward at
> 75 ? t I|| 400 2 06:08 UT. The IMF B, was directed northward for several hours prior to the
02 70 b lliv.._ ;-" E IMF southward turning. The AU index started to rise (Figure 6b), and the
oF 65 L h* 'i[‘al'l'l, 200 . ). and
® 60 0 aur(?ra.ll'oYal started to move equatorward at 06:18 UT. (Flgure'6c), indicating
UT 0500 0600 0700 0800 0900 1000 the initiation of the substorm growth phase upon the signal arrival of the IMF
southward turning to the ionosphere. Substorm auroral onset occurred at
Figure 6. (a) Magnetosheath magnetic field from THEMIS-A near the 07:05 UT (Figure 6¢), followed by poleward expansion and numerous in-
subsolar magnetopause at (X, ¥) = (10.3, —3.2) Rg. (b) AU and AL indices. tensifications occurred along the poleward expanding arc (expansion phase).
North-south keograms of (c) THEMIS ASI data at FSMI near midnight, The IMF B, turned northward at ~07:50 UT, and then the substorm activity

(d) spherical harmonic fit maximum equatorward velocity at 20-3 hr MLT,
and (e) spherical elementary current systems maximum equatorward
velocity at 20-3 hr MLT. The white lines visually trace the poleward and
equatorward boundaries of the auroral oval as the poleward-most and
equatorward-most emissions except for the polar cap arcs.

slowly decayed over time (recovery phase).

Figures 6d and 6e present the latitudinal distributions of the maximum
equatorward velocity at 20-3 hr MLT for SHF and SECS. The equatorward
component was chosen for visualizing how flows extend from the polar cap to
the auroral and mid-latitudes. The convection maps below show the 2-D flow
pattern. The poleward and equatorward boundaries of the auroral oval at Fort Smith (FSMI) as a representative
station near midnight were traced visually (Figure 6¢) and were copied to these panels. For both SHF and SECS,
the equatorward velocity was enhanced during the substorm growth phase. The SECS flow enhancement above
80° MLAT initiated around 06:18 UT, in agreement with the initiation of the AU enhancement. Since SECS does
not depend on a background convection map, the timing agreement with AU serves as validation of the technique
to reproduce the time variation of the convection. The SHF convection in the polar cap was enhanced after 06:20
UT, and it coincided with the IMF southward turning in the OMNI data (not shown). Because the background
convection in SHF is parameterized by the IMF, the timing error in OMNI has a measurable impact on the
convection map.

The enhanced convection in the polar cap extended toward lower latitudes and penetrated to the auroral oval by
~06:40 UT. The poleward boundary of the auroral oval was not clearly defined until ~06:30 UT, but then an
auroral arc formed at the poleward boundary and moved equatorward. The formation of the poleward boundary
arc coincided with the arrival of the enhanced flows at the oval poleward boundary, and it is likely due to weak
magnetotail reconnection driven by the enhanced flows crossing the open-closed boundary.

The flows increased during the substorm expansion and early recovery phases (07:05-08:30 UT), and the
enhanced flows crossed the poleward boundary of the auroral oval repetitively. The flow across the poleward
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boundary is the ionospheric signature of magnetotail reconnection, where flux

tubes in the lobe are transported to the plasma sheet through the open-closed
boundary. Individual flow enhancements lasted for ~10 min, which are likely
the ionospheric counterpart of flow bursts in the plasma sheet. The flows
generally decreased as they extended equatorward but reached the equator-
ward boundary of the auroral oval and even to the subauroral ionosphere. The

SHF velocity changed more smoothly and significantly underestimated the
rapid variation. As shown in Figure 1, SECS has a better capability to resolve
localized flows, which tend to vary rapidly. In addition, the fast variations of
the flows do not correlate with the IMF, and thus techniques that use IMF-
dependent background convection models tend to underestimate such rapid

MLT [h] MLT [h]
=N N
ONPOOOONON D

SECS Vsouth SHF Vsouth
N
N

UT 0500 0600 0700 0800 0900

variations.
10*
— The flows in the auroral oval decreased during the recovery phase after 8 UT,
S while the polar cap flows increased at ~07:50 UT and remained fast until
§. ~08:26 UT. The enhanced polar cap flows with weak flows in the auroral oval

may have contributed to the equatorward motion of the oval poleward
800 boundary. This period also corresponded to enhanced subauroral flows. As
600 shown later, this is related to westward-directed SAPS flows, where its small

400 o equatorward component is seen in this panel. The polar cap flows weakened
£ in the late recovery phase (after 08:30 UT), while flows in the equatorward

200 portion of the auroral oval diminished more rapidly.

800 Figure 7 compares the MLT distribution of aurora and the maximum equa-

600 torward flows at 68°~72° MLAT. For both SHF and SECS, the flow speed

400'%' increased gradually at pre-midnight during the growth phase at ~21-1 and

= ~3-5 hr MLT. The initial brightening of the auroral substorm was located

near midnight and spread quickly to ~22-2 hr MLT within a few minutes
1000 from the substorm onset (Figure 7c), almost overlapping the ~21-1 hr MLT
flow (Figures 7d and 7e). It is reasonable to expect this relation, because the

Figure 7. (a-b) Same as Figures 6a and 6b. East-west keograms of flows in the growth phase drive the plasma sheet thinning and the plasma
(c) maximum THEMIS ASI intensify at each MLT, (d) spherical harmonic sheet becomes more unstable in the region of the stretched tail current sheet
fit maximum equatorward velocity at each MLT at 68°~73° MLAT, and (Pritchett & Lu, 2018). The flows at ~3—5 hr MLT were not involved in the

(e) spherical elementary current systems maximum equatorward velocity.

substorm onset, but the auroral brightening spread dawnward to >4 hr MLT
during the expansion phase. The duskward boundary of the bright aurora
expanded duskward to ~21 hr MLT and became the brightest part of the aurora (westward traveling surge), while
the aurora dawnward of the surge weakened. Flows during the expansion phase were the fastest and localized near
midnight with transient enhancements. In SECS, the region of enhanced flows extended duskward until ~08:00
UT in a similar manner to the motion of the surge. In contrast, the flows at post-midnight decreased after ~07:20
UT and the flow reduction extended duskward. The flow reduction after onset was also seen in statistical results of
SHF (Grocott et al., 2009). After ~08:00 UT, the auroral surge weakened but moderate auroral activity spread at
~21-2 hr MLT with dawnward propagation. The SECS flows also moved dawnward, and the peak of the
enhanced flows retuned to midnight. The SHF flows also shifted duskward and then dawnward, but with less
MLT motion. The SHF flows near midnight remained during the expansion phase even though aurora near
midnight weakened considerably.

SHF found multiple flow channels at each time, each of which had a ~2-4 hr MLT width. SECS detected
narrower and larger peaks that were highly variable. Such meso-scale flow channels were particularly evident
during the expansion and early recovery phases (e.g., near midnight at 07:20-07:30 UT), but they were also
present in the quiet time before 6 UT.

3.4. Flow Evolution During the Substorm: 2-D Convection Maps

Representative SECS convection maps before the substorm onset are depicted in Figure 8. Overall, the flow and
aurora were weak during the quiet time (Figure 8a). The large-scale two-cell convection was essentially absent,
and the flow structure was dominated by weak flow channels that are indicated by the white arrows. After the IMF
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Figure 8. Selected maps of the spherical elementary current systems velocity before and during the growth phase of the substorm.

southward turning, the flow speed increased deep in the polar cap near the magnetic pole and in the duskside
auroral oval, while the flows around the auroral oval near midnight remained weak (Figure 8b). The convection
pattern was still mainly characterized by the flow channels with minimal large-scale convection. Then the
equatorward flow channels extended from deep in the polar cap toward the pre-midnight auroral oval (Figure 8c).
Flow channels in the polar cap merged and bifurcated along the streamlines, indicating dynamic interaction
between the flow channels, and the auroral oval started to move equatorward as the enhanced flows reached the
oval (Figure 6). The flow speed continued to increase, and the enhanced flows extended more equatorward and
azimuthally (Figures 8d—8f). The large-scale two-cell pattern became evident by these times as indicated by
magenta lines in Figure 8d, but many flow channels were clearly present (Figure 7). The flows above ~75° MLAT
extended from post-midnight toward pre-midnight, whose orientation is consistent with a convection pattern
under a positive IMF B, (Figure 6a). Flows below ~75° MLAT down to the auroral oval were almost north-south
oriented, exhibiting less influence of the IMF B,. Grocott et al. (2010) also noted that the IMF B, effects are
prominent in the polar cap, but that convection in the nightside oval is more related to the onset location.

Interestingly, the flow channels were connected from deep in the polar cap to the vicinity of the nightside auroral
oval and then toward the dusk or post-midnight almost continuously. The connection over the long extent was
seen for ~30 min during the growth phase, but the flow channel paths dynamically changed in several minutes,
also exhibiting merging and bifurcation. Equatorward flows near the poleward boundary of the auroral oval near
the end of the growth phase were confined between ~21 and ~1 hr MLT (Figures 8e and 8f). The auroral oval
moved more equatorward in this local time sector, indicating that the plasma sheet at pre-midnight became thinner
than in the other regions due to the stronger convection electric field (stronger loading). The flows in this region
were not uniform but had localized peaks at 21.5 and 23 and 0.5 hr MLT. A polar cap arc was present at the center
of the clockwise flow shear (Figure 8f), which validates that SECS reasonably identified the flow shear location.

The substorm onset occurred near midnight around the dawnward edge of the enhanced equatorward flows
(Figure 9a). The flow channel at ~0.5 hr MLT during the growth phase could be the precursor flows for driving
the substorm onset (Bristow et al., 2003; Lyons et al., 2022; Nishimura, Lyons, Zou, Angelopoulos, &
Mende, 2010). As seen in Figure 9a, the initial brightening in the first few minutes from onset extended over a
large portion of the equatorward flows (~22—1 hr MLT), showing the connection between the growth-phase flow
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Figure 9. Selected maps of the spherical elementary current systems velocity during the expansion and recovery phases of the substorm. The magenta lines illustrate the

Harang flow shear.

pattern and substorm onset. The onset location was found near the separator between the duskside and dawnside
convection cells. The main Harang flow shear was located before 21.5 hr MLT slightly poleward of the growth
phase arc, and the onset location was well to the east of this flow shear. Regarding the relation between the Harang
and onset (Bristow, 2009; Zou et al., 2013), this onset was either equatorward of the Harang or unrelated to the
Harang.

The auroral breakup during the early expansion phase quickly spread over 22-2 hr MLT (Figure 9b), whose extent
is likely related to the local time range of the equatorward flows (stronger loading) during the growth phase. The
most notable feature in Figure 9b is the localized and fast flow channel with a ~0.3 hr MLT width at ~23.5 hr
MLT. It was located to the east of a localized discrete auroral brightening at the auroral poleward boundary (PBI),
where a flow channel is expected (Nishimura et al., 2011). This is likely the ionospheric projection of a flow burst
in the plasma sheet, and SECS was able to reconstruct its 2-D structure. The flow channel appears to be crossing
from the polar cap into the auroral oval, representing localized magnetotail reconnection (de la Beaujardiere
et al., 1994), although its full north-south extent could not be determined due to the lack of echoes farther to the
north. The flow channel had a southeastward orientation as opposed to the southwestward flows deep in the polar
cap. The flow channel weakened as it extended equatorward but reached the equatorward boundary of the auroral
oval. It contributed to the enhanced westward flows equatorward of the auroral oval. This westward flow
enhancement is consistent with the rapid response of SAPS during substorms (Mishin et al., 2017; Nishimura
et al., 2008), and this convection map provided a 2-D picture of the direct impact of plasma sheet flow bursts on
SAPS. The SAPS flow speed was low at the time of Figure 9b, and much of the westward flows were mainly in the
auroral oval as can be seen at <21 hr MLT. Another localized flow channel was seen at ~1 hr MLT, and it turned
eastward as it entered the auroral oval.

The localized flow channels appeared repetitively during the substorm. Another example is shown in Figure 9c.
The flow channel near midnight was located just to the east of a PBI and streamer, similar to the one in Figure 9b,
and appeared to have entered the oval from the polar cap. The flows in the nightside auroral oval decreased
overall, but this flow channel turned eastward and then equatorward, forming a developed Harang flow shear, as
the enhanced flows reached the subauroral ionosphere and further enhanced the SAPS flow. Flows at ~22-24 hr
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MLT in the auroral oval were reduced overall, and the enhanced flows from the polar cap bifurcated to two flow
structures, one toward the surge head at ~21-22 hr MLT and the other toward the Harang flow shear at
>23 hr MLT.

The surge weakened near the end of the expansion phase (Figure 9d). The polar cap flows toward the surge head
split to multiple channels and shifted further duskward. The polar cap flows showed a localized enhancement near
midnight, and most flows were directed toward post-midnight around the Harang flow shear and SAPS, although
the flow speed at post-midnight decreased. Fast equatorward flow channels in the auroral oval disappeared, and
instead the oval poleward boundary started to move equatorward (Figure 6). In the recovery phase, the surge and
active aurora almost disappeared (Figure 9e). The polar cap flows weakened particularly at pre-midnight. Flows
near midnight were more aligned with the poleward boundary, and the region of the equatorward turning shifted
to post-midnight after 3 hr MLT, although its details were unknown due to the lack of echoes. Much of the polar
cap flows entered the auroral oval from post-midnight, and SAPS flows were at their maximum strength. Flows
weakened further and were confined near midnight in the late recovery phase, and fewer flows entered the auroral
oval (Figure 9f). The flow channel still maintained the connection from deep in the polar cap to the poleward
boundary of the auroral oval, while fewer flows extended toward the auroral oval and subauroral ionosphere.

3.5. Quantifying Meso-Scale Flow Contributions

To assess the impact of the meso-scale flow channels, we quantified the contribution of these flow channels to the
total transport in the nightside high-latitude ionosphere. By inspecting Figures 8 and 9, Figure 7d adequately
represents the meso-scale flow structures near the poleward boundary of the auroral oval. The data (copied as
Figure 10b) were decomposed to large-scale and meso-scale components with azimuthal size thresholds of 0.3,
1.0, and 2.0 hr MLT (~180, 600, and 1,200 km at 70° MLAT). We considered the three representative scales,
because the choice of the threshold could affect how much of the localized transport was classified as meso-scale.

The large-scale and meso-scale flows for a 2.0 hr MLT cut-off are shown in Figures 10c and 10d. The large-scale
component identified a broad equatorward flow of >~3 hr MLT width that was centered at pre-midnight to
midnight, and an additional large-scale equatorward flow was occasionally seen at post-midnight (Figures 8a, 8d,
and 9a). This large-scale flow structure was overall in agreement with the SHF convection in Figure 7e. The
meso-scale flows reasonably extracted the localized flow enhancements seen in Figure 10b. Each meso-scale flow
had a width of a fraction of hours in MLT and lasted several minutes. Multiple flow channels could appear
simultaneously. The meso-scale flows after the substorm onset were mainly observed in the region of enhanced
large-scale flows, while the meso-scale flows during the quiet time and growth phase could appeared outside the
large-scale flows.

The mean equatorward velocity is shown in Figure 10e. This plot confirms the large-scale flow enhancement
during the growth and early recovery phases (~06:18-09:00 UT). Figure 10f quantifies the contribution of the
meso-scale equatorward transport to the total equatorward transport in the nightside high-latitude ionosphere. The
total and meso-scale equatorward transports were obtained by integrating data in Figures 10b and 10d along MLT,
respectively. The meso-scale transport contributions were on average 33% (<2 hr MLT), 23% (<1 hr MLT), and
10% (<0.3 hr MLT) of the total transport. However, meso-scale contributions were highly variable. The meso-
scale contributions were the highest during the quiet time and recovery phase, where the large-scale convec-
tion was weak. The meso-scale transport strengths did not scale with the large-scale transport strength, but fast
meso-scale flows were present throughout this time interval. The average meso-scale contributions for those
times were 43% (<2 hr MLT), 29% (<1 hr MLT), and 12% (<0.3 hr MLT). Each meso-scale flow structure only
lasted for several minutes, resulting in numerous spikes in the meso-scale contributions across all spatial scales.
The highest values reached 73% (<2 hr MLT), 45% (<1 hr MLT), and 28% (<0.3 hr MLT). The meso-scale
contributions decreased with increasing large-scale transport during the growth and expansion phases, but the
meso-scale transport continued to carry a significant portion of the convection (with averages of 26% (<2 hr
MLT), 20% (<1 hr MLT), and 9% (<0.3 hr MLT)). The meso-scale transport during the active aurora was also
highly variable.

Multiple meso-scale flow structures were seen at each time in general, and thus the meso-scale contributions
counted the sum of the multiple flow channels. The contribution of a single flow channel could only be evaluated
for short times at 07:00 and 09:56 UT, when a single flow channel dominated the meso-scale flow pattern. The
contribution of the single flow channel was 27% (<2 hr MLT), 15% (<1 hr MLT), and 6% (<0.3 hr MLT) (07:00
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Meso-scale contributions, 78-82° MLAT UT, strong large-scale flows), and 37% (<2 hr MLT), 29% (<1 hr MLT), and
] 88 ' ' ' ' AU 10% (<0.3 hr MLT) (09:56 UT, weak large-scale flows). These values are
<hF‘_ 1 08 AL somewhat lower than but comparable to the averaged values mentioned
25_200 above, because the flow channel was relatively strong. The contribution of a
-300 weak flow channel would certainly be smaller, although there was no time
_ Q 800 instance in this event, when a single weak flow channel was present. A few
§E£ 28 600 D tens of percent of meso-scale contributions are consistent with the contribu-
8§': 28 400 E tions of bubble injections in the magnetotail (Gkioulidou et al., 2014; Yang
>"= 50 200 etal., 2015).
2 '8 800
8= 600 — The same analysis was performed for polar cap flows at 82°-84° MLAT
3 g: % 400 é (Figure 11). The 0.3, 1.0 and 2.0 hr MLT thresholds correspond to ~60, 200
= 5 %% 200 — and 400 km at 83° MLAT. Since the flow vectors were tilted to the southwest
-1 0 after ~06:40 UT (Figures 7 and 8), the equatorward component is less than
L%E § ‘21'88 the total flow speed, and the MLT flow width tends to be wider than the width
g 8:’ g 0 ) perpendicular to the flows. However, it is difficult to change the cross section
g %3‘ %% -200 E dynamically, and thus we used the cut along the constant latitude as a proxy
£ 18 ] -400 for the flow structure. The flow structure was smoother and more dominated
ggo by large-scale flows (Figure 11b) than in the auroral oval. The large-scale
ct— E . S
TS50 200 E flows started to increase at post-midnight at ~06:18 UT and moved to pre-
§ BE.150 midnight (Figure 11c). Unlike classical two-cell convection, two regions of
= 188 ; enhanced flows characterized the polar cap flow structure after ~06:30 UT.
s 60f ] After the substorm onset, the polar cap flows stopped moving westward and
2 28 / <@2MLT turned back toward post-midnight. The flow speed increased in the early
3R 30k <IMLT recovery phase (07:50-08:20 UT), and then became weaker and intermittent.
qg) %8 ) . : \ . ] Flows in the recovery phase were predominantly located at post-midnight.
UT 0500 0600 0700 0800 0900 1000 Numerous meso-scale flows were observed, each with ~1 hr MLT widths,

Figure 10. Evaluation of meso-scale flow contributions around the poleward
boundary of the auroral oval (78°-82° MLAT). (a) AU and AL indices,

and they lasted for several minutes (Figure 11d). The meso-scale flows were
located predominantly at post-midnight in the region of the large-scale flows.

(b) same as Figure 7d, (c) same as panel (b) but smoothed over 1,000 km This represents a significant difference from Figure 10d, where the meso-
(large-scale velocity). (d) Difference between Panels b and ¢ (meso-scale scale flows were distributed across a wider range of MLT and were more
velocity). (e) spherical elementary current systems equatorward velocity frequent at pre-midnight during the expansion and early recovery phases.

averaged over 20-4 hr MLT. (f) Contributions of meso-scale velocity
relative to the total velocity for three thresholds of the meso-scale velocity.

Similar to Figure 10f, the meso-scale flows made the largest contributions in
the quiet time before 06:18 UT (with averages of 26% (<2 hr MLT), 15%
(<1 hr MLT), and 5% (<0.3 hr MLT)). The meso-scale contributions decreased once the growth phase started
(with averages of 16% (<2 hr MLT), 10% (<1 hr MLT), and 3% (<0.3 hr MLT)). In contrast to Figure 10f, the
meso-scale contributions increased only slightly during the recovery phase. The lower contributions and MLT
asymmetry of the meso-scale flow channels in the polar cap suggest that the meso-scale flow channels around the
poleward boundary of the auroral oval were not simply imposed from the polar cap but also originated from
plasma sheet processes, such as magnetotail configuration, magnetotail reconnection and plasma sheet flow
bursts. Nevertheless, the maximum meso-scale contribution was substantial, reaching 68% during the quiet time.

The transient enhancements corresponded to enhancements of the flow channels. The spatially isolated flow
channel observed at 08:56 UT illustrates that a single flow channel can contribute significantly to the total
convection, with averages of 19% (<2 hr MLT), 10% (<1 hr MLT), and 3% (<0.3 hr MLT).

4. Summary and Conclusion

We have developed and evaluated an approach for creating continental-scale, high-resolution plasma convection
maps using the SECS technique. This approach was applied to examine high-resolution 2-D plasma convection in
the nightside high-latitude ionosphere during a substorm event. We demonstrated that this approach can
reconstruct convection maps that retain the meso-scale flow structures. The comparison with the LOS velocity
showed that the SECS velocity substantially improved accuracy compared to SHF. The peak occurrence of the
velocity error was 35%, a significant reduction from the 65% error for SHF. The occurrence of large velocity
errors also reduced by 30%. High accuracy was achieved by removing background convection models and
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Meso-scale contributions, 82-84° MLAT increasing spatial resolution. The SECS convection maps were not sensitive
iy 88 ' ' ' ' AU to the model setup (22 m/s and 3° median uncertainties), providing robust
<h'_‘ 1 08 AL flow structures. Validation with DMSP demonstrated that SECS is capable of
25_%88 reconstructing realistic flow structures.

9 800 We demonstrated the value of the SECS convection maps for evaluating
£ T 5 600 __ the relation between meso-scale flows and auroral structures by investi-
é%b 0 400 é’ gating the evolution of high-resolution flow structures during the substorm.
>TSS %% F 200 — The timing of the flow enhancement in the polar cap at the beginning of

@ 1 g g 00 the growth phase was more accurate for SECS than SHF, because SECS is
:‘EQE 600 — free from timing errors in the arrival of solar wind structures to Earth.
3 $|— % 400 é Meso-scale flow channels dominated the convection pattern with minimal
ga %% 200 — large-scale convection in the early growth phase. Multiple flow channels

-1 0 extended from the polar cap toward the nightside auroral oval, forming
S%E' § i ‘21'88 continuous flow channels over >20° of latitude. The flow channels
g 8:’ g 0 ) dynamically merged and bifurcated, indicating an active interplay between
< §§' 22 -200 E the flow channels. The poleward boundary of the auroral oval illuminated

£ ‘?g -400 as the flows reached the oval poleward boundary. Large-scale convection
ggo - developed in the late growth phase, but the flow channels were still

S 8@ 200 evident. The flows deep in the polar cap were tilted toward pre-midnight,
= 25150 - while the flows near but poleward of the auroral oval were more north-
188 3 south aligned. The enhanced flows near the oval poleward boundary

s 6ol T T T ] were located at 21-1 hr MLT, where the auroral oval moved more equa-

S 50} {<2MLT torward than other MLT.

B@ 40 [ 1

@9, 30 <1MLT

o 20F \&/\A\w The substorm onset was located near the dawnward edge of the enhanced

E 10} i ! Y / flows. The initial width of the auroral breakup coincided with the width of

UT 0500 0600 0700 0800 0900 1000 the enhanced flows, suggesting that the flow channels are the precursor flows

Figure 11. (a-b) Same as Figure 10 but for flows in the polar cap (82°-84°

MLAT).

to the substorm onset. During the substorm expansion phase, enhanced
meso-scale flows crossed the oval poleward boundary near midnight repet-
itively, each of which had a ~2-4 hr MLT width and ~10 min duration.
Some flows reached the oval equatorward boundary and subauroral ionosphere, contributing to enhance SAPS
flows. The enhanced flows extended duskward as the auroral surge moved duskward. The polar cap flows to-
ward the auroral oval split to the dusk and dawn of the surge. The flows turning dawnward formed a Harang flow
shear and connected to the subauroral flows. Post-midnight flows decreased, and the flow reduction extended
duskward. Weak to moderate flow and auroral activities returned to midnight during the recovery phase. The
Harang flow shear became more pronounced, and the SAPS flow speed increased.

We further quantified the contributions of the meso-scale transport to the total transport in the nightside high-
latitude ionosphere. The meso-scale contributions were the highest during the quiet time and recovery phase,
where the large-scale convection was weak. Near the poleward boundary of the auroral oval, the meso-scale
contributions were 12%—43% of the total transport (quiet time and recovery phase) and 9%-26% (growth and
expansion phases) depending on the scale-size threshold. The meso-scale contribution was highly variable on a
~10-min time scale due to the transient nature of the flow channels. The peak contribution reached 28%—73%.
Multiple flow channels existed simultaneously for most times. The meso-scale contribution deep in the polar cap
was ~10%—20% lower, but substantial meso-scale flow structures still existed despite being far away from the
auroral oval.

Data Availability Statement

The SuperDARN, THEMIS, DMSP, and AU/AL data are available at the corresponding project websites
(Angelopoulos, 2008; Chartier, 2022; Papitashvili & King, 2020; Rideout, 1980). The SECS velocity vector
output is available at Zenodo (Nishimura, 2024). Data processing used SPEDAS-V3.1 (Angelopoulos
et al., 2019).
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