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Abstract we use the Geospace Environment Model of Ion-Neutral Interactions (GEMINI) to create
three-dimensional, time-dependent simulations of auroral ionospheric parameters in the localized,

several 100 km region surrounding auroral arcs observed during a winter 2017 sounding rocket campaign,
resolving three-dimensional features of fine-scale (km) flow structures in the vicinity of an auroral arc.
The three-dimensional calculations of GEMINTI allow (with sufficient driving data) auroral current closure
to be investigated without idealizing assumptions of sheet-like structures or height integrated ionospheres.
Datamaps for two nearly sheet-like arcs are reconstructed from replications of the Isinglass sounding
rocket campaign data, and combined with camera-based particle inversions into a set of driving inputs to
run the 3D time-dependent model. Comparisons of model results to radar density profiles and to in situ
magnetometry observations are presented. Slices of volumetric current, flow, and conductance structures
from model outputs are used to interpret closure currents in an auroral arc region, and are compared to
original in situ measurements for verification. The predominant source of return current region field
aligned current closure for these slow time variation events is seen to be from the conductance gradients,
including the Hall. The importance of the VX, versus VX terms in the determination of the current
structure provides a more complicated picture than a previous GEMINI study, which relied predominantly
on the divergence of the electric field to determine current structure. Sensitivity of data-driven model
results to details of replication and reconstruction processes are discussed, with improvements outlined
for future work.

1. Introduction

In this study, we present case study examples from the March 2017 Isinglass auroral sounding rocket cam-
paign interpreted through the Geospace Environment Model of Ion-Neutral Interactions (GEMINI) ion-
ospheric model, focusing on modeled current structures and their interpretation through current closure
equations. We generate a 3D and time-dependent localized simulation of auroral ionospheric parameters
in the region surrounding a night-side discrete auroral arc, with sufficiently small scale to reproduce the
features near an auroral arc boundary, in order to resolve and interpret flow structures, currents, and plas-
ma responses in the vicinity of an auroral arc. The expectations of the auroral environment near stable arc
structures are outlined by G. Marklund et al. (1982). Marghitu (2012) has further discussed the implications
for spatially variable conductance and electric fields and has related these to various stages of the substorm
cycle. Following current continuity in the ionospheric system, the (non-inductive) field aligned component
of the current can be described as in Brekke et al. (1989) and more generally using Marghitu (2012), in a
height-integrated viewpoint, as:

j:=(V-E) £,+VE,-E-VZy - (& XE) 1)
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Figure 1. (Top left) Example of data replication technique described in Clayton et al. (2019); 2D map of flow data created by replicating the in situ data

from along the rocket trajectory, at many places along the observed visible arc boundary. (Bottom) Flowchart of the data-driving process of the 3D Geospace
Environment Model of Ion-Neutral Interactions model, from input data fields to volumetric output for electron density, ion velocity, ion and electron
temperature, 3D current, 3D electric field, and conductivities. (Top right) Model output for one example case (c5 at 7:52:45 UT) of the Isinglass event: a three-
dimensional representation of the volume currents in the model space, including the field-aligned currents (return current in blue and precipitating-electron
current in orange), Hall (light blue), and Pedersen (green). Note that the sign conventions and colors here deviate from other figures.

Here j. is the field-aligned current, E is the ionospheric electric field, €, is a unit vector along the geomag-
netic field, and ¥, X are the Pedersen and Hall conductances (height integrated conductivity), respectively.
Throughout this manuscript, we use a formal sign convention for field-aligned current whereby in the
Northern hemisphere, electrons precipitating downward toward the atmosphere, carrying negative charge
parallel to the Earth B, are considered a negative field-aligned current; return currents (i.e., upgoing elec-
trons) are considered a positive field-aligned current. Equation 1 expectations for current continuity are
explored, for examples, where the auroral structures are stable and relatively invariant in the longitudinal
(along-arc) direction and in time. We begin to account for small variations in the along-arc direction using
the arc boundary information from auroral imagery (Clayton et al., 2019), but further information is need-
ed for more complex arc structures. Accounting for the non-idealized, non-sheetlike features of the arc
allows progress in our understanding of the accurate determination of the 3D auroral environment (Hwang
et al., 2006). For the examples presented here, only variations of the arc boundary are considered. Future
campaigns with multi-point sensing can take more complex arc structures into account. Equation 1 shows
a height-integrated expectation. GEMINI (M. Zettergren & Semeter, 2012; M. D. Zettergren & Snively, 2019)
allows us to investigate this system in three-dimensions. Data-driven modeling at mesoscales (not resolved
in global simulations) is challenging given the local nature of the model and the need to properly include
boundary and initial conditions (hysteresis and forcing).

For the purposes of driving a model and solving the non-height-integrated version of Equation 1, complete
uniformly gridded 2D maps (F-region, perpendicular to the magnetic field) of vector ExB flow field data
and particle precipitation data are desired (see Figure 1). This complete map of data across the top of the
model space is achieved by a data synthesis process (Clayton et al., 2019) using plasma flow taken from
a 1D line of ground-based or in situ measurements along a cross-arc cut (i.e., along a rocket trajectory,
or along the central axis of the Poker Flat Incoherent Scatter Radar [PFISR] field of view), and particle
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precipitation measurements from ground-based filtered multispectral imagers (Grubbs, Michell, Samara,
Hampton, Hecht, et al., 2018; Grubbs, Michell, Samara, Hampton, & Jahn, 2018). Our field of interest is a
several 100 km region in central Alaska, encompassing the PFISR radar field of view and the trajectory of
the 36.304 Isinglass rocket launched from Poker Flat.

In this study, using 2D maps of reconstructed flow data, together with inverted filtered imagery, to drive
the 3D GEMINI model, we calculate the 3D auroral environment near stable arc structures. An example
volumetric current system output is illustrated in Figure 1, top right. We discuss what can be seen from a
three-dimensional as opposed to an idealized-sheet-like, height-integrated auroral morphology interpreta-
tion. Our study comprises two comparisons. We investigate, in Comparison One, the relative significance of
different contributors to current closure (including along-arc variations and non-height-integrated effects)
in a 3D volume as seen in two different auroral events. In Comparison Two, we show the sensitivity of the
simulation output to the effects of driver-data scale size. Specifically, we study the model-calculated current
structures in one auroral event using different driving input flow field data sets (PFISR vs. in situ based flow
data, with different reconstruction techniques) at different data resolutions.

In Section 2, we provide a brief summary of the GEMINI ionospheric model, and a description of how the
data inputs are prepared for use in driving the model. In Section 3, we present the specific data inputs to be
used to drive the model for four cases, including how they are generated from the raw data in the Isinglass
campaign: camera imagery, PFISR radar data, and in situ measurements. In Sections 4 and 5, we analyze
the output of the GEMINI model for the four cases, specifically the current and conductance maps over the
region of interest for the different events and the different data sets we consider.

2. Methodology

The example flow field shown in Figure 1 provides a map of 2D F-region vector flow velocity (equivalent,
as ExB/B?, to the information of the DC electric field). The visible arc signatures provide a 2D map of pre-
cipitation. The combination can be used to constrain a calculation of the 3D volumetric region near the arc.
The electric field can be mapped along field lines (assuming equipotential field lines through the E and F
regions), but the flow field is altitude-dependent, and a slice at one altitude does not contain the entire 3D
picture. Correctly defining the plasma motions and densities in the auroral volume requires calculation of
plasma transport. To calculate the ionospheric environment, we use the GEMINI 3D model (M. D. Zetter-
gren & Snively, 2019). Inputs for the model are constrained using data as illustrated in the flowchart rep-
resentation in Figure 1. Driving data sets consist of particle data generated from ground-based multispectral
camera inversions, and electric field data (flow field data) generated from in situ measurements or from
ground-based radars. Detailed descriptions of GEMINI (M. D. Zettergren & Snively, 2015) and online docu-
mentation information (M. D. Zettergren et al., 2015) are available.

The GEMINI code is open source and links to the documentation and source code repository for the model
can be found in the Acknowledgments section. The GEMINI 3D model is built on the previous 2D version
of GEMINI (M. Zettergren & Semeter, 2012), which solves a multi-fluid system of equations in general or-
thogonal curvilinear coordinates describing ionospheric plasma dynamics coupled to a module describing
self-consistent ionospheric electrodynamics. The fluid system of equations conserves mass, momentum,
and energy for each ionospheric species relevant to the E, F, and topside regions. In this study, input electric
fields are used to compute perpendicular current density via Ohm's law which can then be used to derive
parallel current density by enforcing V - J = 0 (assuming the field lines are equipotentials). Driving input
data maps of (a) particle precipitation energy flux and (b) average energy, and (c) DC electric fields (vec-
tor ExB/B? flow fields) are imposed on the top of the model domain using the data generated during the
Isinglass campaign. GEMINI then solves the 3D model domain for the self-consistent auroral ionosphere,
including volumetric current density. Throughout this manuscript, neutral wind effects are neglected as
small, and both E and ExB/B? flow are quantities in the frame of reference of the ground. We also neglect
diamagnetic, inertial, and gravitational drifts and current for this study; an appropriate assumption for
the scales and locations of interest here. It is noted that, this is the first application of GEMINI to use 2D
mapped data products to specify boundary conditions for 3D auroral simulations—a new GEMINI capabil-
ity built for this study.
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2000 rents for the Isinglass event is shown in Figure 1. For these particular
1800 event studies, we have chosen a rectangular model grid in geomagnetic
o coordinates with non-uniform spacing in altitude. The Cartesian mod-
» el grid is 128 x 128 cells in the latitude/longitude plane, covering ap-
E JIEE proximately 2° in latitude and 6° in longitude with pixel spacing of 1 km
E’ 1200 in latitude and 2 km in longitude. The altitude dimension (taken to be
Le65 1000 magnetic-field-aligned) is 168 cells distributed non-uniformly covering
9 80-1,000 km altitude.
5 800
§ 600 Initial conditions for the GEMINI simulations are adjusted so that the
. F-region density in the model is similar to the averages seen over the

PFISR field-of-view. Initial conditions to GEMINI can be specified arbi-
200 trarily; in our case we run a simulation to near equilibrium from some
presumed ionospheric state and take this simulation output as our initial
conditions. By adjusting the input to this “equilibrium” simulation one
can roughly match F-region density from radar data while maintaining
Q (mWImz) an approximate equilibrium (by allowing the simulation to run for many

65.5
-1485 -148 -1475 -147 -1465 -146 -1455

Geographic Longitude

o 6; ‘21 40 hours so that transients from the initial presumption settle).
o
= 8 67 Camera inversions from multispectral filtered imagery (Grubbs, Michell,
E 66.8 20 Samara, Hampton, Hecht, et al., 2018; Grubbs, Michell, Samara, Hamp-
o, 66.6 ton, & Jahn, 2018) provide maps of average energy and energy flux of pre-
g 66.4 cipitating particles over the model grid-space. As illustrated in Figure 2,
66.2 0 maps of these energy and flux inversion results are interpolated to the
model grid space in geomagnetic latitude and longitude. The inversion
Ma g. L on gltu d e products'are floored 'to a tl.lreshold energy flux val'ue' of 0.025 mW/r¥12j in
order to ignore bad inversions from regions of minimal or no precipita-
EO (eV) tion. Additionally, the calculated average energy is floored to a value of
67.4 10000 1 keV; below this value, the inversions are not reliable enough to be used
676? 8000 quantitatively for this study.
66.8 6000 Electric field data maps to drive the model are generated from ground-
66.6 4000 based or in situ DC plasma flow measurements, replicated along stable
gg g 2000 arc boundaries to fill the latitude/longitude grid space of the model
(Clayton et al., 2019). This data replication process assumes that the arc
256 258 260 262 structure being measured is relatively longitudinally invariant and time
Mag. Longitude stable over the span in space and time of the model simulation. For the
events selected here, these assumptions are observed to be true from the
Figure 2. Summary of process of ground based camera (top, geographic filtered imagery inversions. Clayton et al. (2019) details the process, sum-
coordinates) to model input (center, bottom, and geomagnetic marized below, of replicating the measured plasma flow data along the
coordinates), via filtered camera inversion. The output of multi-spectral arc, and then interpolating to the model grid with a minimal-divergence

camera Inversions prOVI.d ©8 maps of energy flux (center) ar}d average constraint-the reconstruction. We note to the reader that we use the term
energy (bottom) of precipitating particles over the model field of view

where auroral emissions are present. Where the precipitating energy flux is “replication” specifically to mean moving from a 1D line of measured
too low for a viable inversion, a data floor is applied. The top panel showsa  flow vectors, to an irregularly gridded 2D field of flow vectors; and the
higher resolution white light image used for arc boundary definition. term “reconstruction” to mean the divergence-minimized, interpo]at-
ed-to-regular-lattice field. Example results of this process, shown as an
HSV (Hue-Saturation-Value) representation of the F-region flow field, for
our four case study events (c1, c3, ¢5, and c6; defined in Table 1) are shown in Figure 3. The HSV representa-
tion uses color to indicate the geomagnetic direction of the vector data and color saturation corresponds to
strength, saturated at a value of 600 m/s. The c1, c3, and c5 reconstructions use the reconstruction process

detailed in Clayton et al. (2019); the c6 methodology is additionally processed.

Reconstructing the replicated flow field data into a 2D field suitable for driving the 3D time-dependent
GEMINI model takes some care. The model grid is different from the irregular array of locations on which
the measurement data are replicated, and a method to interpolate the 2D maps of flow field data onto the
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Table 1
Geospace Environment Model of Ion-Neutral Interactions Driving Field Data Sets

Data set Description Fit

cl Imagery and PFISR flow, “0704”: 070100-070950 UT Constrained vector fit
c3 Imagery and PFISR flow, “0753” 075240-075510UT Constrained vector fit
c5 Imagery and in situ flow, “0753” 075240-075455UT Constrained vector fit
c6 Imagery and c5 flow, “0753” 075240-075400 UT Arc-aligned scalar fit

model grid is needed in order to generate the reconstructions shown in Figure 3. A simple interpolation to
aregular grid (and indeed, the simple replication process itself) introduces spurious divergences in the flow
(or, curls in the electric field). We use two different reconstruction processes here. For both, in the upper
F-region with an electrostatic assumption (i.e., electric field derivable from a scalar potential field), the
plasma flow field is considered divergence-free (for a locally uniform magnetic field) and the electric field
is curl-free.

In the first process, therefore, we interpolate the (replicated, irregular) plasma flow vector field data to the
model grid through a minimization process which constrains the divergence of the resulting interpolated
vector field (Dartmouth Senior Honors Thesis, Tucker Evans, 2019; summarized in Appendix of Clayton
et al., 2019). Since the replications are very dense, the divergence-minimization constraint pushes the solu-
tion to one close to the replication field, without extraneous eddies. Furthermore, the data are smoothed as
they are interpolated, to remove spikes in the data and its derivatives that cause non-physical results in the
model. Simple linear or cubic interpolations do not satisfy the divergence-minimization constraints. The
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Figure 3. 2D flow field reconstructed data maps for model driving of case study events c1 (top left), c3 (top right), c5 (lower left), and c6 (lower right). See
Table 1 for case event descriptions. Timeframes shown are 07:04:00 UT for c1, and 07:52:45 UT for the others. The Hue-Saturation-Value representation used
here has color indicating the geomagnetic direction of the vector data, and brightness corresponding to strength, saturated at a value of 600 m/s.

CLAYTON ET AL.

50f 20

85UB01 7 SUOWILLIOD @AIER1D 3|qeoljdde auy Aq peusenob ke sl YO ‘SN 0 S8|nJ 10} A1 T8UIIUO AB]IA LD (SUORIPUOD-PUR-SUIBYWI0D" A8 1M Aleq | [Bu[UO//St) SUORIPUOD pue swie 1 84y 88S *[2202/2T/T0] Uo Ariqiauliuo A8|im ‘Ariq)abe|00 inowneq Aq 672620 VTT202/620T OT/I0p/Lod A8 |mARiq1putuo'sgndnBey/sdiy wouy pspeojumod ‘TT ‘1202 ‘20766912



Journal of Geophysical Research: Space Physics

10.1029/2021JA029749

Iight 304 Overview

Flight 304 Overview

@
I -
© &>

T

Geographic Latitude
&
Y
i

20—

Energy (keV)
S o2
[

100 150 200 250

SN
# 1

&

flow
=)
o
o

or MNM" -t

300 350 400 450 500 550

T 500

Y S a\,,.\/,\);\,ﬂj*f\ \ :«(\/\/\/WW
-500 ;\’W’\/‘*\[\j\/\/”\l%j Vel VVAVA RV

Pa N
-1000

East flow
North flow
-1500 £ L L L L

flow

-2000 ! - :
100 150 200 250

300 350 400 450 500 550 150 155 160 165 170 175 180
Time (s) Time (s)

Figure 4. Originating data for c3, ¢5, and c6 reconstructions. Top: keogram from white light imager. Center: in situ electron precipitation observations. Bottom:
in situ flow vector data at kHz sampling with relative attitude deconvolution. Right panels: zoom at arc entry point near 075245 UT = T+165 s flight time.

minimization algorithm is used to optimally fit the vector field data to the lattice, constrained with minimal
divergence. We refer to this reconstruction process as a “constrained vector fit.”

The second procedure for reconstructing the flow field from the replicated data is as follows. This process
grows from ideas presented in Nicolls et al. (2014) and Donoho and Duncan (2000); it uses an explicit
incorporation of information from accompanying auroral imagery. For this process, the reconstruction al-
gorithm is based on two assumptions: that the resultant field should be divergence free, and also that it
should be nearly invariant along the direction of the arc boundary. The boundary can be extracted from
corresponding imagery, or if that is not available, from density information or direct analysis of minimum
variance directions in the flow and magnetometry data. As detailed in the Appendix A, a scalar basis func-
tion representation for the electrostatic potential field is found which gives a flow field consistent with
these two assumptions, and with the available data. The resolution of the reconstruction can be no better
than twice the width of the underlying basis functions, indicating that in the case used here the resolution
should be approximately 0.15° of magnetic latitude, on the order of 10-20 km. Denser data along the axis
perpendicular to the arc will allow higher resolution reconstructions. We refer to this reconstruction process
as “arc-aligned scalar fit.”

For either flow reconstruction technique, either the constrained vector fit or the arc-aligned scalar poten-
tial fit, the resulting regularly gridded flow maps are then converted to electric field, taking E = —v X B in
the F-region ionosphere, and used as input at the top boundary of the model. Examples of the constrained
vector fit are shown in Figure 3 as c1, ¢3, and c5 (runs are specified in Table 1); and of the arc-aligned scalar
fit in the same figure, as c6. Differences between c5 and c6 are apparent; in particular, the c6 version takes
variations in the direction of the arc boundary angle into account in the 2D field.

The scale size of features, we expect to be able to reconstruct using this model is a function both of the
scale size of the input data, and of the processing required to distribute the driving data over the model
grid. In Comparison Two below we compare PFISR-radar-driven event studies to in situ-flow-driven event
studies. It is important to remember that the originating flow data are along one-dimensional cross-arc
cuts. Figure 4 shows the in situ flow data (at its highest cadence) together with a keogram of the white light
imagery and a spectrogram of the in situ particle data. The in situ flow data are shown here at the original
kHz sampling rate with a relative attitude deconvolution (only relatively, not absolutely, fit to a North/East
local reference frame). The sharpness of the arc boundary is evident in the particle data, and the flow vector
is fixed, other than Alfvenic variations, for 0.25° of latitude equatorward of the boundary. Later, we will see
that processing of the 2D flow field reconstruction smooths this sharp change in the flow vector such that
it appears to change equatorward of the boundary; this is an artifact of the reconstruction process. The arc
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boundary, as observed by the in situ electron precipitation measurements, spans less than 0.06° (3—-4 pixels
in the model space). The arc length is wider than the model space (128 pixels, 6° longitude). The aspect ratio
here is more than 30; neither the smoothing done in the constrained vector fit, nor the long narrow basis
functions of the arc-aligned scalar fit reconstructions, are able to capture the sharp boundary.

3. Campaign Overview and Model Input Data

The Isinglass campaign provided high-resolution in situ measurements of plasma flow in the context of
ground based cameras and radar observations. The example shown in Figure 1 is one timestep from case c5
of the four event studies, listed in Table 1, which we examine with the GEMINI model. Under the assump-
tions (Section 1) of slowly time-varying arcs and along-arc invariance over the model gridspace, we create
four separate case studies with time-dependent electric field data and precipitation data maps to be used
as drivers for the GEMINI model. As in Clayton et al. (2019), we apply the replication and reconstruction
process to PFISR-based vector flow measurements, and to in situ DC electric field measurements, for two
separate events on the night of March 02, 2017. The earlier event, 0704 UT (data set c1), has only PFISR ra-
dar data available, but presents a straightforward case study of the behavior of quiet stable arcs. The second
event, 0753 UT (data sets c3, c5, and c6), was just after the launch of the second of the Isinglass rockets,
36.304, and allows another case of a stable arc, formed shortly after a substorm. For the second event, we
have both in situ measurements of the flows around the arc structure, and PFISR radar observations of the
same. The four flow-field and precipitation-inversion data set we will be using to drive the model are (c1) a
PFISR-based map of the 0704 event, (c3) a PFISR-based map of the 0753 event, and (c5 and c6) two versions
of in situ based datamaps of the 0753 event. The two in situ datamaps are a result of different methods
for the reconstruction processes of the in situ electric field data, which yield similar but slightly different
results.

The PFISR data used for c1 and c3, and the in situ data used for c5, are reconstructed with the constrained
vector fit process described above. Here, the input field data are densely replicated at many places along the
arc, allowing the divergence-minimization constraint to find a suitable solution. Note that for c5, there is
only one “set” of originating data, along the trajectory of the rocket flight. Thus only one full reconstruction
is done, combining the full trajectory of data with the arc boundary at T+075240, nearest the time when the
rocket crosses into the arc. For other time frames of case c¢5, GEMINI is run with a version of that flow field
which translates across the model space based on the latitudinal motion of the center of the arc boundary.
For c6, the c5 reconstruction is taken as an input, and then the arc-aligned scalar fit process is applied to that
for reconstruction. In this c6 case, the arc boundary used at each time step follows the imagery data for each
time step. Future uses of the arc-aligned scalar fit process will (a) correct small errors in the calculation, (b)
will work directly with the original vector data (rather than with the c5 flow field as is done here), and (c)
will optimize the combination of basis functions and parameter searches.

The PFISR data used come from the “VVELS” (reconstructed vector velocity) database (Heinselman &
Nicolls, 2008); the PFISR radar was run in a dedicated 15-beam mode during this campaign, as detailed in
(Fraunberger et al., 2020). In situ flow data use an absolute reference frame despin of the COWBOYS (Cor-
nell Wire Boom Yo-Yo) electric field measurements (Klatt et al., 2005) using the lower cadence (~1 Hz) ther-
mal ion flux PIP (Petite Ion Probe) data for directional information (Fraunberger et al., 2020). All of these
model runs are also driven by camera-based inversions from filtered cameras based at Venetie for the parti-
cle information (Grubbs, Michell, Samara, Hampton, & Jahn, 2018), as detailed in (Clayton et al., 2019). The
onboard in situ fluxgate magnetometer for Isinglass was as described in Lynch et al. (2015) for the MICA
(Magnetosphere-Ionosphere Coupling in the Alfven resonator) rocket.

Figure 5 shows a sample of the model-driving data sets of the electric field (shown as flow components) and
particle drivers, together with the associated arc boundaries used for replication of the field data. One time
step is shown, for the c1 and c5 time sequences. (The same flow data are also shown in Figure 3 in an HSV
representation.) The arc of interest is visible for each event, just poleward of the marked auroral boundary
line, as a rotation in the fields/flows (as expected from Equation 1), and an intensification in the particle
measurements (entry into the precipitation region). For c5 (and thus c6), the rolloff of the field variation
near the arc boundary is apparent; compare to the original data shown in Figure 4. The c1 datasethasa2s
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Figure 5. 2D model inputs for Geospace Environment Model of Ion-Neutral Interactions, cases c1 and c5 example
timeframes (0704 UT and 075245 UT). The upper panels show the east-west and north-south components of the flow
field in geomagnetic coordinates; the arc boundary is overlaid in black. The lower panels show the energy flux (Q) and
average energy (E0) from camera inversions.
cadence, and the c3/c5/c6 data sets have a 5 s cadence. Time sequences of these input drivers can be found
in the Supporting Information S1 for each of the four model runs.
4. Model Outputs
Driving the GEMINI model with the inputs exemplified in Figures 3 and 5 yields four output volumetric
data sets of the 3D structure around an arc, including currents, conductivities, and density structures as
a function of time. Example timeframes from the four model run outputs are summarized as matching
sets of panels in Figures 6 and 7-c1, -c3, -c5, and -c6. The Supporting Information S1 includes all of the
timeframes. Visualizing the volumetric output with 2D slices through the 3D model volume can help us
understand the differences between each run. These visualizations provide worthwhile insight into the
process of ionospheric current closure. Keep in mind though that they are simply 2D slices through 3D (and
time-dependent) volumes of each parameter; Figure 1 illustrates another, 3D, visualization of one time step
of the currents for run c5.
The large center panel of each case of Figures 6 and 7 is a slice through the model volume in the magnetic
latitude/longitude plane, at 100 km altitude, of the electron density. The panels to either side are slices in
the altitude/magnetic latitude direction, along the red dotted line in the center panel. The left panels show
CLAYTON ET AL. 8 of 20
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Figure 8. Height-integrated conductances for comparison to Q from inverted imagery, indicating Pedersen transport. Note that c3 timeframe shown here is
075310, later than the nominal example timeframe to allow the transport time to develop in the model.

the components of perpendicular ion flow, with the E/W and N/S components visualized first separately,
and then together as an HSV representation similar to that of Figure 3 (although here, in the altitude/lati-
tude plane rather than in the horizontal plane). The right panels show the currents for this time step, as a
function of altitude and magnetic latitude, in the Pedersen, Hall, and field aligned directions. We remind
the reader that negative (blue) field-aligned currents indicated currents from precipitating auroral elec-
trons; return currents (positive) are shown in red. The lower center panel shows an altitude/latitude cut of
plasma density.

Comparing the density and flow outputs here, and the inputs and arc boundaries in Figure 5, we can see
clear changes/rotations in the flow and increases in the density at the location of the arc boundary. On the
right panels of Figures 6 and 7, note the altitude difference between the Hall and Pedersen current peaks,
~100 and 120 km altitude, respectively. Field aligned currents extend down to 100 km altitude indicating
that they are at least partly sourced from the Hall currents.

Often the field-aligned current signatures show a narrow channel of downward current that changes into
upward current below 120 km. For example in Figure 6-c1, at 07:04 UT and 66.67 MLAT, we see a significant
Hall current variation, and the upward and downward field aligned currents show a vortical structure in the
vertical and cross-arc direction. This is an indication of a vortical current structure. The strong Hall currents
in the E-region are consistent with previous modeling investigations by Mallinckrodt (1985); similar signa-
tures are noted by Fujii et al. (2011). The vortical current structures modeled by Mallinckrodt (1985) were
the result of polarization electric fields that develop within an auroral arc to maintain current continuity
(e.g., G. Marklund, 1984; Paschmann et al., 2003); these polarization electric fields can also connect to field
aligned currents (Mallinckrodt, 1985). On the left panels, it is interesting to note the altitudinal dependence
of the flow vector directions; flow at the top of the model space is imposed by the electric field map driver
(equipotentials along field lines throughout the model space), but in the lower altitude ionosphere, the flow
rotates sharply below 120 km altitude from collisional effects. This is most apparent in the southern half of
the c1 event, between 110 and 120 km.
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The relative locations of density, current, and flow structures are the result of the full transport calculations
by GEMINI. While Equation 1 provides expectations for overall height-integrated effects (i.e., conductanc-
es), GEMINI calculates behavior (i.e., conductivities) at each point in the 3D volume. Our simulations show
evidence that transport is playing some role in redistributing plasma in the E-region. Pedersen drifts (which
can be compressible) can result in production of density cavities and regions of enhancement on top of
what is provided by impact ionization (Doe et al., 1995; M. Zettergren & Semeter, 2012). Transport effects
evaluated through the divergence of the ion flux (not shown) confirm that this process plays some role in
the events we model. It acts to move plasma in the direction of the electric field such that the peak Pedersen
conductance is displaced somewhat from the region of maximum precipitating energy flux, as is shown in
Figure 8; at the right hand edge of each example, the Pedersen conductance can be seen to peak roughly
0.1° equatorward of the energy flux.

While GEMINI provides new insight into volumetric processes, it is an additional validation to height-inte-
grate its volumetric output and compare it to expectations for the height-integrated Equation 1. The terms in
the height integrated current continuity equation detailed in Equation 1 can be calculated from the model
output, and are represented in Figure 9 for the four example cases, and compared to GEMINI calculations
of the field-aligned current (see the second paragraph of Section 2) sliced at 200 km altitude. Calculating
Jj- from summing the values of the terms in this height-integrated equation should reproduce the current
calculated by the model under the assumption that the input electric field is truly curl free (since Equa-
tion 1 ignores the V x E term). The degree to which this summation does not match the model-generated
field-aligned current is a metric to show errors resulting from processing data into model inputs, and in
particular, how residual curl in the driving electric field data sets for c1, c3, and c5 affects the output. We can
see that the general shapes and magnitudes of the parallel current are reproduced by the summation of the
height-integrated current continuity terms, but some of the striations in the model output are not present
in the calculations based on Equation 1. This issue is most apparent in the c5 simulation case where a quick
glance at the two rightmost panels of the third row of plots reveals significant differences. This could imply
that some non-idealized non-curl-free measurements in the arc (e.g., from Alfvénic fluctuations) are being
replicated, but shows that any residual effects from their presence are relatively modest compared to the
larger scale DC features in the parallel current.

Separately, we have also run c5 and c6 simulations again but with all curl explicitly removed from the
GEMINI input data. This is accomplished by performing line integrations of the field and then numerically
taking the gradient of that potential to approximate a curl-free field. This exercise allows us to assess the
possible impacts of residual curl and restrict our attention to features that are not an artifact of this curl.
Fully curl-free simulations (included in the Supporting Information S1) are, of course, somewhat different
from those presented here; nevertheless the major features of the currents systems remain similar to what
is seen in version of c5 and c6 included in this paper so we do not discuss these further.

For each of the data sets in Figure 9, notice the locations of the positive and negative field aligned current
(right columns) with respect to the location of the equatorward arc boundary, where here again negative
J 7o (field aligned current, the j. of Equation 1) is precipitating-electron current, and positive is return cur-
rent. We see that for each event depicted, the precipitating-electron current region lies poleward of the equa-
torward arc boundary. The return current region can lie either equatorward or poleward of the precipitation
region. Note the relationship of the VX, and VZp terms of the continuity equation in the second and third
columns of Figure 9, to the arc boundary location.

Particularly here, we note the artifact of the flow field processing mentioned before in the discussion of
Figure 4, whereby the flow field appears to vary equatorward of the arc, contrary to the originating in situ
data. In the c5 and c6 cases, the divE contributor term appears to show a negative FAC contribution equa-
torward of the arc boundary. This is an artifact of smoothing of the flow field, causing variations of the flow
on both sides of the arc boundary. The sharp blue signature is actually a contribution that exists poleward
of the arc boundary.

For these events, the return current is dominantly sourced by conductance gradients, including that of the
Hall conductance. In a previous study (Lynch et al., 2015; M. Zettergren et al., 2014), the divergence of E
term accounted for both the precipitating-electron and return current regions for a rapidly varying surge
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Figure 10. (a, b) SuperDARN convection cell maps for events c1 and c3/c5/c6. (c, d) Poker Flat Incoherent Scatter Radar density as a function of latitude/
altitude. (e, f) Geospace Environment Model of Ion-Neutral Interactions density through F-region for c1 and c3.

event, indicative of a smooth conductance with minimal localized gradients. For this present study, con-
ductance gradients appear to play a stronger role.

The first two model runs (cl and c3) are driven with PFISR-based flow data, and exhibit larger feature
sizes and overall lower current values than the in situ field-driven counterparts (c5 and c6). In addition to
the differences in scale, the PFISR-based data have a temporal ambiguity (66 s cadence) which, for these
moving arcs, leads to a location ambiguity of the driving data on the order of the size of the PFISR pixels
(roughly a quarter of a degree in latitude, large compared to the definition of the auroral boundary). In the
next section, we compare and contrast details of current features and decomposition into current conti-
nuity equation components, as well as differences in the values and scale sizes of the PFISR-based and in
situ-based model run output parameters.

5. Discussion

We begin with an overview comparison (review the rightmost column of Figure 9) of the model-generated
field aligned current structure for each model run. In the text below we will work through two comparisons
between the model outputs shown in Figures 6, 7, and 9. Revisiting the top two rows of Figure 9, Compar-
ison One is between the PFISR-driven runs during the 0704 event (data set c1) versus the 0753 event (data
set c3), highlighting the differences between two different auroral events as illustrated in the model output.
In particular, we see how variations in the arc structure cause differences in the importance and location of
the Hall and Pedersen conductance gradient terms of Equation 1. Comparison Two (the bottom three rows
of Figure 9), between the three model runs of the same event (0753, data sets c3, c5, and c6), explores the
effects of different field driver resolutions and processing for the same event. Comparison Two illustrates
the strong dependence of the output current strengths, on the resolution of the input field drivers. Compare
the rightmost column of Figure 9 to the inputs in Figure 3. Note that sharp features in the input flow fields
correspond to strong features in the modeled output current, as might be expected.

5.1. Comparison One: 0704 Versus 0753 UT, Run With PFISR Flow-Field Data Input

Comparing the events at 0704 UT and 0753 UT (Figure 6 c1 and c3 and Figure 9 c1 and c3), both using input
flow field data from PFISR together with inverted imagery, provides a comparison of two separate events
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versus fourth columns.

with equivalent-resolution data drivers. The 0704 event occurs after a long period of relative stability of
quiet early evening auroral arcs, whereas the 0753 UT event occurs immediately after a substorm has moved
through the area, and a stable arc re-organizes over the field of view. We can see strong effects from the
conductance gradients in both events, a feature of these arcs that was not evident in the Lynch et al. (2015)
study. We see in both cases here that the precipitation region of the arc is related to the divergence of the
electric field, and that both the precipitation and return current regions are linked to the conductance gra-
dient terms. For the 0704 event, the Pedersen gradient dominates the return current, whereas for the 0753
event the Hall gradient is dominant. For both events, conductance gradients feed the return current.

The importance of the conductance gradient terms is of interest, particularly in contrast to previous events
(Lynch et al., 2015) where the divergence of the electric field term was seen to be of primary importance;
both of the events in Comparison One have the return current region highly dependent on the conductance
gradient terms of the current continuity equation. In the Lynch et al. (2015) event, the arc was moving
southward at 22.5°/hr (0.7 km/s); for the 0704 event here, the southward motion was 3.5°/hr (0.11 km/s),
and for the 0753 event, it was 4.5°/hr (0.14 km/s). These slower Isinglass event velocities are in the reported
range of equatorward drift velocities of growth phase arcs (Karlsson et al., 2020). The rapid motion of the
Lynch et al. (2015) event makes it plausible that a uniform-conductance ionosphere is less affected by the
precipitation, while in the c1 and c3 events here, with their more slowly propagating precipitation struc-
tures, the ionospheric density (and conductivity) profile is more affected by the presence of the arc. With
regard to the various stages of aurora defined in Marghitu (2012), neither the MICA nor ISINGLASS events
can be suitably classified as quiet since both occurred in an expansion phase; these may correspond to the
transient stages 2 and 3 of Marghitu (2012). Our analysis certainly suggests that the Hall current plays a
substantial role in the conditions we observe.

We consider the differences and similarities between the c1 versus the c3 events to understand the im-
portance of the Hall versus the Pedersen conductance gradient term. Some external diagnostics available
include SuperDarn convection patterns and PFISR density profiles, shown in Figure 10. The SuperDarn
convection context can provide a large-scale view of the environment of each event, and the PFISR-based
density measurements of the region around the arc can be compared to GEMINI-generated density volumes.

In the left panels of Figure 10, we note differences in the large scale convection patterns over the regions
seen/modeled by SuperDARN especially in the region near Poker Flat AK. In our local data sets (Figures 2
and 3), the c1 event is a much more sheet-like arc with a shear flow pattern, whereas the c3 event has some
along-arc variation and across-arc flow components. The c1 event arc is more parallel to its adjacent flows,
and is magnetic-latitude aligned. The c3 event is not magnetic-latitude aligned, has along-arc variation, is
located in a distorted convection cell potential visible from SuperDARN, and has an increased importance
of the Hall term equatorward of the arc. Additional cross-arc flow in event c3 has increased the importance
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of the Hall gradient term in the current continuity equation relative to the Pedersen term. Quiet arc struc-
tures are generally quite well aligned to local convection patterns (Gillies et al., 2014), and it is worthwhile
to note here the combination of the deviation from an idealized system, with the increased importance of
the Hall conductance gradient term.

One of the important consequences of current closure through the Pedersen current is the dissipation of
energy through Joule heating. Pedersen current closure associated with auroral arcs has been investigated
observationally (e.g., Dahlgren et al., 2014; de la Beaujardiere et al., 1977; G. Marklund, 1984; G. Marklund
et al.,, 1982; G. T. Marklund et al., 2001) and through modeling investigations (e.g., Doe et al., 1995; Karlsson
& Marklund, 1998; Mallinckrodt, 1985). However, as shown in Equation 1, the closure of field aligned cur-
rent through gradients in the Hall conductivities is an alternate pathway. Closure of currents through the
Hall conductivities has been sparsely studied (e.g., Sugino et al., 2002). As pointed out by Amm et al. (2008),
the details of current closure have important implications for energy deposition because Hall currents do
not dissipate energy. For the 0753 cases (c3, c5, and c¢6) of our investigation, we find that closure of field
aligned currents associated with Hall conductivities occurs where the aurora is less sheet-like, as compared
to the 0704 case (c1) where the aurora was relatively east-west convection-field aligned, sheet-like, and
dominantly described by Pedersen closure.

This modeling suggests that the spatial structure of slowly moving aurora has an important impact on the
closure of field-aligned currents, through either Pedersen currents during less structured aurora or Hall
currents during more structured aurora. Current continuity maintenance during more structured auroral
configurations here requires dissipationless Hall currents. One possible scenario is that the energy dissipa-
tion provided through the Pedersen current and Joule heating may reach maximum magnitude and thus the
Hall current is also needed to maintain current continuity. This perspective is also supported by the fact that
the Pedersen conductance can effectively plateau in magnitude, thatis £p « \/_ , where Q is the energy flux
of the auroral precipitation (Kaeppler et al., 2015; Robinson et al., 1987); this effect depends on the average
energy, as shown in Marghitu et al. (2009).

Separately, we consider the electron density profiles observed with PFISR relative to the electron density
produced by the GEMINI model for case c1 versus c3, as shown in the middle and right columns of Fig-
ure 10, respectively. The GEMINI-calculated electron density enhancement associated with the auroral arc
is consistent with the PFISR observations, which show an ionization enhancement at low altitudes when
the enhancement is within the beams' field of view. Both events show some evidence of Pedersen transport
in their GEMINI calculations, as discussed above concerning Figure 8.
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5.2. Comparison Two: Different Scale Flow-Field Drivers at 0753 UT

Next, we more thoroughly analyze the 0753 UT event traversed by the Isinglass rocket, using different flow-
field drivers to see how the resolution of the data-driving model inputs affects the 3D model GEMINI out-
put. We can compare the GEMINI calculated field aligned currents in the three 0753 cases (c3, c5, and
c6), to available independent metrics: inversion of the filtered imagery, and deconvolution of the onboard
magnetometer. The particle drivers for these three model runs are all the same, sourced from the average
energy and energy flux data inversion maps from the filtered cameras. The flow field drivers, however, come
from different sources, and processing, of ionospheric flow data available for the 0753 UT event. Compare
the last three sets of plots in Figures 6, 7, and 9 to see the PFISR-radar-driven (c3), in situ-driven with diver-
gence-constrained vector flow fit (¢5), and in situ-driven with arc-aligned scalar flow fit (c6) model results.
The three different cases show similar electron density model outputs, which is to be expected as that cal-
culation is driven primarily by the camera inversions (the same for these three simulations.) However, the
three model runs calculate strongly different current density outputs; in particular, the current density mag-
nitudes between the PFISR-driven and in situ-driven simulations. To assess the varying calculated currents
from these three different model runs, we can compare to camera inversions, and to in situ magnetometry.

Using the camera inversions to calculate j, can give us a comparison metric for the GEMINI-calculated
precipitating-electron j, in the arc, but will only include particles that result in distinct optical signatures,
not thermal or near-thermal electrons which are subvisual current carriers. Figure 11 shows this for the
0704 and 0753 cases. Here, the positive values associated with the GEMINI return current system should
be ignored in the comparison, as they will not be represented by the camera inversions which only capture
light from the precipitating electrons. These panels show a severe underestimate (note carefully the color
bars of the rightmost two columns) by the camera inversions of the magnitudes of the parallel current in
both events; while the c3 calculations (shown in Figure 9) are lower than these c5 calculations, even they,
like c1 here, far outpace the camera inversion value.

In order to quantify the comparisons between each case, we can take cuts through the model domain for
each simulation and overlay them. Figure 12 shows the j, from the PFISR-driven (c3), in situ-driven (c5),
and arc-aligned scalar fit (c6) runs cut along the central longitude, together with a matching cut from the
optical inversion (multiplied by 10). Note that the optical inversion used here (Grubbs, Michell, Sama-
ra, Hampton, & Jahn, 2018), while making some corrections for a low-energy tail, provides a value for Q
which is dominated by a single Maxwellian particle distribution. A previous multi-rocket auroral study
(Arnoldy, 1977) indicated that much of the field-aligned current from auroral precipitation is carried by
electrons below a keV near the edge of the visible arc. Figures 4 and 12 here seem consistent with this con-
clusion; thus the dominant current carriers are excluded from this optical inversion through the 1 keV floor
of this optical inversion calculation. It remains intriguing that despite the shift in magnitude, the camera
inversions for these cases match the spatial profiles of the GEMINI calculations quite well in both cases.
There is no reason to expect that the distribution of precipitating-electron current carried by subvisual elec-
trons should be proportional to that of the visible carriers.

Next, we can compare the GEMINI currents to deconvolutions of the onboard magnetometer. Fig-
ure 12(right) shows the j, inferred from the in situ magnetic field measurement V x B along the rocket
trajectory assuming a stationary sheet-like arc.

For the in situ driven cases c5 and c6, there is agreement between the location and values of the model
output current and the in situ magnetometry measurements, though the model output does not capture the
sharpness of the in situ signatures. The PFISR-based run (c3) shows similar overall features to the in situ
runs, such as the presence of the arc, but shows even more smoothing over the fine scale features through
the arc, and thus has damped magnitudes of the model outputs at all latitudes. The large averaging in space
and time for the PFISR electric field data is not able to reproduce the peak magnitudes of the electric field
drivers from the in situ measurements, thus providing an underestimate of the peak driving fields, and
resultant currents, for the GEMINI model.

Even with an underestimate of the field magnitudes, the PFISR-driven data are still able to reproduce both
the same large scale features present equatorward and poleward of the arc boundary, as well as the same
relative importance of the terms in the current continuity equation for sourcing the precipitating-electron
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and return current regions, as do the in situ data-driven runs. This consistency is interesting and important,
showing that even if the model is driven by different sources of field data (that may not even agree in rela-
tive magnitude) it can reproduce the same relative importance of each aspect of the current closure system.

6. Conclusions

Modeling the 3D environment near an arc structure can account for the 3D dependent terms of the conti-
nuity equation which controls the ionospheric current closure system. This 3D volumetric calculation adds
along-arc, non-sheetlike, not-height-integrated physics to the interpretation of auroral systems. The differ-
ences between the slow time varying Isinglass campaign events to the rapidly moving MICA event (Lynch
et al., 2015; M. Zettergren et al., 2014) illustrate when there is need to consider the gradient of the conduct-
ance terms for current continuity. For growth phase arcs moving at 100 m/s equatorward drift velocities, the
conductance gradient terms of Equation 1 can be dominant. For both sheet-like and slightly non-sheetlike
arcs, the conductance gradient terms can play an important role in the determination of the return current
region. Additionally and importantly, we see that consideration of Hall conductivity gradients can be nec-
essary for even limited excursions from sheet-like magnetic-latitude-aligned arc structures. These modeling
results show that the Hall currents during structured auroral events can become a significant pathway for
current closure, independent of energy dissipation requirements into the ionosphere-thermosphere system.

In this Isinglass-GEMINI study, we have created localized flow maps over a region near an arc, and convert-
ed these maps into detailed descriptions of auroral currents yielding a comprehensive view of ionospheric
signatures of auroral system current closure. We showed that radar-driven model runs produce quantita-
tively smoothed, but qualitatively similar, current maps. The radar-driven runs show the same relative im-
portances of the various current continuity terms as do the in situ-driven runs, but severely underestimate
the current densities because of large beam spacing leading to unresolved gradients. Data-driven modeling
results also indicate that Pedersen transport significantly affects the distribution of plasma density in the
E-region in and around the auroral arc; this process manifests as a displacement of the density peak, around
120 km altitude, in the direction of the electric field, away from the region where the total energy flux
maximizes.

‘We compared various aspects of the GEMINI calculations to independent measurements. While parameters
with short-lived “time constants” like current density and E-region ionization are well-captured in our sim-
ulations, longer lived features like F-region density structures cannot be captured well as these partly result
from transport of plasma from outside the modeled region. Such F-region transport does not affect electro-
dynamics overmuch but is interesting in its own right. Addressing F-region structures from a local-scale
modeling point of view is challenging and requires actively setting inflow boundaries using perhaps data
from PFISR or a global-scale model-clearly a substantial and useful task that may prove fruitful for future
studies.

Future applications seeking to improve and expand the driving inputs to the 3D GEMINI model beyond
these longitudinally constrained examples will leverage better capabilities for flow-field imaging, either
via new radar systems (EISCAT3D) or swarms of satellites. That is, we can use similar techniques with
multi-satellite passes (or EISCAT3D) over comparable ground instrumentation, such as with the proposed
ARCS ionospheric swarm of CubeSats over an array of filtered ground based imagers. Using multipoint sat-
ellite passes (or EISCAT3D) over the same region, rather than by replicating single cuts as is done here, can
replace the reconstructed replicated-data maps with reconstructions from truly distributed observations.

Appendix A.: Arc-Aligned Scalar Fit Reconstruction Method

For these reconstructions, a scalar basis function representation for the electrostatic potential field is found
which gives a flow field consistent with the auroral boundary, and with the available data. The component
of the flow along the magnetic field is assumed to be zero, allowing the flow to be understood as a two-di-
mensional vector field; here we are discussing the F-region top-boundary model driver. Two-dimensional,
divergence-free vector fields can be represented as the rotated gradient of a scalar field (the cross product of
the gradient vector with a unit vector parallel to the magnetic field). Using this representation, a scalar func-
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tion is fit to the flow information. Basis functions for the scalar were designed to enforce minimal variation
along the direction of the arc boundary. The final set chosen were “sloped ridges” running parallel to the arc
boundary from one side of the area of interest to the other, with Gaussian profiles perpendicular to the arc
and linear profiles parallel to the arc. The width of the Gaussians is specified for each run depending on the
level of granularity desired in the fitting. Sharper ridges allow more detailed reconstructions. The spacing
of the ridges perpendicular to the arc is optimized to be just close enough together that a flat area can be
constructed by two adjacent peaks set with equal weights. “Parallel to the arc” is defined to be the direction
along lines of equal distance from the arc boundary, while “perpendicular” is correspondingly taken to be
the direction of maximum increase in distance from the arc boundary. The rotated gradient fields of the sca-
lar potential are minimized to the flow data, yielding separate coefficients for each ridge function. Because
the arc boundary information is incorporated into the fit, flow information can be reconstructed across
large gaps in the data without risk of artificial loops or eddy structures forming in the gaps between data
points as a result of insufficient constraints on the fitting. The result is a smooth analytical flow function
in two-dimensions that can be sampled at any desired point. In the examples included here, eight ridges
were included per degree of magnetic latitude, for 13 ridges in total. The shape term was fixed such that for
evenly spaced ridges, the scalar function would be flat across the area of interest if all of the ridges had the
same weighting. The position of the ridge was taken as one of three parameters for the fitting, along with
maximum value of the ridge and its slope parallel to the arc. This allows the ridges to bunch around areas
of sharper change.

Data Availability Statement

Data (Burleigh, 2021) can be found at https://rcweb.dartmouth.edu/LynchK/. GEMINI is open-source soft-
ware, kept and maintained in a public repository at https://github.com/gemini3d/.
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