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Key Points:

» We provide three methods for developing ionospheric convection flow maps from
limited data tracks in conjunction with auroral imagery

» These methods of generating distributed plasma flow data surrounding auroral arcs
are done anisotropically using auroral imagery

¢ Understanding current closure in auroral arc systems requires a fully 3D perspec-

tive
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Abstract

Data products relating to auroral arc systems are often sparse and distributed while iono-
spheric simulations generally require spatially continuous maps as boundary conditions

at the topside ionosphere. Fortunately, all-sky auroral imagery can provide information

to fill in the gaps. This paper describes three methods for creating electrostatic plasma
convection maps from multi-spectral imagery combined with plasma flow data tracks from
heterogeneous sources. These methods are tailored to discrete arc structures with co-
herent morphologies. The first method, “reconstruction”, builds the electric potential
map (from which the flow field is derived) out of numerous arc-like ridges and optimizes
them against the plasma flow data. This method is designed for data from localized swarms
of spacecraft distributed in both latitude and longitude. The second method, “replica-
tion”, uses a 1D across-arc flow data track and replicates these data along a determined
primary and secondary arc boundary while simultaneously scaling and rotating in ac-
cordance with a zeroth-order understanding of auroral arcs. The third, “weighted repli-
cation”, performs a replication on two data tracks and calculates a weighted average be-
tween them, where the weighting is based on data track proximity. This paper shows the
use of these boundary conditions in driving and assessing 3D auroral ionospheric, multi-

fluid simulations.

Plain Language Summary

The aurora, or northern and southern lights, are embedded within a complicated
system of interacting electric fields, magnetic fields, and charged particles, the more en-
ergetic of which produce the lights themselves by exciting the neutral atmosphere. This
brings about a 3D electric current system. These currents enter and exit the atmosphere
along the Earth’s magnetic field lines, and can only close their circuit between 80 and
150 km. Since auroral arcs often have sheet-like morphologies, this current closure has
been studied extensively in 2D (altitude-latitude), yet not nearly as much in 3D, allow-
ing for variations along the arcs. This paper outlines the importance of simulating au-
roral arc systems in 3D and thus the need for generating continuous horizontal top-boundary
drivers for these simulations. This is difficult as the available data products are limited.
This paper provides three methods of creating these boundary conditions using multi-
color, all-sky auroral imagery in conjunction with approximately across-arc plasma flow

data tracks provided by spacecraft, sounding rockets and/or radar measurements.
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1 Introduction
1.1 Motivation

Measurements of auroral arc systems are often sparse, heterogeneous (i.e. multi-
sourced), and distributed, yet volumetric ionospheric simulations generally require spa-
tially continuous, two-dimensional (2D) boundary conditions on the top surface of the
model space. Moreover, ionospheric plasma datasets commonly provide no more than
one or perhaps two tracks of dense one-dimensional (1D) data leaving little to no infor-
mation on variations along the orthogonal direction. Fortunately, information about these

morphologies is something that all-sky imagery can provide.

This paper discusses the development and application of three methods for creat-
ing spatially continuous, topside ionospheric, electrostatic plasma convection maps from
distributed optical data provided by all-sky, multi-spectral imagery combined with plasma
flow data tracks provided by spacecraft, sounding rockets and/or radar measurements.
These methodologies focus on typical sheet-like discrete auroral arc structures with high
across- to along-arc gradient ratios. Furthermore, this paper shows the use of these bound-
ary conditions in driving and assessing three-dimensional (3D) auroral ionospheric sim-

ulations.

The understanding of auroral arc scale science plays an important role in interpret-
ing magnetosphere-ionosphere (MI) coupling, the ionospheric end of which itself involves
an ongoing sequence of system science studies (Wolf, 1975; Seyler, 1990; Cowley, 2000;
Lotko, 2004; Fujii et al., 2011, 2012; Marghitu, 2012; Khazanov et al., 2018; Clayton et
al., 2019, 2021; Yano & Ebihara, 2021; Lynch et al., 2022; Enengl et al., 2023; Wang et
al., 2024). MI coupling studies near auroral arcs demand self-consistent (per Eq. (1)),
topside ionospheric maps of field-aligned current (FAC) and convection plasma flow con-
sistent with a 3D ionospheric conductivity volume created by charged particle, auroral
precipitation and sunlight. The auroral ionosphere plays a non-passive role in this cou-
pling; even with electrostatics, the arrangement of flows and time-dependent precipita-
tion implies evolving conductivity making the system quasi-static at best. At high lat-
itudes, the height-integrated relation between quasi-static convective flow, FAC, and con-

ductances is (Kelley, 2009, Eq. 8.15):

j”(x,y)zszL-E—i—E-VLZP—I—(EXb)-VLzH, (1)
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where j) is the ionospheric topside map of FAC orthogonal to the local magnetic field,

Y p g are the height-integrated Pedersen and Hall conductivities, i.e. conductances, E

is the ionospheric electric field, and b = B/B is the magnetic field direction. This ex-
plains, in the absence of induction, how magnetospheric currents and convection patterns
couple to the ionosphere given height-integrated conductivity maps using the ionospheric
Ohm’s law and current continuity. Integrating out altitudinal effects, however, can hide
significant information regarding auroral arc systems. Altitude dependent, finite recom-
bination times, together with plasma transport, can produce 3D electron density struc-
tures providing an auroral precipitation hysteresis in conductance maps. Moreover, the
3D conductivity volume is highly sensitive to auroral precipitation by means of impact
ionization, as the precipitation energy spectra determine ionization rate profiles that are
altitude dependent (Fang et al., 2008, 2010). Altitudinal effects aside, the third term in
Eq. (1) is typically also ignored in sheet-like assumptions. In some cases, where the iono-
sphere is modelled as a slab of constant conductance, the second term is ignored as well.
For proper understanding of MI coupling, it is important to study the full 3D system when
looking at FAC closure influenced by auroral precipitation that is both geophysical and
self-consistent with plasma convection. Hence, we need ionospheric simulations that look
at the full, 3D current continuity equation, an engagement that requires spatially con-

tinuous top-boundary input maps.

Both Eq. (1) and topics discussed in this paper deal with self-consistency, not causal
relationships, when finding solutions to auroral current continuity. Hypotheses can be
made on causality through intuition, but cannot be proven within the framework out-

lined in this paper.

1.2 Background

The problem of extrapolating convection flow into continuous maps is not new. Nicolls
et al. (2014) undertake the mapping (or “imaging”) of electric field distributions using
line-of-sight (LOS) plasma flow measurements from a single, multibeam incoherent scat-
ter radar (ISR). They outline a regularized least-squares fitting algorithm which takes
direct LOS flow measurements, along with their measurement error, and produces an elec-
tric potential map. This is a difficult feat in that a single LOS measurement only car-
ries information on one component of the electric field; multistatic beams are required

to discover information about the full vector field without regularization assumptions.
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Part of their regularization minimizes the mean squared curvature of the potential field
(with an adjustable tailoring parameter) which results in the smoothest possible solu-
tions and minimizes gradients isotropically, something not well suited near sheet-like au-

roral arcs with zeroth order across-arc conductance gradients.

Bristow et al. (2016) approach a similar problem but with multiple HF radars by
using Local Divergence-Free Fitting (LDFF), as opposed to a global divergence-free con-
straint. They impose the local constraint of divergence-free plasma convection and treat
this in the same way the recomposition of two LOS measurements constraint is treated.
This achieves larger gradients, and in turn higher spatial resolution; however, this method
does not take into account auroral boundaries that will factor significantly into current

continuity near the arc and associated flows/potentials.

Laundal et al. (2022) describe methodology for the “Local mapping of polar iono-
spheric electrodynamics” (Lompe). This is an assimilative tool that gathers relatively
dense, heterogeneous observational data and performs a regional mapping of the elec-
trodynamics in the polar ionosphere. They use Spherical Elementary Current Systems
(SECS, Amm, 1997) instead of the more global spherical bases used by other assimila-
tive tools like the Kamide-Richmond-Matsushita (KRM, Kamide et al., 1981) and the
Assimilative Mapping of Tonospheric Electrodynamics (AMIE, Richmond & Kamide, 1988)
methods, which allows more flexibility when it comes to spatial scales. Lompe, in its de-
fault configuration, uses smooth background conductance patterns derived from a sta-

tistical model and does not fully capture the variations due to arc-scale structures.

For ideal, sheet-like auroral arcs, often only the first term in Eq. (1) is considered.
In order to address the zeroth order effects of strong and anisotropic conductivity gra-
dients in the vicinity of auroral arcs, this paper presents, first, a formalization of tech-
niques developed during the Phase A Concept Study Report (CSR) for the Auroral Re-
construction CubeSwarm (ARCS) mission proposal (Lynch et al., 2024; Erlandson et al.,
2024) and second, an extension of techniques developed by Clayton et al. (2019, 2021).
We provide methodologies for the continuous mapping of plasma flow data tracks which
focus on auroral physical and gradient scale lengths, and discrete sheet-like morpholo-

gies, and we use such maps as top-boundary drivers for 3D ionospheric simulations.

Section 2 describes the reconstruction, replication, and weighted replication method-

ology along with example usages of each one. Section 3 outlines and compares two 3D
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auroral multi-fluid simulations driven by the plasma flow maps derived by the replica-
tion method in Section 2.2. In section 4 we discuss our results and provide cautionary
remarks, and in Section 5 we conclude this work and outline how these tools can be used

in the future.

2 Methodologies

We outline three methods for developing continuous topside ionospheric plasma flow
maps from limited remote sensed or in situ flow data tracks collected in conjunction with
auroral imagery. Section 2.1 outlines the first methodology, coined “reconstruction”, which
stems from the science section in the ARCS CSR (Lynch et al., 2024). This report pro-
poses an arrayed, localized swarm of spacecraft spanning both multiple latitudes and lon-
gitudes, i.e. a “CubeSwarm”. The reconstruction method prioritizes accurate flow rep-
resentation interior to the swarm array and builds the flow map using a pseudo-basis set
of electric potential ridges, ensuring electrostatic flow. These ridges follow some defini-
tion of a single auroral arc boundary determined using morphological features of all-sky,
multi-spectral imagery or, in some cases, maps of FAC from the swarm itself. The left
column of Figure 1 outlines the geographical context of the Observing System Simula-
tion Experiment (OSSE) used in Lynch et al. (2024) to demonstrate the reconstruction
technique. This OSSE is interpolated with a virtual spacecraft swarm to provide multi-

point, hypothesized in situ plasma flow data.

The second method, “replication”, outlined in Section 2.2, extends related method-
ology used by Clayton et al. (2019, 2021) who use data from the Isinglass sounding rocket
campaign in conjunction with imagery from the UAF Geophysical Institute’s Poker Flat
Digital All-Sky Camera (DASC) (Conde et al., 2001). This method makes use of plasma
flow data from a single auroral arc crossing, whether from a sounding rocket (Clayton
et al., 2019, 2021), spacecraft (Archer et al., 2017), or ISR (Kaeppler et al., 2023). In
the present work, the data are replicated, scaled, and rotated in accordance with two au-
roral arc boundaries, again, determined through all-sky imagery features. After this, elec-
trostatic enforcing is applied. The right column of Figure 1 shows the geographical con-

text of the simulation used to demonstrate the replication technique.

The third method, a permutation of the second, named “weighted replication”, is

outlined in Section 2.3 and uses two data tracks in conjunction with all-sky imagery. This



B Model space

Model space

C 9 D
75 67
40
> 1 >
‘0-;70 g <«
° << 5 66.5 30 £
= 3 =) E
565 °s ¥ E
La(;; = § 66 20 o
60 - 10
65.5
55 2
180 200 220 240 212 214 216
Geo. longitude (°) Geo. longitude (°)

Figure 1. Geographical context relating to the simulations used in demonstrating the recon-
struction and replication methods. A: The 3D simulation model space (green) and the ARCS
trajectories (red), along with their ground tracks (red, dashed), in reference to Alaska. B: Same
as panel A but with the Isinglass trajectory. C: Topside ionospheric FAC simulation driver (col-
ormap) in reference to the model space (green) and ARCS orbits (red). D: Total precipitating
energy flux (colormap) and plasma flow data (red) in reference to the model space (green out-

line). Data source: https://rcweb.dartmouth.edu/lynchk.
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method repeats part of the replication methodology for each data track and then per-
forms a weighted averaging on the interpolated flow maps (prior to enforcing electrostat-

ics) with the weighting being based on the geometric distances to either data track.

In all three methods, one of the main difficulties in creating a continuous plasma
flow map lies in the constraint that it is divergence-free, i.e. electrostatic (Ruohoniemi
et al., 1989; Nicolls et al., 2014). Vector velocity fitting algorithms exist which handle
this constraint. However, such algorithms will often create large flow vortices (diverg-

ing electric fields) which in our case act as spurious sources and sinks of FAC.

2.1 Reconstruction

This section provides a proof-of-concept reconstruction using an OSSE (Feb 1, 2015
at 10 UT, 23.2 MLT) from Lynch et al. (2024) wherein a localized “CubeSwarm” of vir-
tual spacecraft generate synthetic data from the 3D auroral arc simulation as they or-
bit through (see Figure 1A). The simulation used in this section is data-inspired, but ide-
alized; it is driven with a top-boundary map of a single pair of mostly east-west aligned
FAC sheets with a slight bend in their profile and the amplitudes of which fade west-
ward from 41 to 0 uA/m? over the span of the model space (see Figure 1C). The asso-
ciated auroral arc precipitation input maps are of a similarly shaped arc embedded within
the poleward FAC sheet peaking at an energy flux of 3 mW/m? and characteristic en-

ergy of 3 keV with gradient scale lengths of 40 km.

2.1.1 Reconstruction algorithm

With preconception of its general form, we construct the potential map out of a
sum of a user-defined number, Ny, of east-north dependent pseudo-basis functions, ¢,
each governed by a set of parameters. The functional form for each of them is an inclined
Gaussian ridge, i.e. a Gaussian profile northward that extrudes east- and westward with
a constant sloped amplitude while following the curved boundary of the arc. This is done
to find electric potential solutions that prioritize across-arc gradients while remaining
relatively unstructured along the arc. The ExB plasma flow derived from this poten-
tial field is then compared against the virtual plasma flow data and the mean square dif-

ference is minimized over the parameter space.
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The arc boundary is determined by applying a standard Sobel edge detection al-
gorithm (Sobel, 2014) to the all-sky imagery derived Pedersen conductance. Given the
idealistic nature of the OSSE used in demonstrating this method, this suffices, but we
caution the reader regarding the complexities of determining less idealized arc bound-
aries. After determining an appropriate set of boundary points, they are least-squares

fit against the following functional form:

Nj
b(a; A) = {Aﬂ + Ajo tanh(lﬁ’)} , (2)
j=1 J

with b the arc boundary, A the N; x4 fitting boundary parameter matrix, N; the user-
defined number of summation terms, and = the linear magnetic east coordinate. Through-
out this manuscript, the coordinates x, y, and z refer to linear magnetic east, north, and
up in the northern hemisphere. The reason for the choice of summing hyperbolic tan-
gents lies in the tendency of auroral arcs to be aligned magnetic east-west and to be rel-

atively unstructured in this direction.

With this, we define our pseudo-basis potential ridge as

(y — Pis — b(x; ;1))2
Py ’

¢k (r; P, A) = (Pyix + Pio) exp | —

where P is the Ny x 4 potential parameter matrix, giving a total potential field of

o(r: P, A) = > éu(rs P, A). (4)

k=1

Parenthetically, prior work by (Clayton et al., 2021, Appx. A) aimed to instead warp the
flow field via a coordinate transformation to along/across-arc coordinates, similar to those
used by Marghitu (2012), but we have found the solution used here to be both simpler

to implement and faster in this context.

The plasma flow data from the virtual spacecraft provide the flow vectors v; =
(vgi, vy;) at positions r; = (x;,y;) with ¢ being the sample number. These flow data are
Gaussian smoothed, which is done mindfully as this directly impacts the FAC sources

in Eq. (1), but more on this in Section 4.2. With this, the electric field components, E,
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and E;ﬁ to be compared against the plasma flow data are

o ) o
El (r;;P,A) = ——¢(r;P,A
I(r b ) ) ax (r’ ) ) -
27 ri; P, A) 0b (r;; P, A)
= - P, Prix; + Pro)— — 5
> [+ 2D s ] o[- 25
o a o
EZ/J(rl,PaA) = 7aiy¢(r7P7A) r
2v(r;; P, A ri; P, A
= ZM(PMSQ-FPM)GXP _M 7 (6)
P P
k=1 k4 k4
with v(r; P, A) =y — Pi3 — b(z; A) and
N,
b JA; — A,
@D Z 292 o ch? (M”) (7)
X = Aj4 Aj4
From here, with B = —BZ, we rotate the electric field providing (non-optimized) plasma
flow:
I ) R E X B 1 4

This reduces the problem to finding the parameter matrix, PY, which solves
mlnz H (r;; P, A°), (ri;P, flo)) — (vxi,vyi)||2, (9)

where A° is the best fitting boundary parameter matrix, such that the continuous plasma
flow map, v, is given by

ve(r) = v'(r; P, A%), (10)
and subsequently the continuous potential map used to drive ionospheric models is
b.(r) = ¢(r; P°, A°). (11)

By using the potential ridges, we prioritize solutions for ¢. that have sheet-like morphol-
ogy in contrast to what has been done before (Kamide et al., 1981; Amm, 1997; Nicolls
et al., 2014; Bristow et al., 2016; Laundal et al., 2022). This maintains strong potential
gradients normal to the arc boundary, as may be expected from basic current continu-

ity considerations and observations of electric field variability near arcs (Marghitu, 2012).

2.1.2 Reconstruction example

Figure 2 shows an example use of the reconstruction algorithm. This example was
developed for the proposed ARCS mission (Lynch et al., 2024) to verify the ability of

plasma flow reconstruction given a local grouping of spacecraft. The virtual orbits are

—10—
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Figure 2. Example of a plasma flow field reconstruction. A: The electric potential map
used to drive the OSSE with the boundary, b, overlaid. B: The resulting flow field with the
virtual flow data points, v;, (red) interpolated from it. The color representation of flow has
the direction depicted by hue and the intensity by the color saturation. D, E: The recon-
structed electric potential, ¢., and flow, v.. C, F: The difference between the reconstructed
and OSSE east- and northward flow with the gray outline being the region of interest. Data

source: https://rcweb.dartmouth.edu/lynchk.

arranged densely to provide maps of along- and across-arc gradients. The black dashed
lines are the imagery derived boundary, b. The plasma flow vectors, v;, are overlaid in

red. The reconstructed electric potential, ¢., and reconstructed flow, v., match well within
the spacecraft region (gray outline in Fig. 2C, F) as per design. The maximum absolute
flow difference in this region is 47 m/s eastward and 28 m/s northward with averages

of 5(12) and 5(8) m/s.

2.1.3 Possible timprovements

A different choice of the potential ridges, ¢, can be used to stretch the well-fitted
region as presently the goodness-of-fit rapidly decreases when moving away from the space-
craft. The electric field resulting from a single ridge i.e. Egs. (5-6), far from the fitting

region is

lim E,(r; P, A) = — Py exp (12)

r—oo

(Y= Prs — bioo)’
Py

2
Pk:4

(y - Pk3 - b:too)2
= ].
r—o0 P]?4 ’ ( 3)

. g 2
lim Ey,(r; P,A) = —5 (Pr1x + Pr2)(y — Pr3 — b+oo) €Xp [—

—11-
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where bioo = >3;(Aj1 £ Aj2) and 9b/dx(z — £oo) — 0. Here, Eyx remains finite,
but E,;, diverges as |y| < oo A x — oo. As models often require extended coverage
surrounding the region of interest into which the flow map needs to extrapolate, slow-
ing down this divergence would provide improved solutions for outside the spacecraft re-
gion. Lastly, incorporating weighted fitting would provide error estimates for reconstruc-
tions from real data as opposed to an OSSE, e.g. weights of w; = 1/02 with o; being

instrument error.

2.2 Replication

The second method of developing continuous topside ionospheric plasma flow maps
uses individual, approximately across-arc data tracks of plasma flow data in conjunction
with all-sky, multi-spectral imagery. In this method, data points are replicated in the
along-arc direction using direct and indirect information from the imagery. Primary and
secondary boundaries are determined along which the data track is translated, scaled,
and the flow data are rotated to be tangent with the primary boundary. The example
here uses dataset “c5” from Clayton et al. (2021) on March 2, 2017 at 7:54:10 UT (20.2
MLT).

2.2.1 Arc boundary definitions

Determining the arc boundaries from multi-spectral imagery data first requires an
inversion (Grubbs II, Michell, Samara, Hampton, Hecht, et al., 2018; Grubbs II, Michell,
Samara, Hampton, & Jahn, 2018) to a map of total energy flux, @,, and characteristic
energy, F,, of the precipitating electrons. From these a proxy for the Pedersen conduc-
tance is made which is done using Eq. (3) by Robinson et al. (1987):

40E,(z,y)

Yp(x,y) = mé);/z(:ﬂ,y), (14)

with E, in keV and @, in mW /m?. It is, of course, possible to use multi- and/or two-
stream transport models (similar to how @, and E, are determined), such as the GLobal
airglOW (GLOW) model (Solomon, 2017), or look-up tables generated by such models,
to determine a more accurate Pedersen conductance; however, Eq. (14) suffices in pro-

viding a proof-of-concept.

With this, the primary and secondary arc boundaries are established in one of two

ways: 1) finding the magnetic latitude of the first two most prominent edges at each mag-

—12—
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Figure 3. Primary (solid) and secondary (dashed) boundaries using Pedersen conductance
and contour lines at 19.1 S and 10.5 S (black). In red are the boundaries determined using the
energy flux (not shown) with the steepest gradient method, as is done by Clayton et al. (2019,
2021). A: Pedersen conductance determined via Eq. (14). B: Magnetic northward Sobel con-
volution of the Pedersen conductance. Both sets of boundaries have an approximate smoothing

window of 15 km.

netic longitude using Sobel edge detection (Sobel, 2014) in the magnetic northward di-
rection, or 2) following a contour line at two isovalues which can be chosen directly, or
determined at the locations of the central two most prominent edges along the data track.
In either case, the boundary is Gaussian smoothed. Both of these methods can be ap-
plied to the either the total energy flux or Pedersen conductance. Clayton et al. (2019,
2021) use method 1 on the total energy flux, whereas, for the remainder of this paper,

we use boundaries determined using Pedersen conductance contour lines. Figure 3 shows
the Pedersen conductance and its magnetic northward Sobel convolution along with the
primary and secondary boundaries determined using method 2 with Pedersen conduc-

tance and method 1 with total energy flux.

2.2.2 Flow data replication

After the boundaries are determined, they are used to replicate the plasma flow
data track, but first, the flow data are Gaussian smoothed (more on this in Section 4.2)
and, prior to doing any replication, we split the plasma flow into two components: 1) the

background flow, v, treated as a constant, large-scale disturbance, and 2) the small-

,13,



205 scale disturbances imposed by the arc, vac:

V(r) = Vare(r) + Vig. (15)

206 Throughout the remainder of Section 2, this background flow is put aside and is only added
207 back when performing 3D simulations (see Section 3.2). In absence of background flow,

208 the most basic model of an auroral arc is composed of only across-arc flow shear (Marghitu,
200 2012). Thus, we define the background flow such that, once removed, the arc flow at the

300 intersection of the data track and the primary boundary is tangent to that boundary.

301 Furthermore, this simplistic model has the arc defined as a band of enhanced conduc-

302 tance in which we expect the electric field to decrease (Marghitu, 2012; Kelley, 2009).

303 Thus, we replicate these data along the arc boundaries, while remaining tangent to it,

304 and scaling such that the shorted out electric fields remain inside the area of enhanced
30 conductance. This leads to the following plasma flow data track replication algorithm:
306 1. The original data track is translated in the east-north plane by some amount fol-
307 lowing the primary arc boundary such that the original and replicated flow data
308 are equal at the primary boundary-track intersections.

300 2. The replicated data track is scaled in the along-track direction such that the orig-
310 inal and replicated flow data are equal at the secondary boundary-track intersec-
311 tions.

312 3. The flow data of the replicated track is rotated by a constant angle per data track
313 such that it remains to be tangent to the primary arc boundary.

314 4. This replication is repeated for multiple translations along the arc until the top-
315 boundary is filled with a sufficient replication rate.

316 Figure 4 illustrates these steps given the boundaries of Figure 3. The left panel of
317 Figure 4 shows two examples of how replications of the original trajectory are translated
318 and scaled. The western replication example is scaled down to have the data at the red
319 cross meet the secondary boundary, while the eastern replication is scaled up to do the
320 same. The right panel shows the replication, but done only for a few instances for illus-
321 tration purposes. This also shows the rotated flow vectors keeping tangent with the pri-
322 mary boundary.
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Figure 4. In situ trajectory flow data replication overlaid on the same conductance map from
Figure 3A. A: Two example replications (blue) of the original trajectory (red) along the primary
arc boundary (solid black). The black crosses have the same flow data. The red/blue crosses
indicate flow data before/after scaling to meet up with the secondary arc boundary (dashed
black). B: A low density replication (blue) along with the original, smoothed flow data (red).

Data source: https://rcweb.dartmouth.edu/lynchk.

2.2.3 Enforcing electrostatic flow

The replication procedure does not, generally, produce a flow field that is divergence-
free, implying a non-electrostatic component to the electric field which we seek to remove
for use in electrostatic models. The replicated flow data are interpolated onto the model
grid (more on this in Section 4.2). This section outlines two choices of fitting an elec-
tric potential map to this interpolated flow field, Va;e = Eare x B/B2, where B is the
magnetic field from Eq. (8) and E,,. is the arc disturbed ionospheric electric field per-
pendicular to B. The Helmholtz decomposition of the interpolated flow fields’ associ-

ated electric field reads:

E.c(r) = E[(r) + Eg(r) = —=V.(r) + V x A(r), (16)

where ¢, is the electric potential map we are looking for and A is the vector potential.
We want to remove the non-electrostatic part, i.e. find the irrotational electric field, Ej,
and remove the solenoidal field, Eg, in a way that best agrees with the interpolated flow

field. Two choices of doing so are:

1. Brute force: Perform a least-squares fitting algorithm (Levenberg—Marquardt

in our case) that fits a potential map, ¢, to minimizes the residual between the
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the solution of which, ¢, is the continuous potential map we want.

. Fourier Representation Of Poisson’s Equation (FROPE): We take the di-

vergence of Eq. (16) to get Poisson’s equation:
V2h.(r) = =V - Eare(r). (18)

We can solve for the particular solution using a Fourier representation:

7 . ad r k : Earc k
P00 = ik B9 = 00 =il (19)
where k = (kg,k,) is the wave vector, such that the particular potential solu-
tion map is
p(r) = (F ' oe)(x). (20)

The homogeneous solution, ¢, where ¢. = ¢, + ¢, and V2¢, = 0, usually is
determined using a Laplace solver enforcing the boundary conditions of E,,.. How-
ever, in order to have more control of the weighting of the plasma flow generated
by our replication and interpolation procedure, we opt for one of two options: the
first, ¢, = ¢4, has the average electric field before and after enforcing electro-

statics remain, i.e.
$a(r) = (=Vp(r) — Earc(r)) - T. (21)

This option requires no optimization (i.e. it can be computed directly from the
particular solution found above), whereas a second option, ¢, = ¢}, solves the

optimization problem
min =V (p(r) + ¢ (v; F)) — Eae(r)||* with r € M, (22)

where F is an mx2 parameter matrix, M is a user defined masking domain sur-
rounding the primary and/or secondary boundary, and original data track, and

4" is the most general polynomial of degree m in z and y that satisfies Laplace’s

equation:
m |n/2] n Foo n
r; F 1,2q+1 n—2q—1 + n x?q n—2q ,
#Axi ) ; ;) [ <2q+1> / p\2g)" Y

(23)
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where p is a scaling parameter used to facilitate fitting higher order terms. An ex-

ample for m = 2 and p = 10 m gives

_ F. F:
gb%(r, F)=Fhz+ Fioy+ 1—201(:172 — y2) + 1—202xy (24)

Note that z, y, and p in meters and F in V/m has ¢} in volts. When solving for
this optimization problem the initial guess is taken to be ¢,.

To show this is the most general case, take the complex polynomial of degree m

p(z) = Z F,2", where 2" = (z +iy)" = Z (Z) 9 (iy)nfq/, (25)

n=0 q’'=0

and recognize that the homogeneous polynomial 2™ is analytic which therefore has
harmonic real and imaginary parts (Ahlfors, 1953). This gives two parameters,
the real and imaginary parts of Fj,, for each value of n. To show uniqueness, we
recognize that the Laplacian maps homogeneous polynomials of degree n to those
of degree n—2, the domain and image of which have dimensions n and n—2 re-
spectively. By the rank-nullity theorem, this means the dimension of the kernel

of the Laplacian is n — (n — 2) = 2, so we have found all solutions.

Along with the interpolated flow field (column 1), examples of the brute force and
FROPE are shown in Figure 5 (columns 2-3). The divergence panel shows that of the
interpolated flow field and indicates the location of rotational signatures which are in-
terpretable as Alfvénic. Although the brute force method is easiest to justify being the
“best” fit, it is also by far the slowest. The FROPE method, on the other hand, has the
advantage of using the fast Fourier transform method and it compares reasonably well,
even when using the direct harmonic solution, ¢,. This is illustrated in Figure 6 which
shows the residual between the brute force solution and the potential from Eq. (20) com-
pared against a masked and unmasked harmonic fit. A constant background electric field
match, i.e. a harmonic function that is constant sloped plane, ¢,, is a first order solu-
tion in this particular case but this requires further confirmation for other cases. The
masking acts as a binary placeholder for a continuous error based weighting map. Such
an improved map will aid in constraining the potential in the corners of the model space

(see Figure 6C).
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Figure 5. Comparison of methods for determining a potential map from an interpolated
flow map, varc. In red are the in situ plasma flow data which have no smoothing applied in
an effort to stress test these methods. A-C: Eastward plasma flow from interpolation, the
brute force method, and the FROPE method. D-F: Same as panels A-C but northward.

G: Divergence of the interpolated flow. H, K: Difference in east- and northward flow be-
tween brute force and interpolated. I, L: Difference in east- and northward flow between
the FROPE and brute force. J: Total precipitating energy flux (for reference). Data source:

https://rcweb.dartmouth.edu/lynchk.
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ting and Eq. (20). B: Unmasked harmonic function fit from Eq. (23) with m = 5 and p = 10 m.

C: Same as panel B but masked with the mask, M, in red.

2.2.} Replication example

384

Figure 7 shows the replication methodology applied to the “c5” example by Clayton

385

et al. (2021) (see their Table 1). The top row has the scaling and rotating applied, whereas

386

the bottom row has neither applied. For the top row, the masked 2-sigma ranges of the

387

residuals in enforcing electrostatics are +106 m/s eastward and +{13 m/s northward. For

388

the bottom row, these numbers are £84 m/s and +£101 m/s. Qualitatively, the applied

389

scaling to the replication results in a co-location of the shorted-out electric field and the

390

auroral precipitation as seen by the ¥ p contour lines in panel A, in comparison to panel

391

D. Secondly, the applied rotation provides more streamlined plasma flow, in the literal

392

sense, as seen by the change from southwest to west to southwest flow in panel A. In con-

393

trast, without rotation the flow remains westward resulting in a changing angle between

394

the electric field and the conductance gradients. This has physical effects on auroral cur-

395

rent closure (see Eq. (1)).

396

2.3 Weighted replications

397

In the event of a conjunction between auroral imagery and two flow data tracks,

398

the replication method can be repeated for both tracks up to and including the inter-

399

polation step (at the beginning of Section 2.2.3).

400

and secondary boundaries as well as the same background flow,

401

flow is determined by whichever replication is done first. The flow data smoothing is also

402

performed with approximately equal Gau
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Figure 7. Input flow and potential maps used to drive simulations with (top row) and with-
out (bottom row) replication scaling/rotating. A, D: Hue-saturation plots of input flow maps,
—V ., with contour lines of Pedersen conductance, ¥ p. B, E: Difference between input and in-
terpolated plasma flow maps, i.e. —V¢. — Varc, with masking contours where the harmonic func-

tion is fit. C, F: Input potential maps, ¢.. Data source: https://rcweb.dartmouth.edu/lynchk.

Once both data tracks have their replication and subsequent interpolated flow fields,

they are weighted averaged with the weighting functions

wa(r) = % [1 + tanh(dmin’B(r) 8; dimin. (1) )] Jwp(r) =1 — wa(r). (26)

Here, dmin, 4 is a map of the shortest straight-line distances from points r to data track
A and similarly for data track B. This configuration of weighting allows for two inter-
secting data tracks. The scale length, s,,, will introduce flow gradients and has to be cho-

sen with care. From here we have a new interpolated arc-disturbed plasma flow,
Vare(r) = wA(r) Vare, a(r) + wB () Vare, B(T), (27)

from which the methodology from Section 2.2.3 takes over. This ensures electrostatics,
but it should be mentioned that, on top of the divergences still remaining in either data
track’s interpolated field, this weighting function introduces additional divergence of the
form

(V- Varc)w = Vwa(r) - (VarC,A - VarC,B)~ (28)

This weighting function, however, has small northward gradients and the interpolated

flows are expected to not vary much eastward, i.e. Vwy, is approximately orthogonal to
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Varc,A — Varc,p resulting in minimal diverging flow. This ensures that the subsequent
Helmholtz decomposition provides an electrostatic solution of the final flow map that

does not stray far from the interpolated flow map.

2.3.1 Wezighted replication example

To illustrate the double replication methodology, a conjunction from the Swarm-
over-Poker-2023 campaign is used (Feb - March 2023, Poker Flat Research Range, AK).
This campaign facilitated conjunctions of (among a variety of other data) ion flow data
from the Thermal Ton Imagers (TII) (Knudsen et al., 2017) on ESA’s Swarm mission,
convection flow data from AMISR’s Poker Flat Incoherent Scatter Radar (PFISR) (Kelly
& Heinselman, 2009; Nicolls & Heinselman, 2007; Heinselman & Nicolls, 2008), and multi-
spectral, all-sky imagery from the Poker Flat DASC (Conde et al., 2001). This season
provides a rich source of heterogeneous auroral observations for the winter months of 2023.

Our example uses data from March 19 at 8:23:44 UT (20.4 MLT).

To circumvent the flagged poor-quality data of the Swarm ram ion flow component
for this conjunction, the data streams from both the vertical and horizontal TII instru-
ments are simultaneously fit using locally weighted scatterplot smoothing to average the

two streams while suppressing outliers from the overall trend.

Figure 8A summarizes this event showing an auroral arc peaking at Q, ~ 30 mW/ m?
(and E, =~ 7 keV, not shown) with some along-arc structure. The left trajectory shows
ion flow data from Swarm B and the right data track shows convection flow data from
PFISR. Panel B also shows the Pedersen conductance (this time inverted using GLOW
(Solomon, 2017)) which is used to determine the arc boundaries, and panel C shows the
weighting function used for the Swarm data. The bottom row gives the final continu-
ous plasma flow maps when using only the Swarm data, or the PFISR data, or both. The
individual reconstructions in panels D and E are dissimilar which is to be expected given
the along-arc structure; the flow data are different at the two locations surrounding the
arc, as are the conductance gradients. The final combined flow (panel F) before and af-
ter enforcing electrostatics have residual 2-sigma standard range of +91 m/s eastward

and +127 m/s northward.
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Figure 8. Weighted replication example. A: Precipitating total electron energy flux with
plasma flow data from Swarm (left trajectory) and PFISR (right data track) in blue. B: The
GLOW derived Pedersen conductance with the primary (solid) and secondary (dashed) bound-
aries overlaid. C: The weighting map, wa, used for the Swarm data with a scale length of s, =
200 km. D-F: Resulting flow maps from using only Swarm data, only PFISR data, and from us-
ing both datasets, respectively. The dashed contours are of Pedersen conductance. Data sources:
http://optics.gi.alaska.edu/optics (DASC), https://data.amisr.com/database (PFISR),

and https://swarm-diss.eo.esa.int (Swarm).
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3 Auroral Ionosphere 3D Modeling with Potential Map Estimates
3.1 The GEMINI model

To investigate the effects of continuous topside ionospheric plasma flow maps in
conjunction with auroral precipitation, we use state-of-the-art 3D ionospheric simula-
tions provided by the Geospace Environment Model of Ton-Neutral Interactions (GEM-
INT) (M. D. Zettergren & Semeter, 2012; M. Zettergren & Snively, 2019). This is a multi-
fluid (6 ions + electrons), quasi-electrostatic model with its calculations of particle con-
tinuity consisting of chemical production/loss and photo/impact ionization. Calculations
of local densities, plasma flows, and temperatures are treated self-consistently and the
model includes thermal conduction heat flux, collisional heating, thermoelectric electron
heat flux, and inelastic cooling/heating from photoelectrons. This is supplemented with
Maxwell’s equations and, at the time of writing, includes no displacement current or mag-
netic induction effects. With this, the system is solved through enforcing divergence-free
currents, curl-free electric fields, and invoking Ohm’s law. A full description of govern-
ing equations solved by GEMINI is given in M. D. Zettergren and Snively (2015, Appx.
A).

3.2 Simulation examples

Figure 9 shows GEMINI output data with Figure 7C as the plasma flow driver and
the same precipitation data used by example “c5” from Clayton et al. (2021). Unlike pre-
vious figures, here the figure/simulation has vi,z put back in. This simulation has 440x
504 x 814 nonuniform cells in the magnetic east, north, and up directions and runs for
90 seconds. The calculated FAC slice is taken at an altitude of 200 km, but is plotted
at 80 km for visualization purposes. Similarly, the electron density slice is taken at the
center but plotted at the eastern wall. In order to visualize FAC closure, we opt for cur-
rent flux tubes which are made possible by the GEMINI enforced condition of V- j =
0 and the use of streamlines sourced at closed elliptical curves (solid black curves). This
enables an astute interpretation of auroral current closure by showing where a patch of
FAC joins back with the magnetosphere, or where a region of Hall current exits the model
space. The dotted black and blue curves show the projection of the terminating ends of
the flux tubes onto the FAC map. The green flux tube (27.8 kA) represents a traditional

example of FAC closure via the Pedersen layer, closing down between 118 - 159 km. The
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Figure 9. Plasma flow driven GEMINI output with input from the potential in Figure 7C.
Current flux tubes are colored for distinction purposes and start/end at solid black/blue curves.
The orange flux tube runs in reverse from the poleward to the equatorward boundary walls.
East side: A north-up slice of electron density taken at 0 km east along with flux tube outline
projections. Bottom side: An east-north slice of FAC (with parallel being down) taken at 200
km altitude along with flux tube start/end curve projections (dashed) and electric field vectors

(magenta). These electric field vectors include the background electric field.

orange tube (31.0 kA) runs underneath it near the Hall layer and shows exchange be-
tween a region of Hall current and Pedersen current (see magenta electric field vectors)

up near the bottom of the Pedersen layer. This tube enters at the poleward wall between
90 - 110 km in altitude, spans between 87 - 100 km at its lowest point, and exits the equa-
torward wall between 101 - 126 km. The red flux tube (23.9 kA) is, to some extent, a
combination of these two, and has two exit regions. When this tube runs out of upward
FAC to close through in its adjacent current sheet, it continuous onto the next upward

FAC sheet poleward of it where the remaining 2.5 kA is closed.

To show the effects of steps 2 and 3 of section 2.2.2 we run additional simulations

(at a lower resolution of 128 x 512 x 212) using the same precipitation maps but with
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Figure 10. Calculated FAC components from Eq. (1). A-C: Terms 1 through 3 respectively
split from the FAC map shown in Figure 9 along with arc boundaries (dashed). D-F: Same as

terms from the top row but with replication scaling and rotating turned off.

the replication scaling and rotating turned on and off (see Figure 7D-F). Figure 10 di-
vides the topside ionospheric FAC maps of both simulations into the three terms from
Eq. (1) in order to look at the effects of the plasma flow shear and precipitation gradi-
ents separately. Figure 10D shows sensible results given a single arc boundary, but pan-
els E and F illustrate an amalgamation of two apparent arc profiles at the poleward edge
of the arc; even though this replication is fully transparent to the secondary boundary,
the Pedersen and Hall conductance gradients cause the secondary boundary to substan-
tiate. In contrast, Figures 10A-C show clean alignment between both arc boundaries for

all three FAC terms.

4 Discussions
4.1 Improvements to auroral plasma flow mapping

Figure 9 indicates that even for basic examples of auroral arc systems, the mor-
phology of current closure is 3D in nature. The green flux tube depicts a more instinc-
tive auroral current closure type (Mallinckrodt, 1985) using largely Pedersen currents
to close, however, the red flux tube illustrates a less common view of FAC current clo-

sure; not all current from one FAC sheet has to close with its neighbouring sheet. The
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section of the sourced FAC furthest equatorward has to “dig” deeper into the Hall layer,
subsequently horizontally rotating, in search of another closure path. Secondly, the or-
ange flux tube is mostly Hall current, but includes divergence, i.e. the last term in Eq. (1),
which is being fed by Pedersen currents as the tube descends from regions of higher con-
ductivity (see the electron density panel). The Pedersen current being used by this clo-
sure can no longer be used to close FACs, which is how diverging Hall currents can in-
directly effect topside ionospheric currents. Moreover, FAC closure is not restricted to

the 90 - 130 km altitude range where Pedersen and Hall conductivities maximize; depend-
ing on the perpendicular distance from the FAC sheet inflection line, Pedersen closure
can happen at altitudes as high as 159 km in this instance. From a current flux conser-
vation standpoint, this is a matter of balancing the lower conductivity at these heights

with a larger flux tube cross-section.

All this 3D structure is attributable to the interplay of the altitude dependent Ped-
ersen and Hall conductivities as a region of current follows the path of least resistance.
To better understand electrostatic auroral arc scale science, and the non-passive role the
ionosphere plays in quasi-static MI coupling, these 3D features require further studies,
which in turn requires 3D auroral simulations and thus this provides the need for con-

tinuous, topside ionospheric, electrostatic plasma convection maps.

We have developed techniques for creating such maps from sparse, heterogeneous,
and distributed measurements which focus on the anisotropic physical and gradient scale
lengths of aurorae, and discrete sheet-like morphologies. The reconstruction, replication,
and weighted replication methodologies all aim to use maximal information from imagery
derived precipitation maps to provide geophysical extrapolations of plasma flow maps
surrounding auroral arcs. This is achieved by the following extensions to work done by

Clayton et al. (2019):

1. Opting for imagery derived Pedersen conductance contour lines, in place of en-
ergy flux gradients, as a more natural choice for replicating electric field data.

2. Using a secondary auroral arc boundary to which the plasma flow data are scaled
in an attempt to co-locate shorted-out electric fields with enhanced precipitation.

3. Rotating replicated plasma flow data to ensure the zeroth order flow shear def-

inition of auroral arcs.
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4. Using the Fourier Representation Of Poisson’s Equation technique in enforcing elec-

trostatics.

Figures 7 and 10 demonstrate these improvements. These additional measures ensure
that the relative directions between the electric fields and the imagery related gradients
are more geophysical, and they represent the next step toward studying auroral arcs that

stray from ideal, sheet-like morphologies.

4.2 Cautionary remarks

The Gaussian smoothing of the plasma flow data (referred to in Section 2.2.2) should
not be arbitrary. Eq. (1) shows that the gradients in the data track direction directly
affect the magnitude of the FAC. The resolution of the optical data (often the limiting
resolution) should match the resolution of the plasma flow data in such a way that the
Pedersen, Hall conductance gradient, and diverging electric field terms balance in Eq. (1).
For example, Figure 8 shows a precipitation and conductance map that have similar min-
imum structure sizes to that of the resulting plasma flow maps. As a validation check,
the area integral of the model calculated FAC map over the region of interest should ap-

proximately vanish.

Improvements are being made to all-sky imagery inversions, however. The resolu-
tion of optical data were previously limited by the necessity of time averaging or spa-
tial low-pass filtering to suppress CCD noise. At the time of writing, we are exploring
the use of translation-equivariant wavelet denoising to suppress noise while preserving

high spatial and time resolution, as well as across-arc gradients.

As a further cautionary reminder, the replicated plasma flow interpolation (see Sec-
tion 2.2.3) needs to be done using cubic or cubic spline methods to ensure a continuity
of C! or higher. Using linear interpolation results in strong rippling of simulated FAC

because of discontinuous first derivatives of the electric field.

5 Conclusions and Applications

Measurements of auroral arc systems can be sparse, heterogeneous, and widely dis-
tributed, while ionospheric models generally require continuous top-boundary drivers.

We address this challenge by using extensive information from multi-spectral, all-sky im-
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agery. We have outlined three empirical methods for creating electrostatic, spatially con-
tinuous, topside ionospheric convection boundary conditions that focus on typical sheet-

like discrete auroral arc structures. The main takeaways are as follows:

1. Even for the most basic auroral arc systems, a 1D (latitude) or 2D (latitude-altitude)
description can be insufficient and may hide the 3D nature of current closure.

2. When extrapolating ionospheric topside plasma flow data surrounding auroral arcs
it is important to scale the data in a way that co-locates the associated shorted-
out electric fields with the region of enhanced conductance.

3. Similarly, it is important to rotate the plasma flow data in a way that avoids in-
troducing arbitrary angles between the ionospheric electric field and the conduc-
tance gradients.

4. Current flux tubes whose ends are near the FAC inflection line between an upward
and downward current sheet can close through Pedersen current at altitudes well
above where Pedersen conductivity maximizes.

5. Current flux tubes surrounding auroral arcs can split; a region of FAC inside one

downward current sheet can close in two upward current sheets.

It is possible to merge the techniques described in this paper with Lompe (Laundal
et al., 2022) to provide even more self-consistency. This could be done directly by us-
ing replicated flow maps (with appropriate weighting) and FAC data. Another way would
be by adding constraints to Lompe that prioritize solutions with small angles between
conductance gradients and flow, and solutions with small products between electric field

and conductances to act as step 2 and 3 in Section 2.2.2.

Finding a set of electrostatic auroral conductances, convection flow, and FAC maps
that are physical and self-consistent can be fully determined through current continu-
ity. Finding a set that appears in nature, on Earth, and is likely, however, requires a greater
understanding of the three-dimensional interplay between these three ingredients. The
techniques outlined in this paper can be used to develop a series of data-driven 3D sim-
ulations provided by conjunctions like those from the Swarm-over-Poker-2023 campaign.
Conjunctions which include convection flow data provided by EISCAT 3D (Stamm et
al., 2021) can also be used in the future using these techniques. Such simulations can
be idealized to retain only the fundamental auroral structures (peak precipitation flux,

flow shear, arc width, etc.) where the resulting data-inspired simulations can be defined
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by a manageable number of parameters. This parameter space can be strategically ex-
plored, gradually straying auroral systems from ideal, sheet-like structure. Understand-
ing the physical mechanisms connecting these various parameters will aid in studying

data-driven simulations.

6 Open Research

All 3D simulation data, Isinglass data, imagery inversions, and reconstruction/replication

tools are available at https://rcweb.dartmouth.edu/lynchk. The data for the Poker
Flat DASC are available at http://optics.gi.alaska.edu/optics/archive, for AMISR
at https://data.amisr.com/database, and for the Swarm TII at https://swarm-diss
.eo.esa.int. The GEMINI source code and documentation is available at https://

github.com/gemini3d.
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