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ARCS addresses Key NASA Goals by exploring auroral processes at mesoscales.  These scales have consequences, not only for the ionosphere-thermosphere (IT) system but significantly for the global dynamics of the entire magnetosphere.  ARCS directly aligns with NASA Strategic Goals and Objectives and with NASA SMD’s strategic objectives to explore processes in the space environment active throughout the solar system and the universe. Specifically, ARCS’s focus is to fill key knowledge gaps of  “how the IT system responds to, and regulates magnetospheric forcing over... regional and local scales” (AIMI-1).

Plasma Flow (STA) Field Aligned Currents (MAG) Electron Density (eTOMS) Precipitation Energy (GBO)

The ARCS swarm produces  low-resource observations  for  system science enabling progress  toward the “Diversified and Distributed Sensor Deployment Strategy” envisioned in the NAS Decadal Appendix C [NRC, 2013] as a requirement for creating “system-wide understanding” based on data “integrated into distributed yet coordinated approaches  that create the best system-wide understanding.”

• Truly next generation mission using a swarm of 32 cubesats (red dots above) to explore the aurora at mesoscales• In-situ flows, currents, and 3D electron density measurements over a dedicated array of ground-based auroral imagers (green circles above) & dual frequency transmitters
• Multi-point data reconstructions feed modern 3D physics-based simulations to explore the auroral ionosphere as a system• Observing System Simulation Experiment (OSSE) with synthetic data generated by GEMINI model shown in reconstruction examples below
ARCS MISSION OVERVIEW:

ARCS SYNTHETIC DATA RECONSTRUCTIONS

ARCS Science Objectives:• SO-1: DISCOVER  Map the 2D mesoscale structure and temporal evolution of plasma �ows and currents in the auroral ionosphere.• SO-2: LINK Determine how these 2D maps of plasma �ows and currents self-consistently evolve in conjunction with auroral ionospheric density responses• SO-3: UNDERSTAND Determine the roles of the physical mechanisms regulating the relationships between the �ows, currents, auroral forms and precipitation in the auroral ionospheric system.
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Executive summary
The Auroral Reconstruction CubeSwarm 

(ARCS) MISSION GOAL is to decode the au-
rora by exploring the relationship between 
the visible aurora and distributed currents 
DQG� ÀRZ� ¿HOGV, to unlock critical physics of 
the auroral ionosphere at mesoscales. ARCS 
generates novel, high fidelity, two-dimensional 
electric and magnetic field maps from an in situ 
CubeSwarm in concert with dense ionospheric 
tomography and ground-based multispectral 
auroral imaging. The final link in the fundamen-
tal global magnetic convection cycle is reflected 
in, and possibly governed by, these fields and 
associated aurora. Mesoscale flows, currents, 
and auroral structures represent significant 
ionospheric energy inputs at auroral latitudes, 
creating a variety of geophysically important 
responses and space weather impacts. These 
are fundamental processes occurring at mag-
netized planets and moons with ionospheres. 
ARCS is a next-generation mission consist-
ing of the first-ever swarm of NASA scientific 

observatory system spanning Alaska. The mul-
tipoint in situ and ground-based measure-
ments, together with dense tomography, pro-
YLGH�KLJK�¿GHOLW\�GULYHUV�IRU�VWDWH�RI�WKH�DUW�
physics-based simulations to provide rigor-
ous connections to the underlying physical 
processes. 

ARCS implements multiple copies of four 
instruments: STA, MAG, eTOMS, and GBO. 
Each of the 32 identical Blue Canyon Tech-
nologies (BCT) 6U CubeSats carries: (a) two 
Sweeping Thermal Analyzers (STAs), an elec-
trostatic analyzer to record distribution func-
tions of thermal ionospheric ions and measure 
the ionospheric flow vector; (b) a fluxgate 
magnetometer (MAG) on a boom for auroral 
magnetometry; and (c) an electron density to-
mography scintillation experiment (eTOMS) at 
UHF and S-band frequencies, recording phase 
and amplitude information on beacon signals 
from the Ground Based Observatory (GBO), 
our fourth instrument, consisting of 32 stations 
in Alaska. Each GBO station includes multi-

Figure D-1. ARCS heterogeneous arrays in a GEMINI model datacube

satellites packaged in 
high-heritage CubeSat 
buses, coupled with a 
dense grid of custom, 
ground-based observa-
tories. 

ARCS addresses its 
Science Objectives with 
a heterogeneous array 
of observations, illus-
trated in Figure D-1, 
with distributed cover-
age of mesoscale auro-
ral ionospheric systems. 
ARCS consists of an 
array of 32 6U Cube-
Sats - a CubeSwarm. 
The CubeSwarm has 
nightly conjunctions 
with a new, 32 station, 
dedicated ground-based 

Figure D-1. ARCS heterogeneous arrays in a GEMINI 
model datacube

SECTION D THROUGH §D.3 IS UNCHANGED OTHER THAN MINOR CORRECTIONS FROM STEP 
1; CHANGES ARE MARKED IN GREEN AND DETAILED IN THE SCIENCE CHANGE MATRIX. NEW 
SECTIONS §D.4-§D.7, MARKED WITH A COLUMN BAR, PROVIDE ADDITIONAL DESCRIPTION 
OF RESOLUTION, SUFFICIENCY, AND CLOSURE WITHOUT CHANGING SCIENCE OBJECTIVES.
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spectral auroral imagers to observe the aurora 
at high resolution and cadence, allowing deter-
mination of precipitation total energy flux and 
average energy. 24 GBO stations also include 
matching transmitters for the eTOMS receivers, 
providing a very dense lattice of ray paths for 
tomography. 

The BCT CubeSat bus uses flight-proven 
power, attitude determination and control, 
electric propulsion, navigation, and telemetry 
systems exceeding ARCS requirements. The 
CubeSwarm deployment, commissioning, orbit 
and configuration maintenance, and command 
and telemetry use proven technologies and offer 
substantial margins. 

ARCS uses existing instrumentation in a 
new, distributed platform, for a transforma-
tive system science view.

D.1 Science Background, Goal, and Objec-
tives 
D.1.1 Science Goals and Objectives 

The ARCS MISSION GOAL is to decode the 
aurora by exploring the relationship between 
the visible aurora and distributed currents and 
flow fields, to unlock critical physics of the au-
roral ionosphere at mesoscales. These are scales 
relevant to nightside discrete arcs, defined be-
low. The night-time aurora and its dynamics are 
tell-tales of the invisible electrodynamics ulti-
mately driven by the transport of magnetic flux 
from the tail to the inner magnetosphere. This 
flux transport is the final link in the global mag-
netic convection cycle >Dungey, 1961@ starting 
with magnetic reconnection at the dayside mag-
netopause >Burch et al., 2016@ and proceeding 
with convection into the lobes, tail reconnec-
tion >Torbert et al., 201�@, transport Earthward, 
and ultimately back to the dayside. This global 
magnetospheric convection is reflected in the 
2D plasma convective flows in the ionosphere.

Dynamics of magnetospheric convection 
create auroral forms occurring on mesoscales, 
intermediate between large (!2 hours in local 
time x 10� in latitude) and small (�50 km in lon-
gitude and �0.1� in latitude) sizes; these forms 
often have sharp boundaries at a1 km scales. 
Auroral arcs, auroral streamers, westward trav-
eling surges, and poleward boundary intensifi-
cations occur systematically in the nightside au-
roral zone reflecting fundamental but different 

magnetospheric dynamics, and are intimately 
related to parts of the convection cycle; these 
visible signatures reflect sudden onsets of flows, 
currents, and plasma reconfigurations. How-
ever, since the electrodynamics are invisible it 
has not been possible to decode these visible 
auroral forms and their evolution to determine 
the corresponding flows and currents and hence 
understand their contributions to convection 
and energy dissipation. A crucial step in un-
derstanding how the coupled magnetosphere 
- ionosphere system controls convection is 
to observationally constrain, and under-
VWDQG��WKH�ÀRZV�DQG�FXUUHQWV�DW�WKH�DXURUDO�
footpoint of the system. The ARCS mission 
delivers focussed, closely spaced, distributed, 
in situ observations of ionospheric flows and 
magnetic fields, together with advanced multi-
spectral distributed auroral imaging and dense 
local ionospheric tomography using arrays of 
ground transmitters, to provide the observa-
tional breakthrough required to finally reveal, 
by fully constraining the ionospheric end of the 
coupled system, the actual electrodynamics of 
each of these auroral forms.

ARCS bypasses standard idealizations of 
the auroral ionosphere. Prior auroral studies at 
arc-relevant mesoscales have been constrained 
by limited observations and are forced to pre-
sume variations exist only across magnetic-lat-
itude-aligned structures (1D) and/or use height-
integrated ionospheric slabs. Some parameters 
such as electric potential are indeed strongly 
mapped along magnetic field lines (2D), and 
auroral features are often invariant along their 
length (1D). Nonetheless, parameters defining 
the auroral ionosphere (currents, flows, and 
conductivity) vary in three spatial dimensions 
(3D) and in time (i.e. including inductive ef-
fects). The mesoscale forms we want to decode 
can have (or not have) significant variations 
along their length, and their behavior can de-
pend closely on the 3D structuring of conduc-
tivity, currents, and flows. The current continu-
ity equation (below) quantifying this system 
depends not only on the parameters themselves, 
but also on their divergences, gradients, and 
curls, so the distributed and high-fidelity maps 
form the ARCS observational breakthrough 
required for progress on quantitative analysis of 
realistic auroral forms.
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ARCS top-level science objectives are thus:

What are the open puzzles?
SO-1 encapsulates puzzles requiring distrib-

uted, high-fidelity in situ observations of au-
roral drivers. How is the ionospheric electric 
field distributed, how localized are regions of 
flow, how are they placed in relation to regions 
of current, how do regions of current evolve" 
Figure D-2 shows a flow field replicated from 
a single sounding rocket crossing, assuming 
invariance in the arc-tangent direction; ARCS 
observes directly the 2D field. 

SO-2 concerns causal connections between 
auroral drivers and plasma density respons-
es. When do arc structures reflect ionospheric 
electric field structures adapting to an imposed 

current, and when are they current structures 
adapting to an imposed electric field" How can 
we recognize which of these two aspects domi-
nate in different situations" What ionospheric 
density structuring results from current-driven 
vs voltage-driven sources" How are mesoscale 
density structures, fields, and currents connect-
ed to ionospheric radio scintillation" 

SO-3 pulls together the first two objectives 
and explores puzzles about the relative roles of 
different physical processes in arc structures. 
When are Pedersen currents sufficient for cur-
rent closure and when do Hall currents play 
a role" Do arcs twist in order to satisfy an in-
creased need for current carriers" Is proper mo-
tion related to return current carrier evacuation, 
and when is this necessary" What details of 
ionospheric dissipation processes are driven by 
mesoscale electromagnetic and particle energy 
inputs" Why do arc structures take on the va-
riety of forms they do, and can we learn to use 
them as a diagnostic of the M/I state"  

Resolving this broad range of open puzzles 
± including current vs voltage generators for 
arcs >Newell, 1996; Borovsky, 199�@, distri-
butions of electric potential at high latitudes 
>Lyons, 2016@, energy input quantification er-
rors >Huang, 2014; Codrescu et al., 1995, 2000; 
Deng et al., 2009; Pedatella and Richmond, 
201�@, locations of strong localized flow shears 
>Archer et al., 201�, 2019a@ -- in the auroral 
zone depends critically on observing mesoscale 
features at high fidelity. Progress on understand-
ing requires a new paradigm of measurements.  

ARCS addresses, through distributed, high-
fidelity in situ measurements and modeling, 
the hypothesis that mesoscales are important to 
auroral physics in terms of both self-consistent 
magnetosphere-ionosphere coupling and the 
ionospheric dissipation of energy. The integra-
tion of the paradigm-shifting class of distrib-
uted observations with state-of-the-art physics-
based simulations therefore provides a powerful 
capability to identify key relationships between 
a wide range of auroral ionospheric scales.

Why haven’t we answered these puzzles?
The ARCS science objectives require mapped 

characterizations of critical system parameters 
at mesoscale (arc-relevant scales, see below) 
resolution, in order to get past limiting as-
sumptions about static sheetlike auroral struc-

Figure D-2. High fidelity, in situ flow vectors, 
replicated along the arc, overlay an auroral 
image (Clayton et al., 2019a) highlighting the 
clear connection between the arc structure and 
flow field measurements.

)LJXre '��� +LJK ¿deOLt\� LQ VLtX ÀRZ YectRrV

• SO-1: Map the 2D mesoscale structure and 
temporal evolution of plasma flows and 
currents in the auroral ionosphere; 

• SO-2: Determine how these 2D maps of 
plasma flows and currents self-consis-
tently evolve in conjunction with auroral 
ionospheric density responses; and

• SO-3: Determine the roles of the physical 
mechanisms regulating the relationships 
between the flows, currents, auroral forms 
and precipitation in the auroral ionospheric 
system.
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tures, and to progress beyond the capabilities 
of large-scale low-resolution models. Figure 
D-3 illustrates the disparity between state-
of-the-art global models, and local models 
capturing arc-scale features; a major difficul-
ty for progress has been the lack of distributed 
high-fidelity observations of drivers. This event 
demonstrates strong, clear, local activities not 
captured by the high-latitude convection driver 
used for the global simulation. $�GLI¿FXOW\�RI�
addressing our science objectives with exist-
ing databases such as global auroral imager 
and SuperDARN data is that they only resolve 
large-scale features >=ou et al., 2009@ and are 
insufficient for revealing mesoscale auroral fea-
tures. Radar imaging even from local facilities 
such as PFISR and EISCAT3D provides plasma 
information averaged over a voxel of dimen-
sions comparable to their resolution, far differ-
ent from the point-like measurements of an in 
situ probe; and do not measure electric currents.

What is mesoscale? 
The size of mesoscale nightside auroral 

structures targeted by ARCS ranges from a60 
km (e.g., auroral beads) to several hundreds of 
km (e.g., westward traveling surges) >e.g., Kal-
moni et al., 201�; =ou et al., 2010@; to discrete 

arcs a few km wide >Knudsen et al., 2001@, with 
gradient scale length boundaries of order of a ki-
lometer >Clayton, 2019a@ and longitudinal spans 
wider than Alaska (1000 km). Recent observa-
tions by the ESA Swarm mission >Archer 201�, 
201�@ show the strong localized flow structures 
adjacent to nightside arcs, with, as in Clayton et 
al. >2019a@, gradient scale lengths on the order 
of a km. The mosaic shown in Figure E-23 illus-
trates the range of structures to be seen over AK 
at 10UT (2230 MLT). The multicamera image 
shown on the Fact Sheet illustrates the span of 
these structures, as well as their finely detailed 
edges. We wish to capture the arc-relevant fea-
tures shown, both over a regional 2D span en-
compassing the structures as a whole, and with 
high-resolution pointlike observations with km 
resolution. In �D.5-� and �E.3 we show meth-
ods for reconstructing in situ vector fields from 
multipoint in situ data, using information about 
directions of maximum and minimum variance 
to help connect the dots across the field.

 
A strongly coupled 3D system:
The interaction of auroral currents and particles 
with the terrestrial atmosphere and ionosphere 
is a fundamentally three-dimensional pro-
cess not captured with sheet-like idealizations, 
or with existing global models, or with observa-
tions containing inherent space-time ambigui-
ties. It is not possible to fully populate this sys-
tem down to arc-relevant gradient scale lengths 
with a complete set of measurement points; 
however, strong constraints on the system elec-
trodynamics make this unnecessary. The height-
integrated ionospheric current continuity equa-
tion (electrostatic limit) reads >Brekke, 19�9; 
Kelley, 19�9@: 

where J|| (x,y) is field-aligned current as a func-
tion of position in the perpendicular-to-B plane, 
and ȈP and ȈH refer to Pedersen and Hall height-
integrated conductance. The divergence of the 
ionospheric electric field, and the gradients of 
conductivities, are sources and sinks of field-
aligned currents. Ionospheric conductivities are 
extremely and rapidly sensitive to variations 
and structures in electron precipitation, and are 
further affected by transport processes accom-
panying visible auroras >e.g. Doe et al, 1995@. 
The height-integrated equation shown above is 

Figure D-3. A global GITM run showing iono-
spheric flows in the topside F-region driven 
by the Weimer empirical convection model 
[Weimer, 1996] (courtesy D. Ozturk, JPL). Col-
or indicates direction of flow, and brightness 
the flow magnitude. The lower inset repeats Fig 
D-2; the small rectangle at the center of the 
GITM run shows this local flow field used as a 
driver for a local GEMINI run.

J‖(x, y) = ΣP (∇ ·E⊥) +∇ΣP ·E−∇ΣH ·
(
E× b̂

)

)LJXre '��� $ JOREaO *,70 rXQ VKRZLQJ LRQRVSKerLc ÀRZV LQ tKe 
tRSVLde )�reJLRQ
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shorthand for a three-dimensional, time depen-
dent (inductive) system, yet current continu-
ity is a statement of fact applicable at each 
point in space. Maxwell’s equations, and asso-
ciated conservation laws like current continuity, 
tie together these different system parameters, 
and their divergences, gradients, and curls. Al-
though discussed here in the electrostatic ap-
proximation, analogous fundamental relations 
(continuity, generalized Ohm’s law, Faraday’s 
law) also apply when wave dynamics are rel-
evant >cf. Lotko, 2004@.

A physics-based, 3D, time-dependent model 
encoding these rules, with data drivers of ap-
propriate fidelity and span, can visualize and 
lead to understanding of this system, just as the 
simplified, idealized height-integrated equation 
above has guided many previous auroral stud-
ies >Marghitu, 2013@. An illustrative example 
of such a data-driven model reconstruction is 
shown in Figure D-4, which plots the Pedersen, 
Hall, and field-aligned currents of an auroral arc 
with substantial structure in both latitude and 
longitude.

Simulated ionospheric processes such as 
shown in Figures D-2 and D-4 (modeled via the 
GEMINI ionospheric model), include produc-
tion of Field Aligned Currents (FAC), small-
scale fluid turbulence, density structures, and 
dynamics of return current regions. Our pro-
posed exploration of auroral ionosphere me-
soscales is a system science study; successful 

implementation and a path to closure require 
the synthesis of our heterogeneous datasets 
through physics-based models. This methodol-
ogy is directly in line with the Heliophysics 
Decadal Survey DRI9E recommendations: “...
system science requires new types of configu-
rations of observations«” used in “computa-
tional models that extract essential physics from 
measurements made across multiple observing 
platforms” >NRC, 2013@.

D.1.2 Why ARCS Now? 
New observations are needed to - and now 

can - advance knowledge of the auroral system, 
and its role in the larger magnetosphere. We can 
now approach mesoscale resolutions because 
distributed observations -- low-resource Cube-
Sats and modern camera technology -- are now 
possible, thus allowing a larger field-of-view 
than is achievable from any single ground-based 
station or single spacecraft. ARCS enables 
discovery-mode auroral science, probing the 
QDWXUH�RI�HOHFWULF�DQG�PDJQHWLF�¿HOGV�DW�XQ-
precedented resolution and dimensionality. 

The morphology of aurora, as an integrated 
component of the convection cycle, can be used 
to probe not only the Earth’s magnetosphere, 
but even a distant planet, if we know how to 
interpret what we see >Delamere, 2015; Grodent 
2014; Jia et al., 2012; Sarkango et al., 2019@. 
Understanding the mesoscale ionospheric phys-
ics of the Earth’s auroral zone has implications 
for understanding what we see when we view 
the aurora -- often the first thing we know about 
planetary magnetospheres. 

D.1.3 Value to NASA Science 
ARCS is a heliophysics mission addressing 

goals related to NASA strategic plan >201�@ 
objective 1.1 to “Understand the Sun, Earth, 
Solar System, and Universe.” ARCS explores 
physical processes governing auroral iono-
spheric flows and currents in the space environ-
ment close to Earth, linking the ionosphere to 
the magnetosphere through the central “traffic-
circle” of the auroral zone. These processes are 
fundamental, occurring at magnetized planets 
and moons with ionospheres, thus leveraging 
our understanding of the Earth to that of other 
planetary space environments.

The Heliophysics Decadal Survey identifies 
two Key Science Goals (KSGs) addressed by 

Figure D-4. Three-dimensional view of auroral 
currents from a data-driven GEMINI simula-
tion run. This 3D volume is the local model run 
for the insets in Figure D-3. 

)LJXre '��� 7Kree�dLPeQVLRQaO YLeZ RI aXrRraO cXr-
reQtV IrRP a data�drLYeQ *(0,1, VLPXOatLRQ rXQ� 
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ARCS. “KSG2. Determine the dynamics and 
coupling of Earth’s magnetosphere, ionosphere 
«requiring research approaches that treat it as a 
coupled system.” >NRC, 2013@. ARCS provides 
exactly the type of resolved, systemic measure-
ments needed as drivers for data-driven simula-
tions necessary to deeply explore the physics of 
this coupled system, providing a critical contri-
bution to KSG2.

ARCS addresses the fundamental role of the 
aurora itself, relevant to: “KSG4. Discover and 
characterize fundamental processes that occur 
both within the heliosphere«. Advances«re-
quire the capability to characterize fundamen-
tal physical processes that govern how energy 
and matter are transported. « to improve the 
capability to predict space weather.” >NRC, 
2013@ ARCS addresses specific questions about 
the physical mechanisms regulating the rela-
tionships between the flows, currents, and pre-
cipitation of the auroral ionospheric system. It 
contributes specifically to KSG4 including ad-
vancing predictive descriptions of the auroral 
ionosphere for space weather purposes.

The ARCS swarm produces low-resource ob-
servations for system science enabling progress 
toward the “'LYHUVL¿HG�DQG�'LVWULEXWHG�6HQ-
sor Deployment Strategy” envisioned in the 
NAS Decadal Appendix C >NRC, 2013@. ARCS 
is the epitome of a “heterogeneous facility”, 
as encouraged by the “Platforms” discussions 
>(Appendix C, p. 350), NRC, 2013@.

D.1.4 Relation to NASA past/present/future missions
NASA missions Polar and IMAGE had global

scale imaging to address the larger scales of the 
auroral ionosphere. Polar determined the energy 
input from the magnetosphere to the ionosphere 
>Wygant, 2000; Torr, 1995; Brittnacher, 199�; 
Germany, 199�@. IMAGE determined the global 
response of the magnetosphere to variations in 
the solar wind >Burch, 2000, Frey et al., 2001, 
Mende et al., 2001@. The high altitude global ap-
proach of IMAGE and Polar advanced the study 
of large-scale geomagnetic disturbances in a 
manner not limited by local time and latitude.

The FAST mission was focused at very fine 
spatial and temporal scales >Carlson, 2001@, en-
abling the quantification of the microphysics of 
upward and downward current regions and as-
sociated parallel potential drops >Carlson 199�a, 
b@, occasionally in the context of ground-based 

imagery >Stenbaek-Nielsen, 199�; Peticolas, 
2001@. Recently, the three ESA-Swarm satel-
lites have enabled unprecedented accuracy in 
determining FAC signatures and their variabil-
ity in situ: overlap of the Swarm spacecraft with 
the THEMIS GBO >Mende et al., 2009@ has 
brought to light the extremely localized strong 
flows near discrete arcs >Archer, 201�, 2019a@, 
and exploited numerous conjunctions with cam-
era arrays >Archer et al., 2015, 201�, Gillies et 
al., 2015@, but also revealed the limitations of 
having only 2 or 3 platforms, such as the need 
for sheet-like and time-stationary assumptions 
in data interpretation. 

Polar and IMAGE revolutionized our under-
standing of the global aurora, but with limited 
resolution. FAST and Swarm clarified many 
plasma physical processes, but their studies 
lacked auroral system context. The ARCS mis-
sion targets the creation of the first 2D maps 
of mesoscale current and flow structures, in 
ground-based and tomographic context, in or-
der to address the fundamental gaps in our un-
derstanding of the physics of auroral processes, 
by combining high resolution observations with 
detailed distributed contextual information for a 
deep system-level study.

The upcoming Geospace Dynamics Constel-
lation (GDC) mission focuses on the global 
scales of ionosphere/thermosphere dynamics, 
while ARCS resolves the electrodynamics of 
mesoscales in the nightside auroral ionosphere. 
The understanding gained from ARCS there-
fore complements GDC’s focus on the thermo-
spheric response on larger scales.

D.2 Science Requirements
Array and instrument requirements are de-

tailed in the Science Traceability Matrix (STM), 
Table D-1. 

D.2.1 Investigation: measurements, requirements, and�
projected performance 
CubeSwarm and Ground Based Array: 

The design of the ARCS CubeSwarm and 
groundbased array (Fig. D-1) are driven by 
the in situ E and B measurements at F-region 
altitudes and by the features of the aurora in 
the pre-midnight sector. Figure D-5 shows the 
magnetic east-west alignment of typical night-
side auroral arcs and the scale of auroral struc-
turing (Fig. E-2�). The latitudinal width of the 
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TTaabbllee  DD--11::  SScciieennccee  TTrraacceebbiilliittyy  MMaattrriixx
Physical Parameters Observables Instrument Required Performance Projected Performance Mission Requirements

Two dimensional ion distribution function in two planes, offset by 
90 deg to cover (a) along-track and across-track flows (plane 
approximately perp-B),  and (b) along-track and vertical 
(approximately field-aligned) flows

Two dimensional ion distribution function in two planes, offset by 
90 deg to cover (a) along-track and across-track flows (plane 
approximately perp-B), and (b) along-track and vertical 
(approximately field-aligned) flows

Plasma Flow Range: +-2000 m/s with resolution of 300 m/s, 3-
components

Plasma Flow Range: +-3000 m/s with resolution of 100-300 m/s, 3-
components

Sample Rate:  3-30 Hz (Each Plane) Sample Rate:  3-30 Hz (Each Plane)

Coverage of 900 km in MLT at 50 km spacing in inner zone and 
300 km spacing in MLT to the east and west of the inner zone (8 
orbital planes of satellites); 300 km span in magnetic latitude

Coverage of 900 km in MLT at 50 km spacing in inner zone and 300 
km spacing in MLT to the east and west of the inner zone (8 orbital 
planes of satellites); 300 km span in magnetic latitude

Three satellites per orbital plane to resolve space and time Four satellites per orbital plane to resolve space and time
Range: +/- 50000 nT Range: +/- 65000 nT
Resolution:  2 nT Resolution:  0.5 nT
Noise < 0.1 nT/sqrt(Hz) @ 1 Hz Noise < 0.03 nT/sqrt(Hz) @ 1 Hz
Sample Rate = 20/s (Each component) Sample Rate = 128/s (Each component)
Field-aligned current intensity resolution < 1 uA/m2 Field-aligned current intensity resolution <  0.2 uA/m2
Inter-spacecraft Accuracy =  20 nT Inter-spacecraft Accuracy =  10 nT

Coverage of 900 km in MLT at 50 km spacing in inner zone and 
300 km spacing in MLT to the east and west of the inner zone (8 
orbital planes of satellites); 300 km span in magnetic latitude

Coverage of 900 km in MLT at 50 km spacing in inner zone and 300 
km spacing in MLT to the east and west of the inner zone (8 orbital 
planes of satellites); 300 km span in magnetic latitude

Three satellites per orbital plane to resolve space and time Four satellites per orbital plane to resolve space and time
MO-1 (Same as Above) Same as Above STA  Same as Above Same as Above
MO-2  (Same as Above) Same as Above MAG Same as Above Same as Above

Frequencies: UHF (400-450MHz) and S-Band (2025-2120 MHz) Frequencies: UHF (400-450MHz) and S-Band (2025-2120 MHz)

Channels: 12 per satellite (6 simultaneous stations at 2 
frequencies per station) 

Channels:  18 per satellite (9 simultaneous stations at 2 
frequencies per station)

Sample Rate of Amplitude and Phase:  50 Hz Sample Rate of Amplitude and Phase: 50 Hz
Sensitivity:   <=0.02 TECU (Relative TEC) Sensitivity: <=0.02 TECU (Relative TEC) 
Antenna field of view with link margin > 6dB:  50° from nadir Antenna field of view with link margin > 6dB:  50° from nadir

 >24 eTOMS beacon receivers over ground transmitters 32 eTOMS beacon receivers over ground transmitters

Tomographic Inversion Coverage and Spatial Resolution: Altitude 
= 90 - 561km (10-40km resolution); 
Latitude = 61 to 72°N (1°); Longitude = 140° to 166°W (2°)

Tomographic Inversion Coverage and Spatial Resolution: Altitude = 
90 - 561km (10-40km resolution); 
Latitude = 61 to 72°N (0.2°); Longitude = 140° to 166°W (1.5°)

Frequencies: UHF (400-450MHz) and S-Band (2025-2120 MHz) Frequencies: UHF (400-450MHz) and S-Band (2025-2120 MHz)

Ground Sites:  18 Dual Frequency Transmitters Ground Sites:  18 Dual Frequency Transmitters

MO-1 (Same as Above) Same as Above STA  Same as Above Same as Above
MO-2 (Same as Above) Same as Above MAG Same as Above Same as Above
MO-3, 4 (Same as Above) Same as Above eTOMS Same as Above Same as Above

Wavelengths:  557.7, 427.8 and 844.6 nm  (for  <E> above 1 keV); 
557.7 and 630.0 nm  (for  <E>  below 1 keV)

Wavelengths:  427.8, 557.7  844.6 and 630.0 nm 

557.7, 427.8, and 844.6 nm Sensitivity = 250 Rayleigh 557.7, 427.8, and 844.6 nm Sensitivity = 100 Rayleigh
630.0 nm Sensitivity = 50 Rayleigh 630.0 nm Sensitivity = 20 Rayleigh 
Spatial Resolution (427.8, 557.7 and 844.6 nm) at 110 km: 0.5 x 
0.5 km

Spatial Resolution (427.8, 557.7 and 844.6 nm) at 110 km:  0.46 x 
0.46 km (80° FOV)

Spatial Resolution (630 nm) at 110 km:  2 x 2 km Spatial Resolution (630 nm) at 110 km:  2 x 2 km 
Frame Rate (427.8, 557.7 and 844.6 nm): 8 Hz during overpass; 
0.2 Hz before/after

Frame Rate (427.8, 557.7 and 844.6 nm): 15 Hz during overpass; 
0.2 Hz before/after

Provide 75% coverage from 62° to 72° magnetic latitude across 
Alaskan longitudes.  Complete coverage not possible due to 
remote locations. 

GBO provides >75% coverage from 62° to 72° magnetic latitude 
across Alaskan longitudes with 32 sites.  Complete coverage not 
possible due to remote locations. 

Number of GBO Stations to Cover Area of Interest:  24 Number of GBO Stations to Cover Area of Interest:  32
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Frame Rate (630 nm): 0.5 Hz during overpass; 0.2 Hz before/after

MO-6
Time dependent electron 
average energy and energy 
deposition across a 2D area 
in the nightside auroral 
region

MO-4
Scintillation maps as 
function of time in the 
nightside auroral zone

Scintillations of ARCS dual band 
transmitter signals along the line 
of sight between the ARCS GBO 
transmitters at 9 different 
locations at a given time, and the 
ARCS CubeSwarm
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Auroral luminosity at four 
wavelengths (427.8, 557.7, 844.6 
and 630.0 nm), using specific ratios 
to derive maps of the average 
energy, from 0.1 to 20 keV, and 
total energy flux, from 5 to 500 
mW/m2, of auroral electrons 
producing the auroral display

GB
O
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GBO                   

Auroral luminosity at four 
wavelengths (557.7, 427.8, 844.6 
and 630.0 nm) covering a 2D 
region of the nightside auroral 
ionosphere

Mission
 Goal

Science 
Objectives

Scientific Measurement Requirements Instrument and CubeSwarm Functional Requirements
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MO-1
Time dependent plasma 
flow velocity maps across a 
2D region associated with 
mesoscale structures in the 
premidnight sector high-
latitude ionosphere

Thermal ion distribution function 
to derive plasma flow vector 
velocity at instrument frame 
energies from 1-20 eV and at a 
rate of up to 30/s in two velocity-
space planes as a function of time 
and at multiple locations across 
the ARCS CubeSwarm

STA  

In
st

ru
m

en
t

SO
-2

D
et

er
m

in
e 

ho
w

 th
es

e 
2D

 m
ap

s 
of

 p
la

sm
a 

flo
w

s
an

d 
cu

rre
nt

s 
se

lf-
co

ns
is

te
nt

ly
 e

vo
lv

e 
in

 
co

nj
un

ct
io

n 
w

ith
 a

ur
or

al
 io

no
sp

he
ric

 d
en

si
ty

 
re

sp
on

se
s

GB
O

  I
ns

tr
um

en
t

MO-3
Electron density as a 
function of latitude, 
longitude and altitude with 
mesoscale resolution to be 
used to determine the 
ionospheric conductivity in 
the nightside auroral region 

Electron density determined by 
dense tomographic reconstruction, 
using UHF and S-Band signals 
between transmitters located at 
ARCS GBO sites and the ARCS 
CubeSwarm to produce electron 
densities in a 3D volume from 90 to 
540 km altitude eTOMS
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M1  Orbital Configuration 
M1-1: Configure a CubeSwarm of in situ platforms in 
LEO spanning at least 900 km in longitude with an 
dense inner grid with longitude spacings of ~50 km 
and outer grid with longitude spacings of ~300 km 
sampling the same latitudes not less than three times 
per orbit. (Driven by all Science Objectives)
M1-2: Configure the CubeSwarm such that the four
satellites in each orbital plane have spacings of >1.1° 
and <1.2° Mean Anomaly (MA) separation; and such 
that each row of 8 spacecraft is aligned to a common 
magnetic latitude. (Driven by all Science Objectives) 

M2  Ground Track
Maneuver the CubeSwarm to achieve repeated 
ground tracks with CubeSwarm satellite position (SP) 
14 over the GBO Bettles station +/-1° in the pre-
magnetic midnight sector once per day: polar & sun-
synchronous (Driven by Science Objectives 2 and 3).   

M3  Spacecraft Accomodation
Accommodate the science intruments (STA, MAG, and 
eTOMS) and ensure <20 arc second attitude 
knowledge and <1 degree pointing control. (Driven by 
all Science Objectives)   

M4  Ground Infrastructure Observations 
M4-1: Provide multi-station GBO with 75% coverage 
from 62° to 72° magnetic latitude across Alaskan 
longitudes for high rate multi-spectral auroral 
imaging. (Driven by Science Objectives)
M4-2: Host eTOMS dual frequency transmitters in 24 
GBO stations. (Driven by Science Objectives 2 and 3)  

M5  Science Data Acquisition Plan
M5-1: Acquire 3 daily science crossings (in situ alone) 
of the nightside pre-magnetic midnight auroral region 
(Driven by all Science Objectives)  
M5-2: Acquire daily science crossings (in situ & 
tomography) of the nightside pre-magnetic midnight 
auroral region over the Alaskan GBO (Driven by 
Science Objectives 2 and 3)  

M6  Science Data Volume
Capability to return >9.6 GB of science data per day 
from the 32-CubeSat CubeSwarm  (3 science crossings 
per day) (Driven by all Science Objectives)  

M7  Spacecraft Orientation
Orient the STA in the Ram direction and the eTOMS 
patch receiving antenna pointed nadir during the 
science crossings  (Driven by all Science Objectives)  

M8  Timing
GPS timetagging of data streams to better than 1ms 
(Driven by all Science Objectives) 

M9 Launch Readiness 
Be ready for launch no later than October 2026 and 
collect science data for ≥ 24 months.
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Frame Rate (630 nm): 0.5 Hz during overpass; 0.2 Hz before/after

MO-2
Time dependent field 
aligned current maps across 
a 2D area associated with 
mesoscale structures in the 
pre-midnight sector high-
latitude ionosphere,  and 
mean electrojet intensity 
and centroid latitude

Vector magnetic field 
measurements at a rate of >20/s, 
accuracy of <20 nT, and resolution 
<2 nT as a function of time and at 
multiple points across the ARCS 
CubeSwarm

MAG 
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MO-5
Time dependent auroral 
imagery as a function of 
time over a 2D region of the  
nightside auroral region
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nightside auroral arcs is typically on the order 
of a10km >Knudsen et al., 2001@ with gradient 
scale lengths at the edges of 1 km or smaller 
>Lynch et al., 201�, Clayton et al., 2019a, b@. 
The along-track extent of the CubeSwarm 
is governed by the need to separate space and 
time, and the along-track cadence of the in situ 
data is set to explore the gradient scale lengths 
across arcs. (See the field reconstruction data 
products in Fig. D-6). Multiple satellites are 
required aligned in the along-track direction; 
the investigation becomes more robust as sat-
ellites in a given plane are increased to 3 or 4 
per plane. The cross-track extent and spac-
ing of the CubeSwarm satisfies two require-
ments. First, CubeSats spanning 15� in mag-
netic longitude (900 km at auroral latitudes) 
provide significant coverage of the basic form 
and structure of the auroral system in the pre-
midnight sector; the choice of 10UT in Alaska 
(a2230MLT) provides both a good sampling of 
diverse premidnight auroral forms and provides 
the longest span of days per year with dark skies 
for camera operation. Second, the spatial sepa-
ration between adjacent CubeSat planes must 
both cover the 900 km longitudinal extent, and 

provide sampling of the aurora along the arc 
length, allowing measurements of both simple 
east-west arcs and more complicated auroral 
forms. 

We have chosen a swarm design to consist 
of 8 planes of CubeSats with a nested grid of 
cross-track spacing, as illustrated in Figure D-5. 
The local time coverage is obtained by four 
trajectory planes separated by 5� of longitude 
(about 300 km at auroral latitudes); tracks 1, 2, 
�, and � in Figure D-5. An additional set of four 
trajectory planes separated by 1� of longitude 
(roughly 60 km at auroral latitudes) is placed at 
the center of the larger grid (tracks 3, 4, 5, and 
6.) Finally, the neighboring CubeSat positions 
are phased to be aligned along lines of constant 
magnetic latitude in the northern nightside au-
roral zone. The baseline mission requires four 
CubeSats in each plane, with subsequent Cube-
Sat passages of the same point spaced by 1� 
sec (13� km); thus the array is 410 km wide in 
latitude and takes 54 sec to pass over a given 
location. 

The electron density tomography lattice ex-
tends between transmitters at the GBO sites 
(not GPS signals�), and receivers on the ARCS 
CubeSats (Fig. D-1). Tomographic reconstruc-
tion from this dense lattice of ray paths pro-
duces unprecedented high-resolution, wide-
span volumetric electron densities (�D.5 and 
§E.3). This measurement provides a distributed, 
yet mesoscale, view of plasma density through-
out the volume; it does not place additional 
constraints on the definition of the CubeSwarm 
array.

The dedicated ARCS GBO provides continu-
ous spatial and temporal context, providing 
detailed, invertible, mapped information about 
auroral precipitating particles’ energies and 
energy fluxes. Ground-based imaging can be 
limited by cloud cover and daylight (§E.3). For 
ARCS, this limitation is overridden by the ben-
efits of high-resolution ground-based sensors: 
significant temporal and spatial context before, 
during, and after each spacecraft crossing; enor-
mous data bandwidth; no jitter or smear from a 
moving platform; and avoiding the high cost of 
space qualified sensors. The ARCS GBO uses 
sets of four filtered imagers located at 32 sites 
across Alaska (Fact Sheet, and §E.3), providing 
auroral imaging with a spatial resolution of 1 
km or better over a longitudinal extent cover-

Figure D-5. Auroral image acquired using a 
single all-sky imager showing an example au-
roral structure at 10UT over Alaska, covering 
6� in latitude and 15� in longitude; the pink dots 
represent the CubeSwarm moving north, in 8 
tracks of 4 spacecraft, through the field of view.

Figure D-5. Auroral image acquired using a single all-sky imager
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ing the 900 km width of the CubeSwarm, and 
spanning auroral latitudes from 62� to �2� mag-
netic latitude for a variety of activity (Kp 1 to 
Kp 9). To match the 1 km spatial resolution to 
the rate at which each CubeSat transits an arc (a 
�.6 km/s) the cameras operate at � Hz or greater 
during overpasses; to obtain temporal context, 
the cameras obtain low-cadence data through-
out the night. 

The GBO design balances reduction of the off-
zenith angle for reconstruction, with the paucity 
of ground sites with adequate infrastructure in 
rural northern Alaska. An important result of 
Grubbs et al. >201�a, 201�b@ was to show good 
reconstructions of the in situ electron precipi-
tation at angles as high as 25� off-zenith. This 
allows each GBO to provide 2D maps of the 
electron precipitation parameters with moder-
ate FO9s; multiple sites enable the coordinated 
regional coverage. 

A significant and deciding advantage of 
ground-based imagery for auroral studies is 
temporal context. The reconstruction of auroral 
input from the GBO provides the time history of 
the intensity and depth of auroral ionization, en-
abling the modeling of density and composition 
changes. GBO data are collected at low cadence 
throughout the night, and at high cadence for 15 
minutes (long compared to typical ionospheric 
recombination times >Gledhill, 19�6@) prior to, 
and at least 5 minutes after, an ARCS crossing. 

The heterogeneous multipoint platform de-
¿QHG�E\�WKH�&XEH6ZDUP�DQG�WKH�JURXQG�DU-
ray thus consists of 32 6U CubeSats arrayed in 
a nested grid configuration designed to measure 
multi-scale auroral structures, with a matching-
sized GBO array. The aggregation of the mul-
tipoint data, in situ, tomographic, and ground-
based, into different combinations of data maps 
-- data reconstructions, our new data product 
-- is described in �D.5-� and �E.3; examples are 
shown in Figures D-6 and D-�. 

A note about choices: It is important to dis-
cuss the parameters we are not measuring, and 
address why we have focused on a large num-
ber of limited in situ measurements. We are not 
measuring in situ electron precipitation directly; 
we are not explicitly distinguishing mass spe-
cies; we are not making dedicated measure-
ments of the neutral thermosphere! 

One might well ask, why not have 3 or 4, 

more fully-instrumented payloads, and move 
them around to explore different scale sizes 
over the course of the mission" This would also 
illuminate auroral science questions. But the 
objectives we have chosen here for new study 
focus on the auroral ionosphere as a system, and 
explore the �'�VWUXFWXUH�RI�¿HOGV�DV�GLVWULE-
uted coherent objects; ARCS is a swarm, as 
opposed to a cluster (as in the MMS mission) or 
a constellation (as in the AMPERE experiment 
>Anderson et al., 2014@). In our closure discus-
sions below we show how we plan to interpret 
the 2D fields of in situ data; in our justification 
discussions above, we have shown why infor-
mation about these distributed, yet mesoscale, 
field structures is a critical science advance-
ment.

Having a truly multipoint (4x�, not 1x3 or 
2x2!) array of in situ measurements is a trans-
formational platform, giving a new view, not 
previously available, of the ionospheric physics 
related to detailed auroral imagery. We build on 
the laws of electricity and magnetism to stitch 
together our targeted, multipoint observations, 
instead of having a few fully-instrumented sin-
gle points, in order to explore the auroral iono-
sphere in a new dimension. Every multipoint 
mission ever designed starts with large num-
bers of spacecraft and gets whittled down to 
only a few. We are pushing back on this argu-
ment, and exploring a new regime.

Individual Instruments: We need to measure 
localized F-region plasma ÀRZ�VWUXFWXUHV both 
along and across B. As shown in the continu-
ity equation above, we need to know both the 
flows, and their spatial variations: divergences 
of E and shears in flow, requiring a distributed 
field of observations. Thermal ion drift veloc-
ity vectors (and thus - v x B electric field in 
the ionospheric F-region) are measured (§E.3) 
in two planes: near-perpendicular to B, in the 
along and across track direction, as well as in 
the along-track and vertical/parallel to B plane, 
by the two STA instruments on each CubeSat, 
as with the ESA-Swarm TII sensors >Lomidze 
et al., 2019; Knudsen, 201�@. We need a variety 
of resolutions for different interpretations, and 
the driving requirement for the instrument is 
the sampling cadence of 3-30 Hz allowing us to 
reach km spatial scale resolutions in spatial in-
terpretations. The higher cadence, in higher flux 
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regions, allows us to reach up to 15 Hz Alfvpn 
wave signatures in temporal interpretations, 
also of great interest here; while observations in 
this Alfvpnic range are an assemblage of single-
spacecraft observations, the array of 32 points 
allows exploration of the spatial coherency of 
Alvenic signatures at spacecraft separation 
resolutions. It is important to note the modest 
flow error requirements; errors of up to several 
100 m/s are acceptable, as they allow us to ex-
plore localized shear structure as seen by, for 
instance, Archer et al. >201�@, and Clayton et al. 
>2019a@. The STA data provide two 2D velocity 
space slices of the distribution; non-Maxwellian 
signatures >St-Maurice and Schunk, 19�9@ when 
they appear, will be evident. Maxwellian param-
eter matching optimization (§E.3) also provides 
an estimate of S/C potential, which can serve as 
an excellent thermal electron temperature proxy 
>Siddiqui, 2011@.

We need to measure vector magnetic signa-
tures of field aligned current structures, as a 
basic core observational input for the auroral 
electromagnetic fields. The MAG, a three axis 
fluxgate magnetometer, measures (§E.3) the 
space and time evolution of the field aligned 
current distributions >e.g. Anderson et al., 
2014@. Field reconstruction can be done at vari-
ous levels of resolution, as discussed in §E.3, 
trading between time resolution and spatial 
resolution and taking advantage of geometry 
signatures in the field to connect the multipoint 
measurements as illustrated in Figure D-6. Sin-
gle spacecraft measurements (12� vectors/s, 
at 32 separate places) can diagnose signatures 
of Alfvpnic structures up to 64 Hz. Our basic 
sensitivity requirement of 1 ȝA/m2 is well be-
low the context of typical 10 ȝA/m2 currents in 
the active aurora of interest. Additionally, the 
ARCS altitude, 561 km, is low enough for high 
quality magnetic field measurements (10 nT 
uncertainty with 0.5 nT resolution) to remotely 
detect the electrojet (Hall) current of the au-
roral arc system >=anetti et al., 19�3; Aakjaer 
et al., 2016@. A moderate electrojet with ground 
signature of 300 nT yields a signal of a�5 nT at 
ARCS altitude, providing a valuable validation 
metric for model closure, as described below.

We need to measure the 3D volumetric plas-
ma density and its structuring between the 
CubeSwarm and the GBO. The drivers for our 
physics-based models (described below) require 

both altitude and horizontal structuring density 
information; even 50� error bars on the density 
are useful locally specified inputs as long as the 
spatial resolution distinguishes the E from the 
F region in altitude, and has roughly 1� hori-
zontal resolution. Tomographic reconstructions 
are obtained from Total Electron Content (TEC) 
measurements (§E.3.3) along the ray paths of 
the eTOMS lattice (Fig. D-1), about 15,000 
lines of sight between the moving swarm and 
up to 9 ground stations every 30 to 60 s. Elec-
tron density is reconstructed over a 5� latitude 
and 10� longitude span with roughly 1� or better 
horizontal resolution. The vertical reconstruc-
tion grid has 10-20 km vertical resolution in the 
E-region up to 200 km and 40 km above. An 
additional benefit from the eTOMS instrument 
is the ability to monitor scintillations. The 
eTOMS data can map out scintillation events at 
ionospheric pierce points along the ray path lat-
tice as in Datta-Barua et al. >2015@ and Mrak et 
al. >201�@. We use scintillation observations as 
a diagnostic for auroral activity >Smith et al., 
200�@, and for monitoring ionospheric irregu-
larities of Fresnel scales and above >Briggs et 
al., 19�5@, especially during intense ionospheric 
fluctuations or during a loss of lock on one of 
the two signals. 

We need to measure mesoscale precipitation 
signatures, down to 1 km resolution, within the 
CubeSwarm in situ observations. These signa-
tures define the conductivity variations needed 
for current continuity equation studies. The 
ARCS GBO (§E.3.4) provides 2D maps of es-
timates of the auroral average energy, ‹ E ›, and 
total energy flux, 4. Signatures of auroral pre-
cipitation as low as 1mW/m2 for 4, over a range 
of 0.1to 20 ke9 for ½ E ¾, are required to provide 
high-fidelity model drivers. Instrument require-
ments are detailed in the STM (Table D-1). Our 
inversion methods (§E.3) require three auroral 
emissions: the 55�.� nm and �44.6 nm of atomic 
O, and the 42�.� nm of N2�. 4 is determined by 
the intensity of the 42�.� nm emission, which, 
for 1 mW/m2, requires 250 R sensitivity. For ‹ E 
› above 1 ke9 all other intensities are expected 
to be well above 250 R even at 1 mW/m (be-
low our minimum requirement). For cases of 
‹ E ¾ � 1 ke9 and low flux (few mW/m2), both 
the 42�.� nm and �44.6 intensities drop below 
250 R. These events are typically diffuse and 
static structures and can be determined by the 
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addition of a low-cadence, low-resolution mea-
surement of the atomic O 630.0 nm emission. 
The 630.0 nm is poorly suited for determining 
higher values of ‹ E ¾ and 4 (§E.3), thus requir-
ing the dual inversion methods and the fourth 
camera to span all of the ARCS cases.

Mapped ½ E ¾ and 4 at 1 km resolution require 
0.5 km camera pixel scale to maintain Nyquist 
sampling. An �0� FO9 spans the typical span 
between rural Alaskan towns (250 km at 110 km 
altitude), and defines the FO9 for 0.5 km pixel 
scale. Given some regions with a complete lack 
of established towns, the �0� FO9 leaves large 
gaps, and the full FO9 requirement of 120� is 

successive CubeSat passes of a fixed point. 
Example reconstruction maps are illustrated in 
Figure D-6, and example precipitation effect 
maps in Figure D-�.

Orbital dynamics, telemetry budgets, and 
cloud cover combine to define three different 
observational scenarios of data collection, as 
detailed in §E.

Scenario 1) in situ CubeSwarm data: two 
nighttime auroral zone passes (over any loca-
tion) per day in addition to the pass over the 
dedicated GBO. Each Scenario 1 (Scen1) data 
set consists of mapped magnetic perturbations 
and F-region flows measured at 32 separate 

Figure D-6. Example data maps generated from an Observing System 
Simulation Experiment (OSSE). Virtual data along the CubeSwarm 
trajectories are extracted from a datacube generated by the GEMINI 
model, and the reconstruction techniques described in §D.5-7 and §E.3 
are used to aggregate the multipoint data into reconstructions of (top) 
plasma flow [Evans, 2019], (middle) FAC, and (bottom) electron den-
sity. In the lower right, the blue curve represents the model density and 
the red, the reconstruction; the eTOMS reconstruction study input uses 
both GEMINI and the International Reference Ionosphere (IRI, 2021).

set to cover ! 90� of 
the ARCS CubeSwarm 
in situ sampling re-
gion. These require-
ments define the need 
for 32 GBO sites, each 
containing 3 cameras, 
with a subset contain-
ing 630.0 nm cameras 
and eTOMS transmit-
ters.

D.2.2 Data: quality, quan-
tity, relation between 
data products and objec-
tives, expected results

Observational sce-
narios: ARCS obser-
vations map --- that 
is, produce reconstruc-
tions giving 2D, time-
dependent measure-
ments of, --- F-region 
flows, magnetic field 
perturbations from 
which 2-D maps of ra-
dial current and mean 
electrojet properties 
are derived, and au-
roral precipitation ef-
fects; they also yield 
volumetric (3D) plas-
ma density measure-
ments, all at 1-100 
km scales over a wide 
swath crossing Alaska 
with sub-minute time 
resolution between 

)LJXre '��� (xaPSOe data PaSV JeQerated IrRP aQ 2EVerYatLRQ 6eQVRr 6\VteP (xSerLPeQt (266()� 
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points at high cadence during passage through 
the nightside auroral zone (45 to 90� latitude.) 

Scenario 2) in situ plus tomography data: 
the auroral zone pass each night over the dedi-
cated Alaskan GBO at 10UT, lacking good im-
agery. Each Scenario 2 (Scen2) data set consists 
of tomography and scintillation location maps 
in addition to the magnetic perturbation and 
flow maps. 

Scenario 3) in situ plus tomography plus 
good optical data: the subset of the Scen2 
passes with scientifically significant auroral im-
agery. Each Scenario 3 (Scen3) data set consists 
of optical data (yielding maps of average energy 
and energy flux of auroral precipitation) in ad-
dition to tomography and scintillation location 
maps and the FAC and flow maps.

As detailed in §E, the two year science mission 
phase includes 2,190 in situ passes (Scen1, 2, 
and 3); �30 of these auroral zone passes include 
tomography (Scen2 and 3); a (conservatively) 
estimated 50-100 of these passes also include 
significant auroral imagery (Scen3). Each pass 
includes full cadence data from 32 individual 
satellites for 12 minutes (1/8 orbit). Tomog-
raphy data are available during the overpass 
of the GBO roughly 5 min per pass. Imagery 
comes from 32 dedicated sites, collected at high 
rates for 15 minutes before, and 5 min after, 
each pass, and at low cadence throughout the 

GBO >Mende et al., 2009; Donovan et al., 2006@ 
and TREx >TREx, 2019@; Canadian imagery fa-
cility both for Canadian Scen1 crossings, and 
for general context in our Scen2/3 crossings.

Modelling framework: Merging of the hetero-
geneous datasets from ARCS requires sophisti-
cated modeling and machine learning capabili-
ties, driven by the products of data fitting (§E.3) 
and map reconstruction (�D.5-� and �E.3) 
shown in Figures D-6 and D-�. The proposed 
modeling framework provides a holistic view 
of the ionospheric volume sampled by ARCS, 
relating all of the measurements through a 
physics-based model, and allowing causal rela-
tions between parameters to be quantitatively 
explored. 

Models used for ARCS analysis comprise re-
cently developed data-driven modeling capa-
bilities built on the global ionosphere-thermo-
sphere model GITM (driven by AMIE) >Ridley 
et al., 2006; =hu et al., 2016; Richmond and Ka-
mide, 19��; Richmond, 1992@ and local-scale 
ionospheric model GEMINI >=ettergren and 
Semeter, 2012, =ettergren and Snively 2015, 
=ettergren et al., 2015b, =ettergren and Sniv-
ely, 2019@, along with global MHD capabilities 
from the LFM model >Lyon et al., 2004@. These 
models are introduced in §E and described in 
App. L.14; collectively their use in interpret-
ing the ARCS mission data is referred to using 

Figure D-7. Example maps of average precipitation energy and 
flux derived from a single GBO site. 

night. The mosaic in Figure 
E-23 illustrates the range of 
activity the ARCS mission 
can explore.

There are a variety of 
complementary data sourc-
es to leverage whenever 
possible. These include the 
Poker Flat ISR (PFISR) >Se-
meter et al., 2009@ in central 
Alaska (i.e., for validation 
of eTOMS) as well as iono-
sondes in a variety of loca-
tions; the Scanning Doppler 
Imaging (SDI) >Conde et 
al., 201�@ for background 
neutral wind information; 
EISCAT and EISCAT3D 
>EISCAT3D, 2019@; radars 
for validation observations 
in Scandinavian Scen1 
crossings; and the THEMIS 

)LJXre '��� (xaPSOe PaSV RI aYeraJe SrecLSLtatLRQ eQerJ\ aQd ÀXx derLYed IrRP a VLQJOe *%2 VLte� 
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the acronym FrAMBOISE - the Framework 
for ARCS Modeling Based on Observations 
of Ionospheric mesoScale Electrodynam-
ics (Fig D-�). FrAMBOISE components have 
already been developed, and necessary refine-
ments are planned during phases A-D of ARCS, 
e.g. development of software interfaces (GITM-
GEMINI) and addition of induction and gener-
alized Ohm’s law, with a separate code branch 
for shorter time span Alfvpnic studies >e.g. Sy-
dorenko and Rankin, 2013; Streltsov and Lotko, 
200�@ into GEMINI.

FrAMBOISE is driven by level 3 data prod-
ucts (�E.1 and illustrated in Figs. D-6 and �.) 
Observing Scen1-3 contribute different sets of 
inputs to FrAMBOISE. The output of FrAM-
BOISE for all Scenarios is a self-consistently 
transported and evolved volume of local-scale 
ionospheric state parameters: plasma density, 
temperature, flow, currents, and conductivities 
consistent with the available data inputs - these 
RXWSXWV� GH¿QH� OHYHO� ���� GDWD� SURGXFWV� IRU�
ARCS. 

Scen3 data form the most comprehensive set 
of inputs for GEMINI. The auroral precipitation 
average energy and total energy flux maps (in-
verted from GBO data) serve as kinetic energy 

inputs at the top boundaries of the model. Flow 
fields and/or currents (via maps from the STA 
and/or MAG) are used to construct boundary 
conditions for the electrodynamics of GEMINI, 
and the tomographic electron density (recon-
structions from eTOMS) are used to set the lo-
cal initial conditions within the model volume. 
GITM, driven with AMIE or LFM convection 
and precipitating energy flux, provides global 
ionospheric state and defines local boundary 
flows for GEMINI. 

For Scen2, information about the auroral pre-
cipitation is instead provided by the volumetric 
electron density reconstructions from eTOMS. 
The resolution of the tomographic reconstruc-
tion is larger scale than the GBO reconstruc-
tions in terms of helping to constrain conduc-
tivities but is valuable for both validation and 
for statistics. 

For Scen1 we have a large suite of in situ mea-
surements, providing both current (from mag-
netic field) and electric field, and thus Poynting 
flux maps. This allows us to estimate conduc-
tivity via the current continuity equation and to 
utilize the Poynting theorem to provide a speci-
fication of average energy and total energy flux 
>Robinson, 19�5; Richmond, 2010@. This type 
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Figure D-8. FrAMBOISE: ARCs modeling framework for synthesizing data from the satellite 
swarm and GBO. The depiction shown here is applicable to data collected according to Scen3. 
For Scen2 precipitation information is derived from in situ data (currents, fields, and Poynting 
flux) instead of from optical data. Scen1 data lack eTOMS beacon data, so background electron 
density is derived from AMIE/LFM-GITM in these cases. 
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of scheme (referred to as “in situ” conductance 
determination) is certainly not as accurate as 
having optical data but unlocks the largest num-
ber of datasets for study with FrAMBOISE. 

In situations from any scenarios where scin-
tillation has been observed, density structures 
from GEMINI are used as input to SIGMA to 
model scintillation from these structures. This 
allows the study of cascade and irregularity 
generation, together with the connection to the 
mesoscale energy inputs coming from the mag-
netosphere, including dependence on geomag-
netic activity. 

Multiple points of validation are purposefully 
included in FrAMBOISE to allow for robust 
error assessment of the level 3.5 data products 
- the model output. Points of consistency and 
error analysis include: (1) critical comparisons 
of modeled GEMINI-GLOW optical emissions 
vs. GBO data, (2) simulated scintillation which 
are comparable with eTOMS phase/amplitude 
time series, (3) local ground level magnetic per-
turbations over Alaska - which can be compared 
against magnetometer chain measurements, (4) 
mean electrojet polarity and intensity compari-
son with MAG observations, (5) comparisons 
of conductivity reconstructions with and with-
out optical data, (6) tuning of tomographic re-
construction using optical reconstructions of 
conductance, and (�) consistency of thermal 
electron temperature with estimates of S/C po-
tential derived from STA data analysis (�E.3.1) 
>Siddiqui et al., 2011@. Without these it would 
not be possible to assign confidence to level 3.5 
data products.

The number of expected Scen3 datacubes is 
(conservatively) estimated at 50-100, and statis-
tical rigor must be achieved through the much 
larger number (2000�) of in situ auroral cross-
ings. Hence, all scenarios are critical to the pro-
posed work - the ground-based imagery repre-
sents virtually the only efficient way for us to 
interpret precipitation events over a large region 
with temporal context and with resolution high 
enough to address our science objectives, while 
the space-based data provide a statistical back-
bone to complement case studies.

D.2.3 Closure: demonstrate how data products fulfill 
science requirements, and quantify

Minute to sub-minute time resolution for the 
highest-spatial-resolution maps, from 1� sec to 

60 sec, is sufficient for the discussions below; 
the faster of these time resolutions allows a 
greater range of auroral forms to be quantified. 

Closure for SO-1: To map, characterize, and 
classify mesoscale electromagnetic structures, 
we look for a diversity of activity levels, sub-
storm phases, and auroral morphologies within 
premidnight behaviour. Each of the expected 
2000 in situ crossings produces a temporally 
evolving, in situ “movie” of electric and mag-
netic fields as the swarm moves across its 
12-minute pass. This allows us to identify com-
monalities in physical parameters and processes 
present via machine learning (ML) techniques 
and modeling with FrAMBOISE. 

ARCS Scen1 maps of electric field, field-
aligned current, and Poynting flux are used to 
study spatial and temporal correlations between 
these parameters in the premidnight auroral 
zone. Closure for SO-1 is defined as a quanti-
fication of the gradient scale lengths, structure 
sizes, correlation lengths, and temporal coher-
ences of electric and magnetic phenomena for a 
diversity of auroral forms and geomagnetic ac-
tivity levels. Scen1 statistics will also be used to 
catalog occurrence of Alfvpn waves in relation 
to current structures.

Relationships between the various mesoscale 
structures can be explored with ML techniques. 
The estimated 2000� ARCS passes provide a 
rich data set of flow vectors, since each pass 
event is sampled by 32 spatially-distributed 
spacecraft at a high temporal (and hence spa-
tial) resolution. We can train (e.g., Bortnik et al., 
2016, 201�) the observed flow velocity fields 
against maps of in situ magnetic perturbations, 
to learn observed relationships. 

Closure for SO-2: Scen2 data allow detailed 
studies of sources of mesoscale ionospheric den-
sity structure coincident with auroras; provid-
ing new insights into the role of auroral currents 
and flows in affecting ionization enhancements, 
convection of plasma density structures, cross-
field transport of ions in the E-region, formation 
of density cavities adjacent to arcs, redistribu-
tion of plasma through upflows, and connec-
tions of observed mesoscale density structures, 
fields, and currents with scintillation-producing 
density structures at smaller scales. Closure for 
SO-2 is defined as characterization of density 
structures (both E- and F-region) in the vicinity 
of auroras in terms of the occurrence rates for 
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various features, relative locations with respect 
to the currents, evolution of these features, and 
connection to energy inputs. 

Closure for SO-3: SO-3 relies on FrAMBOISE 
reconstructions of volumetric (3D) ionospheric 
state and dynamics given flow and precipitation 
inputs. FrAMBOISE also provides the crucial 
ability to do term-by-term analysis of conser-
vation of mass, momentum and energy in the 
ionosphere, leading to clear inferences connect-
ing ARCs-measured maps (energy inputs) and 
ionospheric behavior (which we define as clo-
sure for SO-3), particularly density structures 
at medium scales, Joule/particle heating effects, 
polarization effects, transport and chemistry/
ionization, irregularities, auroral proper motion, 
and connection of Alfvpnic structures to visible 
aurora. Case in point: answer the longstanding 
question of why there are more discrete arcs 
in nightside ionospheres >Newell, 1996; Boro-
vsky, 199�@. Detailed Scen3 datacubes generate 
case studies with a high level of physical de-
tail, which are used for error assessment for the 
less detailed datacubes. ML techniques are to 
be used to investigate connection of flow and 
field-aligned current patterns to visible auroral 
images with a focus on providing physical con-
straints to models and allows, potentially, for a 
prediction of flow features associated with vari-
ous auroral forms. The primary algorithm for 
this ML spatio-temporal reconstruction is the 
Artificial Neural Network >Bortnik et al., 2016; 
201�; Chu et al., 201�a; 201�b; Camporeale et 
al., 2019@. 

The mission as defined here in �D.2 is the 
ARCS baseline mission.

D.3 Threshold Science Mission 
The ARCS threshold mission design couples 

descope (planned build of fewer spacecraft), 
and reliability (estimated operational reliability 
of the observation points.) Our baseline mission 
consists of 32 CubeSats; our threshold mis-
sion reduces this number to 24 by optimizing 
a tradeoff between descope and reliability. It is 
important to note: the goal of ARCS would be 
severely compromised if the number of in situ 
observation points drops below 16. If the lon-
gitudinal index of the array lattice is reduced, 
either significant local-time-span coverage or 
significant cross-track resolution are lost. If the 
latitudinal index of the array lattice is below 2, 

the space-time disambiguation is not realized. 
Thus, we are proposing to build a 32-space-
craft baseline mission, holding � as a potential 
descope for a threshold mission which would 
À\�24, resilient to anomalies in order to main-
tain at least two observation points per track in 
every plane. If both the descope and the resil-
iency factor come into play, our threshold mis-
sion retains its scientific value. �D.4-� and �E.3 
describe an OSSE (Observing System Simu-
lation Experiments) calculation exploring the 
degradation of the reconstructed flow fields as 
a function of loss of spacecraft; similar quantifi-
cations can be done for the other data products. 
Similarly, we are proposing to build a 32-station 
GBO network. However, in the case of GBO 
our baseline and threshold mission designs are 
the same.

The ARCS threshold mission includes all 
baseline science objectives with a moderate re-
duction of time resolution for STA and MAG 
mapped data products, and a larger uncertainty 
for eTOMS data products (�D.5.2). It exercises 
a descope option reducing the number of satel-
lites per orbital plane from 4 to 3. ARCS has 
satellites in eight orbital planes so this descope 
represents a decrease in on-orbit satellites from 
32 to 24. The descope does not include removal 
of instruments, given the low number of differ-
ent instruments and the importance of having 
each satellite identical to one another for cost 
saving purposes.

The ARCS unprecedented local CubeSwarm 
density is made possible by choosing a high-
heritage economically produced spacecraft bus 
suited to our mission region and duration, where 
we achieve required mission reliability through 
redundancy, together with pre-launch inte-
gration and test to deliver robust satellites for 
launch. Our flexible mission design criteria and 
science requirements are resilient, as described 
in �D.4-�. The 24 satellite threshold mission 
allows ARCS to meet all of its science objec-
tives with some loss of time resolution, and 
increased eTOMS uncertainty. Sufficient fuel 
margin is available to adjust the orbital planes 
of the CubeSats should outages occur preferen-
tially in a single orbital plane (�F.2, Table F-5). 
Finally, reliability analysis is planned in Phase 
B in order to provide the technical basis for the 
number of CubeSats to be descoped versus the 
number used for on-orbit redundancy.  
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The ARCS threshold mission of 24 satellites 
is the first ever closely spaced swarm of satel-
lites. The CubeSwarm and associated GBO are 
ideal to make crucial measurements at auroral 
mesoscales; it is made possible by recent and 
significant technology advances in small satel-
lites, ion propulsion, advanced manufacturing, 
and camera technology. 

§D.4 THRU §D.7 BELOW IS NEW MATERIAL 
SINCE STEP 1 PROPOSAL, AND IS DESIGNATED 
WITH MARGIN-COLUMN BARS.

D.4 Science section additional descriptions 
for resolution, sufficiency, and closure

Sections �D.1 through �D.3  above remain un-
changed from the original Step1 proposal (other 
than minor corrections and amendments called 
out and tracked as required for the CSR). In these 
added sections below, we address aspects of the 
Science mission that benefit from fuller expla-
nations, centering on more precise descriptions 
of ARCS science closure. Closure requirements 
for the discovery aspects of Science Objective 1 
“SO1: what are the maps”, and the linkage as-
pects of “SO2: how do they evolve together”, 
define the resolutions and observational span 
that are required. Closure on the understanding 
aspects of “SO3: auroral system science ques-
tions”, places requirements on both resolution, 
and on data sufficiency.

In �D.5 we show examples of how ARCS 
closes on its science objectives, both in its base-
line and its threshold variants. In �D.6 we ad-
dress the data sufficiency requirements defining 
how ARCS data are generalizable enough for 
closure. In �D.� we address resolution require-
ments, and then close by returning to how we 
justify our definition of the measurement array, 
both S/C and GBO. These various pieces tell the 
story of closure, for instance, of SO1, i.e., “what 
are the gradients, and, what are they the gradi-
ents of"” We need to make clear, for instance, 
why we do not prefer 4 sequential single S/C 
crossings one minute apart: this choice does not 
allow a “snapshot” of the 2D structure of the arc. 
ARCS must measure both the width and motion 
of current sheets and flow structures, not mere-
ly the time dependence of an assumed spatial 
structuring. The array choice definitions, then, 
are a consequence of closure requirements, and 
are resilient to possible degradations of resolu-

tion and to threshold choices.
Consider what is meant by resolution in a 

multipoint heterogeneous mission. We need to 
detail both uncertainty on the measured quanti-
ties (flow vector error, deltaB error, density er-
ror, image inversion data product error), as well 
as spatial and temporal resolution of the dis-
tributed data products -- the maps -- generated 
by a CubeSwarms’s-worth of these measured 
quantities. How the data are combined and used 
involves tradeoffs between temporal and spa-
tial resolution, and availability of different sce-
narios of data products. We introduce the idea 
of a 2-level map of resolution in Figure D-9, 
having truly multipoint spatial resolution (S/C 
to S/C at a given instant) together with, at each 
observation point, fine-scale single-S/C along-
track resolution (over an 1� sec interval as one 
S/C moves to the position of the next). Combin-
ing the data sets for different spans of data col-
lection cadences allows localized-single-point 
resolution for gradients embedded in truly mul-
tipoint spatial map resolution. The roughly 150 
km S/C-to-S/C resolution for the 2d multi-S/C 
map of observations, with 0.5 km single-S/C 
resolution at each S/C for spatial gradients, al-
lows us to construct a “map of gradients” ex-
ploring the edges of disturbances in the context 
of the auroral system. Throughout �D.4-�, we 
develop the arguments for our choices of array 
spacing and span, as summarized in Table D-3 at 
the end of �D. With these resolution definitions 
in place we can clarify what is meant by “mod-
erate reductions in time resolution” as various 
aspects of the heterogeneous array are degraded 
from baseline to threshold levels.

Our OSSE, built on the physics-based GEM-
INI numerical model, generalizes and expands 
on the standard OSSE setup to move beyond 
simple quantification of expected measurement 
error, generating dozens of 300 s duration var-
ied synthetic datasets using GEMINI. These 
were driven with inputs consistent with what 
we know about auroral forms from the litera-
ture and sampled through STK-generated orbits 
as idealized sources of synthetic data in 3 ways 
(Fig. D-10). We demonstrate an end-to-end rep-
resentation for closure:

1. Resolution: In standard OSSE format, we 
use virtual observations to quantify expected de-
rived-quantity resolutions in different situations:
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• A scraper tool is used to extract virtual ob-
servations from input-generator driven GEMI-
NI-created synthetic datacubes, given the STK 
representations of the S/C trajectories through 
the ionosphere and over the GBO. 

• Reconstructor tools, for flow vectors, mag-
netometry, tomography, and simulated auroral 
emissions, are used to create uniformly gridded 
maps from the scraped virtual data, incorporat-
ing different levels of measurement noise and 
S/C health.

• GEMINI runs are then in turn driven by 
these variously-degraded reconstructions, with 
noisy observations, missing observations, or in-
creasingly non-ideal arc structures. These GEM-
INI runs are then quantified against the original 
synthetic-data GEMINI datacubes; the metrics 
for these comparisons are a science study in and 
of themselves.

2. Sufficiency: Synthetic data from GEMINI 
are used to quantify families of auroral arc stud-
ies by creating hypothesized arc structures to 
quantify testable hypotheses. Here we quantify 

Figure D-9. CubeSwarm array resolution defi-
nitions. The aspect resolution of this and OSSE 
figures is chosen to highlight cross-arc gradi-
ents. An 18 s data capture of flow vectors is il-
lustrated for the array; pink vectors show the 
capture from one spacecraft (decimated for vi-
sualization; the full 18 s capture includes 540 
vectors per s/c); orange vectors show a 36 s 
capture by a spacecraft near a missing space-
craft. The underlying color map illustrates a re-
constructed scalar field of the eastward compo-
nent of the flow vectors in the region. See Figure 
D-20 for a sequential example.  

)LJXre '��� &XEe6ZarP arra\ reVROXtLRQ de¿QLtLRQV� 

Figure D-10. OSSE and synthetic data flow 
plan, three ways. 
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how many observations of different types of 
events at different levels of observational qual-
ity (Scen1, 2, and/or 3) are needed for general-
ization. That is, we explore the number of ob-
servations needed to move beyond case-study 
observations, toward generalizable statistics and 
pattern recognition.

3. Closure: Finally, we exploit ensemble, as-
similation, and aggregation tools, including 
machine learning (ML) studies, to illustrate 
bringing our studies to closure. In our closure 
examples in �D.5, we use GEMINI to create 
hypothetical data fields illustrating examples of 
exciting science results, here labeled as µtop’ re-
sults for each of our Science Objectives. In our 
sufficiency examples in �D.6 we illustrate gen-
eralizing from Scen1 (in situ only) out to Scen 
2 or Scen3 (in situ with GBO and/or eTOMS) 
using an ML algorithm developed with GEM-
INI runs that can be validated with Scen3 data; 
this inversion problem extracts the conductivity 
throughout the model volume from the F-region 
flow (i.e., electric field) and field-aligned cur-

• 

• Scen1:  in situ only

• Scen2:  in situ + eTOMS

• Scen3:  in situ + eTOMS + imagery

Scenarios 
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rent maps. Overall for the ARCS mission, we 
aim to codify our closure by reconstructing in 
situ signatures from ground-based imagery, 
through training an ML algorithm using the full 
ARCS database; this is what we mean by “read-
ing the aurora”.

D.5 Closure
D.5.1 Baseline mission closure

SO1, our Discovery objective, is “Map the 2D 
mesoscale structure and temporal evolution of 
plasma flows and currents in the auroral iono-
sphere.” The maps produced by ARCS, at the 
spatial resolution, cadence, and quality defined 
in �D.�, with sufficient number and diversity 
defined in �D.6, address this objective. The di-
verse (viz. spanning a wide range of pre-mid-
night auroral phenomena) and numerous Scen1 
and Scen2 events, validated by the detailed case 
studies of Scen3, over the defined parameter 
space of premidnight auroral structures, char-
acterize what these flows and currents look like 

stantial deviations from ideal current structure. 
This ionospheric-conductivity driven structur-
ing is then a possible basic element of a surge 
head illustrating the potential role of the iono-
sphere in determining the evolution of WTS be-
havior - something to be explored with ARCS. 
The lower panels of Figure D-11 illustrate how 
the ARCS in situ observational span and resolu-
tion enable closure by capturing the details of 
this mesoscale event. With ARCS observations, 
we can directly measure, for the first time, the 
co-existing flow and current fields around such 
structures; understanding the ionospheric role in 
controlling WTS behavior is an open question 
in ionospheric system science to which ARCS 
provides closure. 

SO2, our Linkage objective, is “Determine 
how these 2D maps of plasma flows and currents 
self-consistently evolve in conjunction with au-
roral ionospheric density responses.” ARCS’s 
evolving maps of flows and currents, coincident 
with ionospheric density volumes, with suffi-

Figure D-11. Example ‘top’ result for SO1: a map of flow and cur-
rent structures around a westward travelling surge (to the extent 
this can be presently modelled with a GEMINI OSSE). Top panels: 
GEMINI data slices of flow (left) and current (right). The model 
flow field is represented in HSV format, with color indicating di-
rection. Lower panels: OSSE reconstructions of scraped 32-point 
observations. Horizontal black-line contours on the flow field re-
construction indicate the location of two narrow precipitation arcs 
in the GEMINI model input. Black vectors, lower left:  measured 
flow vectors;  lower right:  measured dB vectors.

and how they evolve and 
move for different driv-
ing. Figure D-11 illustrates 
an example µtop’ result for 
SO1: a map of flow and 
current structures around 
a westward traveling surge 
(WTS) -- encoded in our 
models as an arc with a 
westward propagating (at 1 
km/s) fold structure.

Exploration of the simu-
lated density volume finds 
a density disturbance in the 
wake of the bend, which 
results in the generation 
of severely non-sheetlike 
currents even though the 
imposed precipitation cur-
rent is sheetlike. In this 
simulation GEMINI is 
showing parallel currents 
that correspond to gradi-
ents in conductivity as well 
as to an enforced flow and 
precipitation pattern. This 
example shows that even 
relatively smooth system 
inputs (precipitation and 
flow) can result in sub-

)LJXre '���� (xaPSOe µtRS¶ reVXOt IRr 62�
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cient resolution, diversity, and quantity, together 
with GEMINI, stitch together auroral conduc-
tivity volumes permitting new insights into the 
behavior of the premidnight auroral lower iono-
sphere. Figure D-12 illustrates a second µtop’ 
result for SO2: dark winter vs sunlit summer 
pre-magnetic-midnight density volumes and 
their related flow-current maps, inferred from a 
3-d volumetric evolving density cube, for non-
idealized, non-sheetlike discrete arc structures.

The FAC modeled by GEMINI for the narrow 
precipitation structure response is quite similar 
in both cases as the return current is predomi-
nantly sourced by gradients of the precipitation-
induced E-region conductance gradients (clear in 
the central panel density profiles). However, the 
flow shears near the arcs are able to source much 
larger currents in the sunlit summer ionosphere 
than in the winter one (left panels), changing 
the broader context in which the aurora inter-
acts with background convection. The sunlit F-
region densities (center and right panels) allow 
current closure of up to 5-10 uA/m2 over broad 
regions without the formation of potential drops 
and narrow precipitation regions. This was sup-
posed by Newell >1996@ in the paper “Suppres-
sion of discrete aurorae by sunlight.” The ARCS 
span and resolution of F-region measurements, 
together with tomographic and/or inverted im-
agery information about density volumes, al-

low determination of the role of the ionospheric 
density in determining the relationship between 
F-region flow and current structures - an open 
question for decades for which ARCS provides 
closure >Borovsky, 199�@. 

SO3, our Understanding objective, is “De-
termine the roles of the physical mechanisms 
regulating the relationships between the flows, 
currents, precipitation and auroral forms in the 
nightside auroral ionospheric system.” The full 
ARCS data set, including both the numerous 
Scen1 and Scen2 cases and information rich 
Scen3 cases, drive a large and diverse set of 
data-driven GEMINI runs sufficient to general-
ize behaviour over a variety of circumstances, 
as listed in Table D-2. Figure D-13 illustrates 
a third µtop’ result for SO3: isolating various 
terms of the continuity equation which source 
field-aligned currents in different situations. 
This result exemplifies how addressing SO1 and 
SO2 cascades into addressing SO3: maps of 
flows and currents, together with the evolving 
ionospheric density datacube, allow rigorous 
examination of the system science of specific 
auroral morphologies. 

Figure D-13 reveals, through a GEMINI mod-
el run of a WTS event with a 3 km/s westward 
velocity, the underlying physics of the type of 
current structuring described in Figure D-11. 
The density cut shows the plume in the wake of 

Figure D-12. Example ‘top’ result for SO2: Dark (February, top) vs sunlit (June, bottom) flow/
current linkage inferred from a 3-d volumetric density cube. (left and center) GEMINI data slices 
of parallel current (color map) and plasma flow (black arrow overlay) in the horizontal plane at F-
region altitudes, and of plasma density in a (north, altitude) central cut of the model space. (right) 
eTOMS OSSE reconstructions of the February and June ionospheric volumes.

)LJXre '���� (xaPSOe µtRS¶ reVXOt IRr 62�
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the moving arc structure, ostensibly leading to 
the development of non-sheetlike FAC sourced 
by the gradient of the Hall conductance in the 
current continuity equation. ARCS measure-
ments, with non-ideal flow fields constrained by 
high fidelity imagery, and pairing observational 
and calculated FAC fields, allow understanding 
and closure of how the conductivity distribution 
affects the development of the surge head non-
sheetlike FAC. 

These examples of generalizable results illus-
trate how ARCS answers auroral system stud-
ies questions. Post-mission, in aggregate, ARCS 
provides training data sets for ML tools, trained 
on the disparate observations that the mission 
collects over its lifetime. This ML model implic-
itly incorporates all the physical interrelation-
ships in the system, which then are extractable 
by a number of standard interrogation or inter-
pretability techniques: thus by ARCS, we learn 
to read the aurora, assisting in closure of SO3.

Finally we provide two examples of significant 
science questions that incorporate all three sci-
ence objectives. First, to what extent is the qua-
sistatic current continuity equation (�D.1.1) an 
accurate description of ionospheric behaviour" 
Sounding rocket case studies >=ettergen, 2014; 
Lynch, 2015; Clayton, 201� and 2021@ illustrate 
the surprisingly broad scope of usefulness of 
the quasistatic approximations. In what regimes 
does this break down" Furthermore, when are 
the height-integrated representations appropri-
ate, and are any key physics missing, for ex-
ample the effect of imperfect parallel mapping 
of electric fields at small spatial scales and fast 
time scales >Forget et al., 1991; Knudsen et al. 
1992@" These questions can be addressed with 

ARCS because the three key electrodynamics 
parameters - electric fields, currents, and con-
ductivities - can be estimated independently. E 
and Jۅ are measured in situ, and can be used to 
estimate conductivities, which in turn can be 
validated using eTOMS and GBO optics. Dis-
crepancies will be quantified as a function of 
auroral type, and then used to search for and iso-
late missing physical effects. 

Second, what role does the ionosphere play 
in regulating magnetospheric drivers of auroral 
phenomena" ARCS will sample the “load” por-
tion of the auroral circuit, which also includes 
a magnetospheric generator and M-I coupling 
medium, both of which are outside the region of 
ARCS measurements. However, their properties 
have observable consequences in the ionosphere 
(Fig. D-14). The Newell >1996@ paper ends with 
the sentence: “Indeed, out of 22 mechanisms 
proposed for creating discrete aurorae, only 
the ionospheric conductivity feedback mecha-
nism explains our result that discrete aurorae 
are suppressed under sunlit conditions >Newell, 
1996@.” For example, an ideal current generator 
in the magnetosphere may impose a relatively 
unstructured FAC pattern which, coupled with 
structured conductivities, will lead to a struc-
tured flow pattern. In the opposite limit, a me-
soscale magnetospheric potential field coupled 
with structured ionospheric conductivities, will 
lead to a structured current pattern. Comparable 
amounts of structuring would indicate more 
evenly-matched ionospheric and generator im-
pedances. There are few self-consistent models 
of the auroral generator >Borovsky et al., 2020@, 
and the ARCS observational constraints will 
serve as a valuable tool for achieving a workable 

  

Figure D-13. (top row) Example ‘top’ result 
for SO3: GEMINI-modelled current continu-
ity equation breakdown examining the compo-
nents of field-aligned current sourcing. (bot-
tom) corresponding GEMINI density cut at 
180 km altitude.

generator model. 

D.5.2 Threshold mis-
sion time resolution

The ARCS thresh-
old mission is de-
fined by the simple 
reduction of the 
baseline S/C array, 
decreasing from 
the nominal four 
magnetic-latitude-
aligned lines of 
eight S/C (flying 32 
for a resilient base-

)LJXre '���� (xaPSOe µtRS¶ reVXOt IRr 62�
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line array of 24 S/C across this lattice); down to 
three such lines (flying 24 for a resilient thresh-
old array of 16 S/C). Figure D-15 illustrates that 
the net effect of this reduction is a reduction of 
our nominal time resolution, turning 1�-sec-
ond frames of data collection, into 36-second 
frames. (For eTOMS, the effect is an increase in 
uncertainty; for GBO, there is no change for the 
threshold mission.) All other aspects of resolu-
tion and sufficiency as defined for the baseline 
mission are unaffected by this change.

Figure D-15 shows that for the threshold mis-
sion in its minimal state, with its minimum re-
quirement of 16 in situ measurement points, 
twice the S/C travel time is needed to span an 
auroral structure with full along-track data. The 
images show an overlay of a discrete auroral arc 
as observed by the KIAN imager of the THE-
MIS-GBO >Mende, 2009@, by the flow vectors 
of a scrape of a GEMINI run by either 24 (left) 
or 16 (right) S/C, for either 1� sec (left) or 36 
seconds (right). (The image, and the GEMINI 
run, are not coupled in this figure, other than 
both being of a discrete auroral arc.) During the 
timespan of the collection, the arc moves and 
evolves. In the example baseline observation 
shown, a random choice of � S/C are missing; in 
the example threshold mission shown, the array 
is presumed to be reordered to maintain at least 
2 S/C per track. The highlighted pink vectors in 
each case illustrate the swath of flow data col-
lected by S/C position 3 (left), or 2 (right) over 
the course of the frame. The net cost of the re-
duction to the threshold mission is a limiting of 
the scope of auroral motions and structures that 
can be space-time disambiguated: arcs moving 
or evolving rapidly on 30-second timescales 
will be more blurred, and only 2 rather than 4 
fully-independent frames of a structure on the 

and would be worthwhile albeit limited from the 
preferred rich baseline mission.

  This reduction to the threshold mission defi-
nition preserves the resolution (other than the 
factor of 2 in net in situ frame time resolution) 
and sufficiency for ARCS. Further reductions in 
the designed S/C number would prevent any sig-
nificant space-time disambiguation, and would 
not allow the mission to be worthwhile. As we 
illustrate below, occasional holes in the defined 
S/C array can be corrected for with the recon-
structions, such that the baseline 32-array is 
resilient down to 24 operational S/C at a given 
time. Similarly here in the threshold mission, 
some points of the 24-S/C array could become 
non-operational without crippling the recon-
structions. However, reductions below 16 mea-

Figure D-14. Demonstration of sunlit ionosphere (center) sourcing FAC 
from flow shears only, vs dark ionosphere (left) not doing so. These GEM-
INI runs are driven by the flow patterns, and ionospheres (Fig. D-12) but 
without imposed arc precipitation. The sunlit ionosphere can source broad 
regions of several uA/m^2 FAC without localized precipitation regions.

)LJXre '���� 'ePRQVtratLRQ RI VXQOLt LRQRVSKere VRXrcLQJ )$& IrRP ÀRZ 
shears only

scale of the array 
span can be cap-
tured during a cross-
ing. More examples 
of this framing are 
shown in �D.�. The 
in situ field illustrat-
ed by Figure D-15 
(right) remains a 
distinct leap from 
present single- or 
few-S/C views of 
auroral structures, 

Figure D-15. Reduction of time resolution 
caused by dropping from the baseline to the 
threshold spacecraft array design. The white 
feathers illustrate a scrape of a GEMINI model 
flow field, overlaid on a THEMIS-GBO from 
from KIAN (Mende, 2009). Data must be col-
lected for 36 seconds to fill the threshold span 
(right, threshold) rather than 18 sec (left, base-
line). Vectors from a single spacecraft are high-
lighted in pink. Vectors from times previous to 
the shown array footprint are in blue.

)LJXre '���� 5edXctLRQ RI tLPe reVROXtLRQ caXVed E\ drRSSLQJ IrRP tKe 
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surement points, such as to a single line, or to 
sets of 3-4 S/C, would be too like existing mis-
sions such as ESA-Swarm to be worth the effort 
expended. The defined threshold mission main-
tains the essential elements of the ARCS multi-
point study at the cost of a limited reduction in 
time resolution. 

D.6 Sufficiency
Generalizing observational results for science 

closure requires a VXI¿FLHQF\ of data. In this 
section we detail data sufficiency requirements 
for diversity and number, and the ARCS mission 
capability of meeting them in a resilient fashion. 
There are three data collection scenarios: Scen1, 
in situ only; Scen2, in situ crossing of the GBO 
array with TEC but no imagery; Scen3, in situ 
crossing of the GBO array with valid imagery. 
There are 24 contiguous months of science data 
collection. In the summer months (§E), auroral 
imagery is not available in the Northern Hemi-
sphere, but in situ and tomography data remain 
scientifically valid and valued.

The essential requirement for sufficiency is 
that we move beyond individual-auroral-cross-
ing case studies into generalizable observations. 
Scen3 observations form the most complete 
crossings; interpretations of these crossings are 
used to validate the much more numerous Scen2 
and Scen1 observations. These more numerous 
observations provide the statistical heft for gen-
eralization of the deep Scen3 observations.

D.6.1 Scen1: in situ data sufficiency
Diversity and number of map examples expect-

ed: In situ data maps of flow fields and current 
structures are collected for three Northern Hemi-
sphere nightside auroral zone crossings every 
day for the two-year science phase, providing a 
database of two thousand such crossings. Two-
thirds of these are designated Scen1 in that they 
are not over the Alaska GBO.  One-third are part 
of either Scen2 or Scen3. Overall there are 2000 
in situ crossings. Data are collected year-round, 
covering seasonal dependences of premidnight 
aurora over a two-year cycle. We expect to be in 
the declining phase of the solar cycle, and can 
expect a substorm cycle rate of 5.5 substorms per 
day, based on the number of substorms observed 
during a similar phase of solar cycle 24 >New-
ell and Gjerloev, 2011@. As typical substorm life 
cycle durations are about two hours, this means 

that at any given time, there is a 45� chance of 
being “in” a substorm. Multiplying our 1� min/
day (taking the central 6 minutes of each of the 
three 12 minute science passes) of pre-magnet-
ic-midnight central-auroral-zone data collection 
cross section with this 45� density of expected 
substorm activity allows us to predict an inter-
section with 1�
�20
0.45   5�00 minutes of 
32-point in situ recorded substorm activity.

The 2014 ground-based imagery mosaic 
shown in §E illustrates the diversity of auroral 
activity that was recorded in central Alaska over 
the course of a winter season in solar cycle 24. 
Much of the premidnight auroral zone diversity 
can be organized around the substorm sequence. 
We can collect hundreds of examples covering 
the different phases of substorm sequence, as 
well as hundreds of examples of quiet arcs. This 
large number allows generalization of the iono-
spheric science implications we extract from 
each event. 

Ability to interpret without context of GBO: In 
order to make use of this large number of in situ 
crossings, we need to be able to “connect-the-
dots” between the multipoint S/C observations 
in a coherent manner. The reconstructions gen-
erally assume knowledge of the line of the “arc 
boundary”, that is, the coherent boundary of a 
longitudinally extended auroral structure, along 
which the activity is assumed to have minimal 
variance. This allows us to combine the fine-
scale structure of the along-track observations, 
with the across-track spacing, in an informed 
manner. For events with no ground-based im-
agery, we are able to reproduce this constraint 
in several ways. The simplest is knowledge that 
most auroral arcs are aligned to a line of con-
stant MLAT >Gillies et al., 2014@; indeed this is 
why our array is aligned to magnetic latitude. 
This however is overly idealized and we want 
to allow for non-aligned structures. As long as 
the structure has a coherent sheetlike envelope, 
even if the sheet is distorted, maximum-variance 
analysis of the in situ magnetometry [Sonnerup 
and Scheible, 199�@ allows us to extract from 
the in situ magnetometry data a proxy for the 
inferred arc boundary. Figure D-16 illustrates 
such a reconstruction of a flow field using only 
the arc boundary inferred from the in situ mag-
netometry. For simple arc structures (left panel), 
the two boundaries are quite similar; for faster-
moving structures (right panel) the two defini-
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tions of the boundary can vary but the resulting 
reconstruction remains viable (Table E-5).

Ability to invert with GEMINI and Poynting’s 
Theorem constraint: Measurements being made 
for ARCS Scen1 crossings will result in the pro-
duction of reconstructed data maps (2D fields) 
of parallel current density and electric field (flow 
field). These measurements may be directly used 
to also produce derived data maps of Poynting 
flux. In the case of Scen1 data, key unknown 
physical parameters are ionospheric Pedersen 
and Hall conductances - without these one does 
not have a full picture of electrodynamics and 
energy flow in the auroral system and cannot un-
lock the scientific potential of the large amount 
of Scen1 data collected by ARCS. 

Scen1 current density, flow field, and Poynting 
flux data maps can be related to each other 
through electromagnetic conservation laws: cur-
rent continuity and the Poynting theorem. Un-
der assumptions of steady state conditions and 
equipotential field lines (appropriate at scales 
relevant to our science questions), these can 
be reduced to expressions relating current den-
sity (the current continuity equation, in �D.1.1) 
and Poynting flux (for the case of sheetlike arcs 
>Richmond, 2010@) to the conductances.  For 
sheetlike arc structures, >Richmond, 2010)@
shows the Poynting flux can be represented as:

Removing sheetlike assumptions can be dealt 
with via further analysis shown Richmond et al 
(2010), which would lead to a more sophisticat-
ed estimation method. These conductances may, 
in principle, be solved by simply inverting this 

system of equations. However, the component of 
the Hall conductance gradient along the electric 
field direction is explicitly not part of this sys-
tem. Thus in addition to conservation laws ad-
ditional prior information is needed. For ARCS 
data processing we have several approaches to 
adding prior information: (1) regularization that 
places constraints on solution norm or smooth-
ness (i.e., Tikhonov regularization), and/or (2) 
inclusion of model information that further cor-
relates Pedersen conductance (which is well-
constrained by laws above) to Hall conductance 
(which requires further constraints). As a final 
note, the conservation laws used above are sub-
ject to assumptions of steady-state, so care will 
need to be taken to apply them only to DC com-
ponents of the measurements. 

Figure D-1� shows an example that direct-
ly computes Pedersen conductance from the 
Poynting theorem and then combines this in-
formation with a linear regularized solution to 
the current continuity equation to estimate the 
Pedersen to Hall conductance ratio. Here a regu-
larization based on smoothness and deviation 
from a fixed Pedersen-to-Hall ratio illustrates 
that even a relatively simple linear algorithm is 
able to reconstruct useful information about the 
conductances from ARCS’s 2D maps of current 
density and of energy flow. 

There are other means of achieving conduc-
tance estimates. For example constraints could 
be derived from model-based inversions or sim-
ple parameterizations based, e.g., on the Robin-
son formulas >e.g. Liemohn, 2020; Robinson et 
al, 19��@ or updated versions of these formulas. 
These approaches would yield nonlinear estima-
tion techniques that directly derive electron pre-
cipitation total energy flux and characteristic en-
ergy needed to construct GEMINI simulations 
for these passes. The same precipitation param-
eters could alternatively be estimated from the 
Pedersen and Hall conductance output by our 
example linear estimator using any model of 
conductance produced by energetic precipita-
tion. 

Information content of in situ data alone: An-
other way of revealing and exploiting connec-
tions of flow and current is by training a neural 
net with combinations of in situ information and 
conjugate auroral imagery. Figure D-1� illus-
trates one example of such a process, using the 
more limited data available from ESA-Swarm 

Figure D-16. Reconstructions using magnetom-
etry-based arc boundaries.  Red line:  boundary 
from imagery.  Black line:  boundary from mag-
netometry.  (left) Reconstruction of Figure E-11 
event. (right) of Figure D-23 event.
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and THEMIS-GBO. Using several hundred 
crossings of the ESA-Swarm S/C >Knudsen, 
201�; ESA, 2021@ over various THEMIS-GBO 
imagers >Mende, 2009@, a neural net algorithm 
was trained to relate features of field aligned cur-
rent signatures and cross-track flow signatures, 
to matching features of white-light brightness 
traces along the trajectory footpoint. In the ex-
ample shown, the resulting ML algorithm took 
as input the featurized in situ crossing current 
and flow information, and predicted the loca-
tion and magnitude of the matching discrete arc, 
shown here as a sheetlike swath aligned to a line 
of constant MLAT. With ARCS, the in situ data 
are distributed in 2D, rather than limited along 
a single trajectory, allowing the exploration of 
non-sheetlike structures even in the absence of 
associated imagery.

We can use ML tools to infer expected auro-
ral brightness signatures from in situ distributed 
maps of F-region current and flow, in the ab-
sence of imagery. This learning algorithm can 
be jump-started with existing THEMIS-GBO 
and ESA-Swarm databases (albeit limited by 
the small number of S/C and the broadband un-
filtered imagery), as shown just above, and ex-
panded and improved using distributed ARCS 

data as it becomes available. 
Additionally, ML tools can provide an alter-

nate means of inversion of the ionospheric con-
ductivities from in situ maps of flow and current. 
An Artificial Neural Network (ANN) is trained 
on a large number of GEMINI model runs (i.e., 
synthetic data) where maps of accompanying 
precipitation average energy �E! and energy 
flux 4 from the simulation volume are given, 
and maps of field-aligned currents and poten-
tials are specified at the upper altitude boundary 
of the simulation, providing a low-cost emulator 
of the full physics-based model. When ARCS 
produces 2D observational maps of the FACs 
and potentials, the ANN model will be used to 
estimate the most likely distribution of �E! and 
4 consistent with the observations. Then GEM-
INI, constrained by the in situ maps and the pre-
dicted precipitation, can be used to calculate the 
conductivity volume.

While it is difficult to demonstrate ahead 
of time the efficacy of these ML tools for the 
ARCS data, we can illustrate the use case above 
on paired time-series maps of GEMINI-synthet-
ic-data flow, current, and precipitation. We have 
many already in hand, for all the existing OS-
SEs and all their timesteps. Figure D-19 shows 

Figure D-17. Example of use of electromag-
netic conservation law-based inversion (top 
left) model Pedersen conductance, (top right) 
model Hall conductance, (bottom left) Pedersen 
conductance computed from Poynting theorem, 
(bottom right) Hall conductance computed us-
ing regularized inversion of current continu-
ity equation (with specified Pedersen conduc-
tance). 
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Figure D-18. Example ML neural net prediction 
of discrete arc based on ESA-Swarm flow (blue) 
and FAC (purple) signatures over a THEMIS-
GBO (Fort Simpson) imager (Mende, 2009). 
Left image: observed. Right image: predicted 
arc structure assuming MLAT-alignment. (cite 
M Kawamura, Dartmouth). With ARCS, the as-
sumption of MLAT-alignment can be relaxed, 
and featurization can be done using 2D array 
of in situ data. 
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an example of such a prediction using the avail-
able database of OSSE GEMINI runs, for the 
restricted case of paired discrete arcs.

The Scen1 database has exceptional depth and 
dimensionality; it will produce two-dimensional 
time-dependent maps of flows and currents for 
a diverse multitude of Northern hemisphere 
premidnight auroral zone crossings. 

D.6.2 Scen2: in situ plus tomography sufficiency 
The nightly Scen2 crossings provide tomo-

graphic density reconstructions that are diverse, 
interesting, and interpretable without imagery 
context. eTOMS provides necessary validation 
for GEMINI calculations of density volumes. As 
with Scen1, Scen2 data also lack optical mea-
surements and direct specifications of precipi-
tation therefrom; yet these precipitation speci-
fications are required inputs for FrAMBOISE. 
Scen1 inversion can make use of energy and 
charge conservation laws to compute the pre-
cipitation characteristics; for Scen2 we have the 
additional tomographic reconstruction for plas-
ma density (viz. full 3D volumes of density esti-
mates). There are several established approach-
es for inverting density profiles to derive auroral 
precipitation >Semeter and Kamalabadi, 2005 
and references therein@ parameters. The essence 
of these techniques is that the height of the ion-
ization layer effectively determines the energy 
of the precipitating particles while the amount 
of ionization determines the total energy flux. 
These algorithms can be leveraged to determine 
maps of characteristic energy and total energy 
flux at the native resolution of the tomographic 
reconstruction of density (within limits of to-
mography inversion resolution). 

An additional consideration that can improve 
the quality of 4 and �E! maps for Scen2 is that 
the density inversion algorithms can be combined 
with conservation equations and parallel current 

density and Poynting flux measurements. The 
result will be a larger and more computationally 
expensive (but not prohibitive) approach that 
derives a higher fidelity precipitation estimate 
given constraints from all Scen2. Finally, we 
also note that eTOMS Scen2 data will provide 
specifically the F-region plasma density needed 
for initial conditions in the models. Also of note 
is that the eTOMS data are available through the 
summer sunlit-ionosphere months when the im-
agery is offline.

  
D.6.3 Scen3: in situ plus tomography plus imagery suf-
ficiency 

Sufficiency arguments for Scen1 and Scen2 
data are that those data can be interpreted with-
out imagery.  Sufficiency arguments for Scen3 
data are concerned with showing that there are 
enough examples for generalization and for val-
idation. The GBO array is resilient to operation-
al and weather outages, as detailed in §E. The 
statistics of true Scen3 events include the depth 
of their datacubes; these event studies are deep/
high-dimensional enough for generalization to 
the larger-numbers of Scen1 and Scen2 data use. 

The 2014/2015 “mosaic” of auroral events 
shown in §E contains 4� of 100 clear-sky au-
roral images from 1000UTC in that solar-cycle 
equivalent year. An examination of these events 
finds, over a total of 2�3 days that season, 3� qui-
et arc events, and �1 substorms, which included 
30 storm-time substorms. So the probability of 
clear sky and auroral events is (3���1)/2�3   
0.43, which is remarkably consistent with the 
statistics mentioned earlier based on the Super-
MAG substorm list.

D.6.4 Modelling sufficiency
A standard GEMINI datacube contains the 

density, 3D bulk velocity, and temperature for 
six ion species (O�, NO�, N2�, O2�, N�, and 
H�), and electrons. The potential, conductivi-
ties, and currents are also included. The richness 
of this datacube provides constraining informa-
tion for understanding the local ionosphere. 

All of the ARCS data can be ingested by GEM-
INI and used as data drivers (App. L.14.2.4) for 
simulation runs, using the Scen1 inversions de-
scribed in �D.6.1, validated by Scen2 and Scen3 
observations as well as physics-based synthetic 
datacubes (3D volumes of ionospheric plasma 
parameters) created within GEMINI. The ARCS 

Figure D-19. Example ML predictions of pre-
cipitation maps from flow and current maps, 
using an algorithm trained on many similar 
GEMINI runs. RMSE is 3% for both.
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data are sufficiently diverse to be generalizable 
into a range of modeling case studies. Finally, 
it is noted that substantial resources are allo-
cated so that GEMINI can be extended with an 
inductive component so that we can use it to 
study Alfvenic auroral fluctuations observed by 
ARCS.

D.6.5 Machine learning sufficiency
Machine Learning (ML) tools will be used in 

multiple ways, such as in a Scen1 inversion tool 
as described above. Separately, ML provides a 
tool to stitch together all the data collected from 
all the ARCS crossings under a variety of con-
ditions, at the conclusion of the mission. This 
includes data from all S/C passes, for all events, 
with the aim of reconstructing a complete auro-
ral ionospheric state given ground-based  infor-
mation (imagery).  ARCS GBO data, together 
with activity indices, combined with ARCS in 
situ data,  train the ANN model for post-ARCS 
use. The resulting model will recreate, given 
ground-based input data, what the ARCS in situ 
CubeSwarm would have observed over its tar-
get region of Alaska given those specific driving 
conditions, for events after the conclusion of the 
mission, trained on the disparate observations 
that the mission collects over its lifetime. This 
model would thus implicitly incorporate all the 
physical interrelationships in the system which 
could be extracted by a number of standard 
interrogation or “interpretability” techniques. 
>e.g., Marsland, 2015, p.��; Raissi et al., 201�; 
=hu et al., 201�@. These ML use-cases are fea-
sible and will be conclusive.

D.6.6 Summary of sufficiency issues
We close this section on sufficiency by return-

ing to the middle panel of Figure D-10, creat-
ing example statements such as “this question 
requires N Scenario; crossings for generaliza-
tion.” We can use the framework of FrAMBOI-
SE synthetic datacubes to explore and quantify 
testable hypotheses. Table D-2 provides an il-
lustrative, though not exhaustive, listing of this 
class of questions. Table D-2 lists specific sci-
ence investigations/hypotheses that ARCS data 
will be used to address alongside the estimat-
ed amount of data needed to make substantial 
progress on each, a citation describing the phe-
nomena of interest in detail, and the top-level, 
upstream objective to which each investigation 

component contributes. These investigations are 
also categorized according to which scientific 
objective (SO) they most contribute to.

Based on Poker Flat all-sky camera observa-
tions from �/2014-4/2015, during the ARCS 
mission we expect of order �0 quiet arc and 160 
substorm cloud-free events under Scen3. These 
events will allow us to train and validate the 
interpretation of Scen2 (seven times more nu-
merous) and Scen1 (twenty times more numer-
ous) observations, to increase statistics. In Table 
D-2 we estimate the number of different types 
of events, in the different Scenarios, that would 
be necessary for generalization. Remember that 
each arc-crossing event is a 32-S/C 20-100 sec-
ond datacube, including tomography for Scen2 
and imagery for Scen3.

ARCS science objectives are centered around 
developing a fundamental understanding of 
plasma flows, currents, and conductances for a 
wide range of auroral conditions. Indeed new 
types of auroras are still being discovered to-
day and we struggle to explain how they occur 
(e.g. ionospheric signatures such as STE9E, 
eraser aurora, etc.). Parameters measured by 
the ARCS mission will help define the state of 
the ionospheric electrical system in auroras and 
will be used to advance a wide range of topics 
in auroral physics. These are organized into the 
general hierarchy of (SO1 -- Discovery) map-
ping of forcing (flows, currents), (SO2 -- Link-
ages) sensing or estimating ionospheric plasma 
responses (e.g. plasma density, current closure, 
and conductance), and (SO3 -- Understanding) 
exploring physical connections between electro-
dynamics of auroras and suprathermal electron 
precipitation - though many investigations are 
related to more than one objective as noted. All 
of these are to be done, for the first time, in a 
spatially and temporally resolved sense needed 
to improve our understanding of auroras. 

D.7 Resolutions
For the ARCS array, there is not a single an-

swer to the question “what is the resolution of 
the observations”, as this is a multi-dimensional 
array allowing a variety of optimal uses of the 
heterogeneous data sources. The framework for 
interpreting these resolution tradeoffs is through 
the OSSE. In §E we address both (a) measure-
ment uncertainty and (b) map error for each 
measurement provider. Here we address (�D.�.1 
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and �D.�.2) the implications of this map error 
for use of these maps in driving FrAMBOISE, 
and then finish with a revisit of the justifications 
for the definition of the ARCS observational 
platform arrays.

D.7.1 Interpretation of Model Output: effects of input 
data map quality 

�D.2.1, the STM, and Figure D-5 define the 
parameters of our planned CubeSwarm array. 
We can now re-examine that definition in light 
of the resolution descriptions above. Table D-3 
lists the array parameter definition in relation to 
the defined resolutions. The latitudinal span of 
the array is designed to include the typical spans 
of WTS structures of a3-4 degrees in magnetic 
latitude >=ou et al., 2010@. The 4 along-track 
rows separated by 1� s of along-track S/C mo-
tion mean that in a typical crossing, 3-4 fully 
independent 2-d in situ snapshots of the full 

flow and current structure can be obtained. The 
GBO span and cadencing allows maps of auro-
ral precipitation estimates at 1 km resolution at 
� Hz, during the swarm overpass, covering the 
cloud-free portions of a 106 km2 region. For this 
nominal interpretation, the connection between 
loss of S/C and time resolution is defined: if a 
S/C is missing from the array, its data need to be 
replaced by those of its along-track neighbors 1� 
sec prior or after, resulting in a blurring of time-
dependent structures at that place in the array. 
Similarly, if a GBO station is offline, its field of 
view must be covered by other imager stations 
at oblique angles.

The longitudinal spacing of the array is deter-
mined by spanning significant lengths of discrete 
arc structures with sufficient resolution to exam-
ine deviations from sheet-like current sheets and 
flow structures. As detailed in �D.2.1, it allows 
study of mesoscale (10’s-100’s km) beads in 

Table D-2: Data sufficiency for specific scientific investigations (Fig. D-10)
SO Investigation/Hypothesis (Scen:# Needed)

SO
1

How do mesoscale flow and current structures correlate with large-scale FACs and convection? (e.g. Coxon et al, 2018) 
(optional use of AMPERE, SMILE UV, and SuperDARN) Sc1:50

(a) What are flow and current conditions accompanying STEVE/SAID, both with and without the “picket fence”? (b) How 
do extreme STEVE/SAID flows work to modulate ionospheric conductivity and self-consistent MI coupling? (also SO2) (e.g. 
MacDonald et al, 2018; Archer et al, 2019) (optional use of ground-based optics/TEC from subauroral regions)

Sc1:100

How do spatial and temporal mesoscales in auroral flows vary as a function of morphology (diffuse, discrete growth, 
onset, breakup, recovery/pulsating, beads)? Sc1:200; Sc3:10

SO
2

How are current closure specifically and MI coupling generally affected by (a) arc proper motion, (b) arc spatial configura-
tions, and (c) precipitation energy flux and spatial distribution? (e.g. Haerendel et al, 1993)

(a) Sc1:100 and Sc3:10
(b) Sc3:12 
(c) (Sc2+Sc3):50

What contribution(s) do auroral beads make to overall system level substorm dynamics, e.g. are the bead-associated FACs 
closed locally? What is the relative balance of FAC sources (electric field structure vs. conductance structure) in beads (also 
SO3)? (e.g. Nishimura et al, 2016)

Sc3:10;
Sc1+2:50

How are variations in FAC related to variations in conductivity, and what implications does this have for self modification 
(e.g. pinching) of current structures (also SO3)? (e.g. Kan and Akasofu, 1979) Sc1:100; (Sc2+Sc3):12

SO
3

To what degree are different types of auroral forms voltage vs. current-driven? Are there well-defined electrical mor-
phologies recognizable from patterns in the imagery? How do daylit auroras differ (e.g. Borovsky, 1998)? Sc1:100; Sc2,3:10

(a) How do westward travelling surge ionospheric electrodynamics (fully resolved in lat/lon) and responses depend on 
drivers? (b) What role do streamers play in magnetosphere-ionosphere coupling (Amm et al. 1999; 2011) and ionospheric 
modulation of substorms? (also SO1+2) (e.g. Marklund et al, 1998; McPherron et al, 2020)

Sc2,3:12;
Sc1:100

To what degree are different auroral morphologies associated with Alfvenic features (e.g. PBIs and rays) driven by dynam-
ic (viz. inductive) vs. static electromagnetic features? What role do conductivity gradients and broadband precipitation 
play in these events? (e.g. Kieling et al, 2020)

Sc1:100; Sc2:20

What effects do auroral flow and current have on the distribution and energetics of the ionospheric plasma vis-a-vis 
density enhancements, cavities, and regions of frictional heating? (e.g. Zettergren et al, 2012; Zou et al, 2013) Sc2:25; Sc3:10

Se
co

nd
ar

y

Topside evolution of equatorial spreadF with ARCS array with Jicamarca conjunctions. (e.g. Burke et al, 2003) Sc1:6

Plasma flow structures in the polar cap, coordination with Resolute Bay Incoherent Scatter Radar/CHAIN. (e.g. Lamarche 
et al, 2020) Sc1:100 events

Neutral wind coupling to auroral arc systems: dynamo and plasma density effects (e.g. Anderson et al, 2011); Collabora-
tion with ground-based imaging FPIs

How do auroral activations (precipitation and motion) relate to magnetotail current sheet dynamics? E.g. the motion of 
westward traveling surge v.s. the expansion of plasma sheet flow region (Angelopoulos et al., 2008); Auroral streamer v.s. 
magnetospheric fast flows flows (Sergeev et al., 2000) and associated field aligned current (Nakamura et al., 2001); Col-
laboration with magnetically conjugate magnetospheric spacecraft.
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auroral structures and auroral systems such as 
westward traveling surges and substorm onsets 
>Forsyth et al., 2020@. The WTS structures are 
often seen in radars and imagery to move with 
proper motions and westward velocities around 
2 km/s >Craven et al., 19�9@. Thus the 3-4 inde-
pendent snapshots (or a sliding window of time 
across an arc crossing span) allow study of the 
evolution of these structures with minimal blur-
ring, particularly if proper motion is accounted 
for during the 1�s data collection span. The up-
per panels of Figure D-20 illustrate a sequence 
of such reconstructions of a westward-moving 
flow field structure. The four frames shown cap-
ture the evolving westward surge of the OSSE 
event. The ARCS array is designed to span and 
resolve structures at these scales, with edge-
gradient resolutions matching the km-scale ob-
served edges for such events, together with the 
span and time resolution to observe the meso-
scale structure of the event as a whole.

Taking the errors detailed in §E for both mea-
surement error, and data map error, as given, we 
next consider how these mapped-data-product 

resolutions, either through measurement error 
or through map error, affect interpretations of 
the ionospheric state through GEMINI calcula-
tions. We compare simulation results for GEMI-
NI runs driven by idealized hypothetical drivers, 
to runs driven by deliberately degraded drivers. 
These degradations include adding noise to the 
measurements, and/or removing S/C or GBO 
sites from the databases used to create the maps. 
We can also explore the effects of noise removal 
and/or smoothing of data that is often part of 
preparing real data for use as a model driver (of-
ten a result of moving from one lattice (such as 
the measurement points) to another (such as the 
model space). This exercise defines the worst 
case scenario that still allows scientific conclu-
sions to be drawn.

 We can quantify the degradation of the recon-
structed flow field map as a function of the loss 
of (multiple) S/C. Figure D-21 explores this by 
reconstructing these fields, for a given hypothet-
ical arc structure, using fewer and fewer S/C. 
Certainly for idealized sheetlike auroral arcs, a 
very few S/C can capture the essential elements. 

Figure D-20. Two extremes of resolution definitions: (top) Sequential moving-mosaic-tile flow-
field reconstructions of a moving discrete structure. (120 m/s southward, 3 km/s westward). Four 
independent 18-second collections are reconstructed. (bottom) Sequential timesteps of a temporal-
ly-focussed reconstruction of a pulsating aurora region. Four separate independent 1-second data 
collections are reconstructed, ignoring future and past flow vectors. 
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However, for ARCS we wish to be able to quan-
tify flows and currents around non-ideal arcs, so 
the example structure here includes along-arc 
spatial variation, temporal variations, and prop-
er motion. The scatter plot of Figure D-21 shows 
the increasing error in the data map metrics as 
S/C are removed. 

Finally in the last step of the OSSE, shown in 
Figure D-22, we compare the field-aligned cur-
rent calculations of GEMINI for (a) the origi-
nating hypothetical datacube, (b) a GEMINI run 
driven by a flow-field reconstruction built from 
all 32 S/C of that datacube, and (c) a GEMINI 
run driven by a 24-S/C flow-field reconstruction. 
The basic GEMINI-resulting current structure is 
well reproduced in both the reconstruction with 
no S/C loss and the reconstruction with eight S/C 
lost. Comparing the field-aligned currents at 500 
km, across the whole simulation domain, from 
these reconstruction simulations, to the origi-
nal GEMINI datacube slice of FAC, generates 
a RMSE for (b) of 13.�� and for (c) of �.��. It 
is important to recognize that Figures D-21 and 
D-22 are meant to be illustrative, not compre-
hensive. There are many many ways that combi-

(Note, for instance, that in the example shown, 
the 24-S/C reconstruction drives GEMINI better 
than the 32-S/C one does;  consistent with the 
scatter in Figure D-21 (right), a different realiza-
tion can “capture” a structure in slightly better 
or worse ways.)  However, for this example, we 
illustrate a quantification of the degradation of 
metrics of data map quality, and the degradation 
of the resulting GEMINI calculation.

Another example calculation involves delib-
erately degrading the �E! and 4 mapped data 
drivers from precipitation information from the 
imagery (Fig. D-23). The left panel illustrates 
the view (obliquity) angle from the nearest GBO 
station to any pixel in the model space. In this 
example, the effect of the region without imag-
ers is clear, along with the errors caused in the 
mapping of the precipitation patterns (here rep-
resented as order of magnitude estimates of  er-
rors on �E! and 4 from obliquity; see �E.3.4.6), 
which, when uncorrected, result in gaps in the 
calculated FAC structure.

Modelling Summary: These examples of mod-
elling output datacube resolutions for choices of 
different situations, using the RMSE metric on 

)LJXre '���� )ORZ ¿eOd recRQVtrXctLRQV ZLtK �� VSacecraIt aQd ZLtK �� 
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Figure D-22. GEMINI-calculated FAC maps for model runs
driven by (a) hypothetical flow map inputs; (b) 32- and (c) 24-spacecraft 
reconstructed  flow fields. RMSE for (b) is 13.8% and for (c) is 7.7%.

Figure D-21. Flow field reconstructions with 24 spacecraft and with 16 spacecraft; (far left) -- 
original flow field. (right) -- Scatterplot of metric degradation within the trapezoidal array region, 
as a function of number of spacecraft used for reconstruction. Green: baseline;  Yellow: threshold.

nations of differently 
structured and com-
plicated events will 
cross with different-
ly arranged obser-
vational situations: 
either from losses of 
S/C, or from offsets 
between the location 
of a particular event, 
and the placement 
of the ARCS array. 
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calculated FAC described above,  illustrate that 
GEMINI interpretations of even uncorrected 
degraded ARCS data will provide breakthrough 
science closure.

D.7.2 Summary of resolution and array definition 
We close by revisiting the initial observational 

array definitions of �D.2 and Figure D-5. The 
CubeSwarm is designed to focus on mesoscale 
pre-magnetic-midnight auroral arc structures. 
The focus of ARCS is on evolving discrete arc 
structures, and it is a clarifying counterpoint 
to consider an event with substantial temporal 
structure, as shown in the lower panels of Figure 
D-20. In the lower panels, illustrating an ideal-
ized pulsating auroral region, the flow field has 
only large-scale spatial variation, but an overall 

Figure D-23. Driving GEMINI with degraded particle precipitation inputs. Error on <E> and Q 
is applied either as (center) a cosine function of the obliquity angle for each pixel (at 110km), or 
(right) a combination of expected imagery noise at a full 8Hz frame rate (co-adding of imagery 
frames will reduce gaussian noise on the input drivers), together with the obliquity angle effect. 
RMSE for (center) is 8.2% and for (right) 11.0%.  

)LJXre '���� 'rLYLQJ *(0,1, ZLtK deJraded SartLcOe SrecLSLtatLRQ LQSXtV

0.3 Hz temporal variation. To make best use of 
the ARCS CubeSwarm for such an event, one 
would instead take sub-second or faster data 
collection frames, and allow large (S/C to S/C 
in two dimensions) spatial interpolation. While 
this is not our focus, it illustrates the flexibility 
of the ARCS data collection scheme, and the 
high dimensionality of what is meant by “what 
is ARCS’s resolution”. 

For our ARCS mission, in �D.4 through �D.6, 
we have described the scales and diversity of 
structures we aim to examine in order to close 
our science objectives. Table D-3 lists a sum-
mary chart relating the observational platform 
parameters (in time, space, and measurement) 
that are required for science closure, to the array 
definition justification.  

Table D-3: Observational Baseline Array Definition Justification
 Array Parameter Requirement Justification

Latitudinal Span 400 km cross-arc width covers substantial fraction of typical arc structures, Fig. D-11, Fig. D-5

Along-track space/
time disambiguation at least 3 points along-track 18-sec cadence, sub km cross-arc resolution, Fig. D-23 top

Longitudinal Span 900 km including 300 km spacing of outer planes based on the need to observe context of WTS and streamer-like structures 
in the along-arc direction, Fig D-11, Fig. D-5

Along-track resolution 30 Hz sample rate for flows and mag needed to resolve gradient scale lengths at edges of arcs, Fig. D-13

Across-track resolution 50 km inner orbit plane spacing based on the need to resolve WTS and bead-like structures in the along-
arc direction, Fig. D-11, Fig. D-5

Rapid time variation 30 Hz sample rate for flows and mag; high frame 
rate in GBO Sub-second cadence, inter-spacecraft spatial resolution, Fig. D-20 bottom

Temporal context Imagery before and after Scen3 crossings Collect imagery over 10s of min time evolution of discrete arc structures of 
crossing, up to 10s of  minutes

3d ionospheric volume Volumetric electron density validation over in 
situ observation region Density reconstructions Fig. D-12
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