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Abstract

A new technique has been developed in which the high-latitude electric potential
is determined from field-aligned current observations from the Active Magneto-
sphere and Planetary Electrodynamics Response Experiment (AMPERE) and
conductances modeled by Sami3 is Also a Model of the Ionosphere (SAMI3).
This is a development of the Magnetosphere-Ionosphere Coupling (MIX) ap-
proach first demonstrated by Merkin and Lyon (2010). An advantage of us-
ing SAMI3 is that the model can be used to predict Total Electron Content
(TEC) in the polar caps, based on the AMPERE-derived potential solutions.
23 May 2014 is chosen as a case study to assess the new technique for a moder-
ately disturbed case (min Dst: -36 nT, max AE: 909 nT) with good GPS data
coverage. The new AMPERE/SAMI3 solutions are compared against indepen-
dent GPS-based TEC observations from the Multi-Instrument Data Analysis
Software (MIDAS) by Mitchell and Spencer, 2003, and against Defense Mete-
orological Satellite Program (DMSP) ion drift data. The comparison shows
excellent agreement between the location of the tongue of ionization in the
MIDAS GPS data and the AMPERE/SAMI3 potential pattern, and good over-
all agreement with DMSP drifts. SAMI3 predictions of high-latitude TEC are
much improved when using the AMPERE-derived potential as compared to that
of the Weimer (2005) model. The two potential models have substantial differ-
ences, with Weimer producing an average 77 kV cross-cap potential versus 60 kV
for the AMPERE-derived potential. The results indicate that the 66-satellite
Iridium constellation provides sufficient resolution of field-aligned currents to
estimate large-scale ionospheric convection as it impacts TEC.

Plain language summary

Plasma in the ionosphere convects across high latitudes in response to electric
fields generated by solar wind driving of Earth’s magnetosphere. Magnetic data
from the 66-satellite Iridium satellite constellation is routinely analyzed to mea-
sure the electric currents flowing between the ionosphere and magnetosphere.
In this paper, we combined these observed field-aligned currents with a model
of the ionospheric conductance to estimate the corresponding electric field in
the ionosphere. We used these electric field estimates to specify the plasma con-
vection in a first-principles ionosphere model, and compared the results against
independent data in a moderately disturbed period. The results of our case
study indicate that the technique works well, although plasma convection is
not the only factor that causes uncertainty into predictions of the high-latitude
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ionosphere. The data used here can be made available in near-real-time, so it
is possible that our technique could be adopted for operational space weather
prediction.

Key points

AMPERE field-aligned currents have been combined with the SAMI3 model to
estimate the high-latitude potential

Independent validation of the new technique using satellite drifts and ground-
based TEC indicates good agreement overall

The SAMI3 model performs better in this case when using AMPERE-derived
potentials than when using the empirical Weimer potential

1. Introduction
Over the past several decades, great progress has been made in specifying the
ionosphere through first-principles modeling and data assimilation. Ionospheric
specification at high latitudes remains challenging because of the influence of the
solar wind and magnetosphere on the ionosphere, especially in terms of plasma
convection (e.g. Spencer and Mitchell, 2007; Bust et al., 2007; Chartier et al.,
2019), as well as the relatively poor data coverage compared to other regions.
The northern high latitudes are becoming increasingly relevant in terms of space
weather due to the opening of the Arctic to shipping and mineral exploration.
This is reflected in a focus on the region from several U.S. government agencies,
notably the Department of the Air Force in its Arctic Strategy (Barrett et al.,
2020) and the National Science Foundation’s Big Idea: Navigating the New
Arctic. The lack of ground networks in this area results in increased reliance on
wireless signals, which are susceptible to ionospheric disturbances.

Data from the Active Magnetosphere and Planetary Electrodynamics Response
Experiment (AMPERE, Anderson et al., 2000; 2002, Waters et al., 2001; 2020)
provide the most reliable and ubiquitous means of specifying high-latitude iono-
spheric electrodynamics, with field-aligned current measurements available from
over 70 satellites in six polar low-Earth orbits, yielding global measurement cov-
erage at all latitudes every 10 minutes. The AMPERE dataset allows for the
resolution of the full Region 1 and Region 2 current system in near real time
and across both northern and southern polar caps (e.g. Anderson et al., 2008).
Understandably, this dataset has featured prominently in many recent efforts
to specify the high-latitude electrodynamics, such as Assimilative Mapping of
Ionospheric Electrodynamics (Cousins et al., 2015) and Assimilative Mapping
of Geospace Observations (Matsuo et al., 2019).

To determine the high-latitude potential from the field-aligned current distribu-
tion, it is necessary to know the ionospheric perpendicular conductances (Ped-
ersen and Hall). The most important determining factors of the conductances
are the solar EUV flux, the average energy and energy flux of energetic particles
and the neutral upper atmospheric density and composition. Several approaches
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exist to address this problem. The simplest is the assumption of constant con-
ductance (used by Merkin and Lyon, 2010), while others use empirical relations
and modeling to estimate conductance from other parameters (e.g. Robinson
and Vondrak, 1984; Robinson et al., 1987; Zhang et al., 2015; McGranaghan
et al., 2016). First-principles models of the ionosphere/upper atmosphere (e.g.
Quegan et al., 1982; Roble et al., 1988; Huba et al., 2000; 2008) also contain
all the parameters needed to calculate the conductance (altitudinal profiles of
electron density and neutral atmospheric density).

A major obstacle to the development of reliable high-latitude electrodynamic
solutions has been the challenge of validation. The high-latitude electric poten-
tial is not directly observable, and even its derivative, the high-latitude electric
field, is observed only through its effect on ions via the ExB drift. As a re-
sult of this lack of direct comparison data, many recent developments in ExB
drift solutions have been published without validation (e.g. Bristow et al., 2016;
Gjerloev et al., 2018). In order to validate convection maps, some authors have
used ionospheric F-region electron density structures as a tracer of the ExB drift.
Wang et al. (2018) and Ramirez et al. (2019) have used the observed motion
of high-latitude electron density structures to assess the accuracy of Weimer’s
(2005) empirical model and Ruohoniemi and Baker’s (1998) SuperDARN-driven
high-latitude potentials.

2. Method
In this investigation, we aim to specify the high-latitude electrodynamics in
order to predict the generation and development of ionospheric electron density
structures (e.g. the tongue of ionization, polar cap patches). We then test our
predictions against independent GPS-based TEC data showing those structures,
and against satellite ion drift data. The approach is as follows:

a) determine the Pedersen (Σ𝑃 ) and Hall (Σ𝐻) conductances from SAMI3,

b) calculate the high-latitude potential (Ψ) using Σ𝑃 , Σ𝐻 and AMPERE-
observed field-aligned currents (J),

c) use Ψ to calculate ExB plasma drifts in SAMI3

d) compare simulation results to data

The potential is calculated at a 10-minute cadence, matching the latitude re-
sampling cadence of the Iridium satellites used for AMPERE. The outputs are
the full set of electrodynamic parameters (Σ𝑃 , Σ𝐻 , Σ||, Ψ, J) as well as the
ionospheric electron density distribution, which can be vertically integrated
to produce Total Electron Content (TEC). The electric potentials are com-
pared against Defense Meteorological Satellite Program (DMSP) horizontal ion
drift data (e.g. Hairston and Heelis, 1993) during the period of interest. The
TEC output is compared against images from the University of Bath’s Multi-
Instrument Data Analysis Software (Mitchell and Spencer, 2003; Spencer and
Mitchell, 2007), which uses ground-based GPS data. The MIDAS algorithm’s
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ability to image the tongue of ionization and patches has previously been vali-
dated by Wang et al., 2018, Spencer and Mitchell, 2007, and others.

For this demonstration, we have applied the technique to a magnetically active
period in the most recent solar maximum: 21-25 May 2014. This period contains
relatively strong field-aligned currents, both because of the elevated magnetic
activity and because the northern polar cap is in sunlight. Figure 1 shows
the IMF Bz component and the Kyoto Disturbance Storm Time (Dst) and
Auroral Electrojet (AE) indices for this period. On 23 May 2014, Bz reached
a minimum of -7.5 nT at 19 UT, Dst reached a minimum of -36 nT at 21 UT,
while the maximum AE of 909 nT occurred earlier, at 17 UT. The case could be
summarized as a weak geomagnetic storm with substantial substorm activity.

2.1 Conductances

Pedersen and Hall conductances are calculated from the SAMI3 model (Huba
et al., 2000; Huba et al., 2008) following the standard relations described e.g.
in Maeda (1977). We have not included nonlinear or turbulent sources of Ped-
ersen conductance such as those described by Merkin et al., 2005; Dimant and
Oppenheim, 2011 and Wiltberger et al., 2017. SAMI3 solves for the dynamic
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plasma and chemical evolution of seven ion species (H+, He+, N2
+, O+, N+,

NO+, and O2
+) on a field-aligned magnetic apex coordinate grid (Richmond,

1995) extending up to 88o MLAT. Photoionization is calculated using solar flux
from the EUV flux model for aeronomic calculations (EUVAC) by Richards et
al. (1994). The Hardy model [Hardy et al., 1985, 1989] provides auroral electron
and ion precipitation estimates based on the KP index. The neutral atmosphere
is specified by the Horizontal Wind Model 2014 by Drob et al. [2015] and the
Naval Research Laboratory’s Mass Spectrometer Incoherent Scatter Model 2000
of neutral atmospheric densities by Picone et al. [2002]. An example of these
conductances at 0 UT is shown in Figure 2. In this case, noon is at 0° longitude
and therefore is on the right-hand side of the panels.

2.2 High-latitude potential

We use a Python version of REMIX, which is the electrostatic potential solver
in the Grid Agnostic MHD with Extended Research Applications (GAMERA)
global magnetosphere model (Sorathia et al., 2020). REMIX is a redeveloped
version of the Magnetosphere-Ionosphere Coupler-Solver (MIX) developed orig-
inally by Merkin and Lyon (2010). In the application presented here, we solve
for the high-latitude potential using field-aligned currents from AMPERE (An-
derson et al., 2000, 2014, 2021) and the SAMI3 conductances described above.
The underlying solution is based on the current continuity equation presented
by Wolf (1983) and Goodman (1995), which is analogous to Ohm’s Law. This
is shown in Equation 1 (note that 𝛿 is the magnetic dip angle).

∇⊥ • [Σ𝑃 cos−2 𝛿 Σ𝐻 cos−1 𝛿
Σ𝐻 cos−1 𝛿 Σ𝑃

] • ∇⊥𝜓 = 𝑗||cos � (1)
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The solver operates in Solar Magnetic (SM) coordinates with the pole boundary
based on the regularity constraint (Lewis & Bellan, 1991; Merkin & Lyon, 2010)
and the lower latitude boundary condition setting Ψ=0 at 40o MLAT.

Figure 3 shows an example REMIX potential solution (right) calculated from
AMPERE field-aligned currents (left) and the SAMI3 conductances from Fig-
ure 2. The solver produces the expected two-cell convection pattern directly
from the observed currents and modeled conductances, without relying on a
background potential model.

2.3 ExB drifts

The magnetospheric potential is mapped onto SAMI3’s magnetic apex coor-
dinates and superposed with the internal wind-driven dynamo. The spatial
derivative of this combined potential is calculated to find the electric field E.
The electric field produces ExB ion drifts in the model, resulting in predictions
of largely photo-ionized F-region plasma flowing into the polar cap from the
dayside.

3. Results
Over the course of the experiment, the most intense period of disturbances
occurred in the later hours of 23 May 2014, between 19 – 22 UT. Relevant
DMSP passes during this period were identified and used to assess the accuracy
of the AMPERE-derived potentials. The flagged “good” data from UT Dallas
were decimated and mapped to a geographic reference frame before plotting.
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Results of three passes (two from F16 and one from F18, spaced by ~2 hours
total) are shown in Figure 4, with the pass times indicated in each subplot.
Note that these (and subsequent) plots are in geographic coordinates and so
the subsolar point is in the bottom-left. The potentials closest to the center
of each pass are shown. In these cases there was no great variation between
timesteps across each pass, and the three cases are broadly consistent with each
other. In all cases, DMSP velocities and AMPERE-derived potentials show close
agreement in the evening cell (negative potential), where the velocity turning
points match the location of the minimum potential, and the velocities line up
well to the potential contours. However there are some discrepancies in the
morning cell (shown in blue), where the DMSP data do not show the turning
points that would be expected from the modeled potential.

In Figure 5, the AMPERE-derived potentials from 19-22 UT are overlaid on
TEC data from the MIDAS GPS-based tomographic imaging algorithm. The
results indicate that our derived potential patterns are consistent with the in-
dependent TEC data. The tongue of ionization emanating from the US sector
propagates directly along the path predicted by the potential contours (ion drifts
are oriented along the contour lines, pointing from day to night in the center of
the pattern). At other times (not shown), when Kp was lower, the potential is
far smaller in magnitude and no such tongues of ionization are seen. The level
of agreement between these two independent observational sets is remarkable,
with azimuthal deviations in the tongue of ionization matched by variations in
the dayside potential (e.g. at 22 UT).
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Given that the AMPERE-derived potential appears consistent with the TEC
data, it is worth considering how the SAMI3 model’s predictions of TEC com-
pare to the data in the high-latitude region when using this potential. To assess
the impact of this potential model, a SAMI3 run using the Weimer (2005) po-
tential model is also included. This comparison is shown in Figure 6.
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The comparison shows that the SAMI3 model more accurately reproduces the
MIDAS GPS TEC data when using the AMPERE-derived potential. The lo-
cation and extent of the tongue of ionization is more accurately modeled by
SAMI3/AMPERE than by SAMI3/Weimer. Some common biases are present
in both model runs, especially at lower latitudes (45 – 60° N). TEC is over-
estimated in the evening sector (0-90° W) and underestimated in the morning
sector (150° E – 90° W). Although these biases are unrelated to the high-latitude
potential, they play a role in skewing the formation of the tongue of ionization
towards the evening sector in both model runs.

For most of this event, the Weimer potential is much larger than the AMPERE-
derived potential. On average, the Weimer cross-cap potential is 77 kV whereas
the AMPERE-derived potential is only 60 kV. This large potential causes an
over-extension of the tongue of ionization in SAMI3/Weimer as compared to
the GPS-derived TEC data. Figure 7 shows the extent of the two cross-cap
potential options over the 23 May 2014 case (the plot shows the maximum and
minimum values of the polar cap potential estimated by each technique).

The Weimer potential has a negative bias averaging -13 kV, while the AMPERE-
derived potential has a positive bias averaging 19 kV. This is reflected in the large
evening cell of Weimer, whereas the AMPERE potential has a more pronounced
morning cell.
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4. Discussion
The high-latitude electric potential has been determined from AMPERE field-
aligned currents and conductances modeled by SAMI3. This is a development of
the MIX approach first demonstrated by Merkin and Lyon, 2010. An outcome
of the use of SAMI3 in solving for the potential is that the model can be used
to predict TEC in the polar caps, based on those potential solutions. This
allows for independent validation of the technique against GPS-derived images
of TEC from the MIDAS algorithm (Mitchell and Spencer, 2003; Spencer and
Mitchell, 2007). Applied to the case of 23 May 2014, a period of moderate
geomagnetic disturbance (KP reached 5+ between 21-24 UT), the AMPERE-
derived potential results in high-latitude TEC predictions that are much closer
to the observations than SAMI3 run with the Weimer (2005) model. Important
biases remain in both versions of the model, especially at lower latitudes (45 –
60° N) where TEC is overestimated in the evening sector and underestimated in
the morning sector. This skews the location of the tongue of ionization to later
local times in both versions of the model. Comparison of the derived potentials
against DMSP velocity data indicate good agreement in the evening cell, but
some discrepancies in the morning cell. The bulk of F-region plasma is typically
found post-noon, so the effects of this discrepancy should be limited in terms of
formation of tongues of ionization and patches. The problem might be caused
by low conductances in the morning cell, which would be expected to reduce
the magnitude of field-aligned currents observed by AMPERE, or by low ion
densities at DMSP altitudes affecting the performance of the drift meter.

The new AMPERE-derived potential and its relatively good performance in pre-
dicting high-latitude TEC serves as an indication of the large degree of uncer-
tainty in high-latitude potential models. The Weimer potential is substantially
larger than the AMPERE-derived potential (77 kV vs 60 kV) and is skewed to-
wards the evening cell at -13 kV versus a +19 kV skew towards the morning cell
in AMPERE. The two potentials also show a variety of smaller scale differences
in terms of latitudinal extent and the shape of the dayside cusp. The comparison
between the AMPERE-derived potential and the observed TEC data in Figure 5
shows a close match between the shape of the potential around the dayside cusp
and the path of the tongue of ionization. This indicates that AMPERE’s un-
derlying dataset (the Iridium constellation of 66 operational satellites reporting
magnetic perturbations every 10 minutes) has sufficient spatio-temporal resolu-
tion to capture the major features of polar cap plasma convection at scales of
100s of km and larger.

The conductance model represents a major source of uncertainty in the estima-
tion of electric potentials from FAC observations. During testing, we assessed
several conductance options, including constant conductances, solar EUV pa-
rameterization and the empirical model of Robinson et al. (2020), and found
that none of them produced an improvement over the internal SAMI3/Hardy
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conductance. Likewise the turbulent Pedersen conductance term of Dimant and
Oppenheim (2011), whose effect is to reduce the strength of the electric poten-
tial, was not found to improve agreement with independent data in this case.
In fact the AMPERE-derived potential was weaker than the Weimer potential
even without consideration of the turbulent conductance term. It may be that
competing biases caused this outcome. Future efforts towards accurate, global
characterization of the ionospheric conductance will be useful in the application
of this technique.

The high-latitude potential is of major importance to high-latitude ionospheric
dynamics, but is not the only source of uncertainty in modeling the plasma dis-
tribution there. Other important factors include the reservoir of photo-ionized
plasma on the subauroral dayside, and the plasma lifetimes in the polar cap
(e.g. Chartier et al., 2019). Various SAMI3 driver options were tested with the
aim of matching observed subauroral TEC levels (results not shown in this pa-
per). These included the Flare Irradiance Spectral Model by Chamberlin et al.
(2007) and the neutral atmosphere of the Thermosphere-Ionosphere-Mesosphere-
Electrodynamics General Circulation Model by Roble and Ridley (1994). Gen-
eral conclusions about those models should not be drawn from this analysis but,
in this case study, none of those options was able to match the observed levels
of TEC as well as the configuration shown here. Future operational systems
would benefit from ionospheric density assimilation schemes to better specify
the sub-auroral plasma that feeds into the polar caps.

Conclusions
A case study of 23 May 2014 (a day with moderate geomagnetic activity) demon-
strates the potential for integrating high-latitude electric potential estimates
based on AMPERE observations into SAMI3. The new technique is useful
in predicting high-latitude TEC. The AMPERE-derived potential is in good
agreement with DMSP ion drifts overall, and closely matches the tongue of
ionization observed in MIDAS GPS-derived TEC images of the northern polar
cap. In this case, SAMI3’s predictions of high-latitude TEC are much closer to
the data when using AMPERE-derived potentials than when using the Weimer
potential. The Weimer cross-polar cap potential is substantially larger than
the AMPERE potential at 77 kV versus 60 kV. At least in this case, this in-
vestigation demonstrates that the AMPERE data has sufficient spatio-temporal
resolution to predict TEC variations at scales of 100s of km and above.
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