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Abstract

In this study, field-aligned currents (FACs) obtained from the Active Magnetosphere and Planetary Electrodynamics Response

Experiment (AMPERE) dataset have been used to specify high-latitude electric potential in the Global Ionosphere Thermo-

sphere Model (GITM). The advantages and challenges of the FAC-driven simulation are investigated based on a series of

numerical experiments and data-model comparisons for the 2013 St Patrick’s Day geomagnetic storm. It is found that the

cross-track ion drift measured by the Defense Meteorological Satellite Program (DMSP) satellites can be well reproduced in

the FAC-driven simulation when the electron precipitation pattern obtained from Assimilative Mapping of Ionospheric Elec-

trodynamics (AMIE) technique is used in GITM. It is also found that properly including the neutral wind dynamo is very

important when using FACs to derive the high-latitude electric field. Without the neutral wind dynamo, the cross-polar-cap

potential and hemispheric integrated Joule heating could be underestimated by more than 20%. Moreover, the FAC-driven

simulation is able to well reproduce the ionospheric response to the geomagnetic storm in the American sector. However, the

FAC-driven simulation yields relatively larger data-model discrepancies compared to the AMIE-driven GITM simulation. This

may result from inaccurate Joule heating estimations in the FAC-driven simulation caused by the inconsistency between the

FAC and electron precipitation patterns. This study indicates that the FAC-driven technique could be a useful tool for studying

the coupled ionosphere and thermosphere system provided that the FACs and electron precipitation patterns can be accurately

specified.
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Key points:

• AMPERE FAC data are used to drive GITM to study the ionospheric
response to the 2013 St Patrick’s Day geomagnetic storm

• FAC-driven GITM simulation captures the DMSP ion drifts reasonably
well at high latitudes.

• FAC-driven GITM simulation also reproduces the overall low- and mid-
latitude ionospheric response to the geomagnetic storm but quantitative
differences do exist.

Abstract

In this study, field-aligned currents (FACs) obtained from the Active Mag-
netosphere and Planetary Electrodynamics Response Experiment (AMPERE)
dataset have been used to specify high-latitude electric potential in the Global
Ionosphere Thermosphere Model (GITM). The advantages and challenges of the
FAC-driven simulation are investigated based on a series of numerical experi-
ments and data-model comparisons for the 2013 St Patrick’s Day geomagnetic
storm. It is found that the cross-track ion drift measured by the Defense Me-
teorological Satellite Program (DMSP) satellites can be well reproduced in the
FAC-driven simulation when the electron precipitation pattern obtained from
Assimilative Mapping of Ionospheric Electrodynamics (AMIE) technique is used
in GITM. It is also found that properly including the neutral wind dynamo is
very important when using FACs to derive the high-latitude electric field. With-
out the neutral wind dynamo, the cross-polar-cap potential and hemispheric in-
tegrated Joule heating could be underestimated by more than 20%. Moreover,
the FAC-driven simulation is able to well reproduce the ionospheric response
to the geomagnetic storm in the American sector. However, the FAC-driven
simulation yields relatively larger data-model discrepancies compared to the
AMIE-driven GITM simulation. This may result from inaccurate Joule heating
estimations in the FAC-driven simulation caused by the inconsistency between
the FAC and electron precipitation patterns. This study indicates that the FAC-
driven technique could be a useful tool for studying the coupled ionosphere and
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thermosphere system provided that the FACs and electron precipitation pat-
terns can be accurately specified.

Plain Language Summary

Earth’s ionosphere can be significantly disturbed during geomagnetic storms
which can induce adverse effects on the communication and navigation. To
mitigate such adverse effects, it is critical to accurately predict the storm-time
ionospheric response using numerical models, which largely depend on how well
the high-latitude electrodynamical forcings are specified. Although empirical
models reflecting the average patterns of the high-latitude forcings are conve-
nient, they do not well capture their variabilities. High-latitude forcing patterns
derived from the data assimilation technique have also been used, but experts
are needed for data processing. Recently, since the realistic field-aligned cur-
rent (FAC) data are available, new approaches have been developed using FACs
to drive models. However, improvements along with more validations of the
FAC-driven approaches are needed. In this study, we utilize realistic FAC data
to drive the Global Ionosphere Thermosphere Model (GITM). The advantages
and challenges of the FAC-driven simulation are investigated based on a series
of numerical experiments and data-model comparisons during an intense geo-
magnetic storm. It is found that the FAC-driven technique could be a useful
tool for studying the coupled ionosphere and thermosphere system as long as
the FACs and electron precipitation patterns can be accurately specified.

1. Introduction

During geomagnetic storms, the Earth’s ionosphere-thermosphere (I-T) system
can be significantly disturbed. For example, a sudden southward turning of the
interplanetary magnetic field (IMF) often triggers an eastward electric field that
can penetrate toward to the equatorial region, reinforcing the dayside fountain
effect and increasing the F-region electron density at low and middle latitudes
(e.g., Fejer & Scherliess, 1997; Huang et al., 2005; Mannucci et al., 2005; Tsuru-
tani et al., 2004). Meanwhile, high-latitude electric fields and electron precipita-
tion can be intensified, generating tremendous amount of Joule heating at high
latitudes (Deng et al., 2018; Richmond, 2021; Knipp et al, 2021). Such heating
could modify the nominal thermospheric circulation and generate equatorward
disturbance winds, pushing plasma upward along the magnetic field line and
increasing the F-region electron density (e.g., Lin et al., 2005; Lu et al., 2008).
However, the disturbance wind could generate a westward electric field on the
dayside through the dynamo process, which can suppress the dayside fountain
effect (Blanc & Richmond, 1980; Scherliess & Fejer, 1997). In addition, Joule
heating can also change the thermospheric temperature, density and composi-
tion, which in turn affects the electron density though chemical processes (e.g.,
Burns et al., 1995; Cai et al., 2021; Fuller‐Rowell et al., 1994). Moreover, im-
pulsive Joule heating produces large-scale traveling atmospheric disturbances
(TADs), which can induce oscillations of the ionospheric electron density (e.g.,
Lu et al., 2020; Zhang et al., 2019; Lyons et al, 2019; Sheng et al, 2021; Pham
et al., 2022).
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The processes mentioned above have been well simulated in the general cir-
culation models (GCM) for the Earth’s I-T system, and the specification of
high-latitude electrodynamic forcings (i.e., high-latitude electric field and elec-
tron precipitation) has an important implication in GCM simulations. Typi-
cally, empirical models, which represent the climatological distribution of the
high-latitude electrodynamic forcing under a given condition, are used in GCMs.
However, empirical models often fail to capture the dynamic spatiotemporal vari-
ations of high-latitude electrodynamic forcings (Heelis & Maute, 2020), leading
to significant data-model discrepancies. To achieve better model-data compar-
ison, more realistic high-latitude electric potential and electron precipitation
patterns obtained from the data assimilation techniques, such as the Assim-
ilative Mapping Ionospheric Electrodynamics (AMIE) procedure (Richmond &
Kamide, 1988), are needed in storm-time GCM simulations (e.g., Lu et al.,
2014, 2020). Although AMIE is able to better capture the spatial and temporal
variations of the high-latitude electric field and electron precipitation patterns
than empirical models, it requires large efforts to gather and process data from
different data sources (Lu, 2017). Hence, the AMIE patterns are only avail-
able for limited storm events. Recently, several studies have tried to calculate
the high-latitude electric potential using global field-aligned currents (FACs) de-
rived from the Active Magnetosphere and Planetary Electrodynamics Response
Experiment (AMPERE) magnetic field perturbation dataset (Anderson et al.,
2014) along with pre-defined auroral electron precipitation or ionospheric con-
ductance patterns. Such a technique serves as a midway between empirical
models and time-consuming data assimilations (such as AMIE) for specifying
the high-latitude electric potential pattern. Built on the work done by Marsal
et al. (2012), Maute et al. (2021) developed a new FAC-driven technique to
deal with the asymmetric FACs in the National Center of Atmospheric Research
Thermosphere-Ionosphere-Electrodynamics General Circulation model (NCAR-
TIEGCM, Qian et al., 2014) to study ionospheric and thermospheric responses
to the moderate 28-29 May 2010 storm. Although Maute et al. (2021) used the
fitted FAC patterns based on the AMPERE raw magnetic perturbations using a
method described by Shi et al. (2020), the FAC-driven technique can be readily
applied to the AMPERE FAC data directly. Recently, Robinson et al. (2021)
developed another technique to calculate the high-latitude electric potential us-
ing the AMPERE FAC data, along with the empirically derived ionospheric
conductances based on FACs (Robinson et al. 2020). However, their solver
did not produce self-consistent results since the input FACs are not identical to
the output FACs (calculated from the electric potential and ionospheric conduc-
tance) especially on dusk side. More recently, Chartier et al. (2022) also used
the AMPERE FAC to drive the SAMI3 model (Huba et al., 2008), in which
the auroral electron precipitation is specified by an empirical model developed
by Hardy et al. (1985). A moderate substorm was investigated in their study,
and they found that the electron density structure in the polar cap was better
reproduced in the FAC-driven SAMI3 simulation than in the simulation driven
by the Weimer empirical potential model (Weimer, 2005). However, the high-
latitude neutral wind dynamo was not taken into account in their study, which
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may lead to the inconsistency between the simulated and measured ion drifts
on dawn side shown in their study.

Although the FAC-driven technique is capable of improving high-latitude elec-
tric field specifications as well as data-model comparisons, a comprehensive as-
sessment of the FAC-driven simulation is still much needed in order to better un-
derstand the advantages and challenges of this new technique, especially under
more disturbed geophysical conditions. Firstly, it is not fully understood how
well the high-latitude electric field can be reproduced by the FAC-driven simu-
lation. Maute et al. (2021) and Robinson et al. (2021) did not provide direct
comparisons for the measured and derived electric fields, and the data-model
comparisons shown in Chartier et al. (2022) were only based on a few cases
and did not address whether or not the FAC-driven simulation can capture the
magnitude of the measured ion drift. Hence, a more quantitative comparisons
between the simulated and measured high-latitude electric fields is needed to
determine the validity of the FAC-driven simulation. Secondly, the importance
of the neutral wind dynamo to the FAC-driven simulation remains unknown.
Specifically, how the neutral wind dynamo affects the FAC-driven simulation
in terms of high-latitude electric field and Joule heating dissipation is yet to
be quantified. Finally, it is not well understood how well the FAC-driven sim-
ulation can replicate the ionospheric response to the geomagnetic storm at low
and middle latitudes. For these reasons, this paper presents a comprehensive
investigation of the ionospheric response to the 2013 St Patrick’s Day geomag-
netic storm to highlight both the advantages and challenges of the FAC-driven
simulation using the Global Ionosphere Thermosphere Model (GITM, Ridley et
al., 2006).

The remaining of the paper is organized as follows. Section 2 introduces GITM
and its modeling setup, the AMPERE FAC dataset used in the simulation,
and other ionospheric observations used for model-data comparison. The FAC-
driven technique is modified from that developed by Maute et al. (2021) with
some simplifications and improvements, which is described in Section 3. In
Section 4, the outputs from the FAC-driven simulation are compared with the
high-latitude ion drift measurements, low- and mid-latitude ground-based total
electron content (TEC) measurements as well as with the outputs from the
GITM simulation using the AMIE electric potential and electron precipitation
patterns to assess the performance of the FAC-driven simulation during the 2013
St Patrick’s Day geomagnetic storm.

2. Model and data

2.1 GITM

GITM is a three-dimensional general circulation model for the Earth’s upper
atmosphere (Ridley et al., 2006). The density, velocity and temperature of neu-
trals, ions and electron are self-consistently solved in GITM. GITM has flexible
options for the grid size, and it relaxes the hydrostatic assumption to allow the
propagation of acoustic waves (Deng et al., 2021 and references therein).
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The ionospheric electrodynamo solver in GITM used in this study is adopted
from the NCAR ionospheric electrodynamo model described in Maute & Rich-
mond (2017). It solves for the global distribution of the ionospheric electric fields
associated with the neutral wind dynamo, high-latitude forcing, as well as grav-
ity and plasma pressure gradient forces in modified magnetic apex coordinates
(Laundal & Richmond, 2017; Richmond, 1995). This study only focuses on the
electric fields associated with the neutral wind and magnetospheric forcing. The
coupling between the GITM and the NCAR ionospheric electrodynamo solver
has been described in Zhu et al. (2019). In this study, the spatial resolution of
GITM for all simulations is 5° in geographic longitude and 2.5° in geographic
latitude and 1/3 scale height in altitude, with a model time step of 2 s. As for
the ionospheric electrodynamo solver, the reference height is set at 110 km and
the number of grid points in the magnetic local time (MLT) and magnetic lati-
tude (MLAT) directions are 100 and 161, respectively. The grid spacing in MLT
is even, which gives a 0.24-h separation in MLT. The grid spacing in MLAT is
uneven and the separation in MLAT between two adjacent grid points is about
2-3° in the auroral zone and is less than 0.5° near the geomagnetic equator.

Four GITM simulations (Runs 1-4) are carried out in this study, which are dis-
tinguished by the way the high-latitude electrodynamic forcings are specified.
A summary of those four GITM simulations can be found in Table 1. In Run
1, the electric potential and electron precipitation patterns from the AMIE pro-
cedure are used, and it is referred to as the AMIE-driven simulation. The data
inputs to AMIE for this event include ground magnetic perturbations measured
by 217 ground stations (among them 44 were in the SH), cross-track ion drift
data measured by Defense Meteorological Satellite Program (DMSP) F15, F16,
F17 and F18 satellites, total electron energy flux and average energy inferred
from the Special Sensor of Ultraviolet Spectrographic Imager (SSUSI) onboard
DMSP F16, F17 and F18 satellites, the line-of-sight ion drifts measured by Su-
per Dual Auroral Radar Network (SuperDARN) high frequency radar network,
along with the horizontal magnetic perturbations measured by the Iridium satel-
lite constellation and provided by the AMPERE dataset (Anderson et al., 2014).
The temporal resolution of the AMIE patterns is 5 min, with a spatial resolution
of 0.67 h in MLT and 1.67° in MLAT.

Runs 2-4 are the FAC-driven simulations in which the high-latitude electric
potential is calculated using the AMPERE FACs along with the different
types of pre-defined electron precipitation patterns. Specifically, the AMIE
and ASHLEY-A electron precipitation patterns are used in Runs 2 and 3,
respectively. ASHLEY-A is the electron precipitation component of a recently
developed empirical model, Auroral Spectrum and High-Latitude Electric field
variabilitY (ASHLEY, Zhu et al., 2021), which is developed based on the in-situ
electron precipitation measurements by the DMSP satellites. ASHLEY-A is
parameterized according to the IMF strength and clock angle as well as the
solar wind velocity and density. In Run 4, the empirical auroral conductance
pattern derived from FACs is used (Robinson et al., 2020). To obtain the
total electron energy flux and average energy in Run 4, we first calculate the
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ionospheric conductance related to the auroral precipitation according to the
AMPERE FAC distributions based on the relationship developed by Robinson
et al. (2020). The total energy flux and average energy are then inversely
determined based on the formulas in Robinson et al. (1987). Runs 2-4 are
referred to as FAC-AMIE, FAC-ASHLEY and FAC-Robinson simulations,
respectively. The purpose of Runs 2-4 is to assess how the different auroral
precipitation patterns may affect the FAC-driven simulation results.

2.2 AMPERE FAC

The AMPERE FAC patterns are derived from the magnetic field perturbation
measurements from 66 satellites of the Iridium Communication constellation
(Anderson et al., 2014). Each satellite flies in a near-polar orbit at an orbital
altitude of 780 km and with an orbital period of 104 min. The 66 Iridium
satellites are distributed along 6 orbital planes equally spaced in local time.
Each Iridium satellite carries a 3-axis vector fluxgate magnetometer that is
able to sample the vector magnetic field either at a rate of 19.44 s (standard
rate) or 2.16 s (high rate). The quantification and validation of the Iridium
magnetometer data have been discussed in several studies (Waters et al., 2020
and references therein). The measured magnetic perturbation data within a 10-
min time window are fitted with spherical cap harmonic basis functions to obtain
a global distribution of the magnetic perturbations at high latitudes (Green et
al., 2006; Waters et al., 2001). Currently, the fitting uses a longitude order of
5 and latitude order of 20 between 0 and 60° colatitude in Altitude Adjusted
Corrected Geomagnetic (AACGM) Coordinates (Baker & Wing, 1989), meaning
that the intrinsic spatial resolution of fitted magnetic perturbation data are 3° in
latitude and 2.4 h in local time (Anderson et al., 2014). FACs are then calculated
from the curl of the fitted horizontal magnetic perturbations. The AMPERE
FACs are assumed to flow radially inward and outward of the ionosphere, which
is a reasonable approximation at high latitudes. Hence, the term FAC used
hereafter is referred to as the radial currents unless otherwise stated. The spatial
resolution of the fitted FAC patterns is 1 h in MLT and 1° in MLAT and the
temporal resolution can be up to 2 min (Anderson et al., 2014). In this study,
the 10-min resolution AMPERE FAC data are utilized.

Since the ionospheric electrodynamo solver in GITM computes the global elec-
tric potential pattern at the reference height of 110 km, the FAC data obtained
from the AMPERE database are also mapped from 780 km to 110 km. The
AMPERE FACs are then interpolated to the grids of the ionospheric electro-
dynamo solver, where it is assumed that the differences between the modified
magnetic apex coordinates and AACGM coordinates at high latitudes are neg-
ligible. As mentioned in Marsal et al. (2012), this assumption can lead to a
maximum absolute difference of 0.3° in latitude and 0.5° in longitude in the
polar cap, which is much smaller than the grid size of the ionospheric electrody-
namo solver. Before the interpolation, the AMPERE FAC data are smoothed
in both MLT and MLAT directions using a weighted sliding window to smooth
out the small-scale FAC structures in order to prevent numerical discontinuities.
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The window length is 3 hours (i.e., 3 grid points) in MLT and is 5° (i.e., 5 grid
points) in MLAT and the weight is 2−|𝑛− 𝑁+1

2 | (1 ≤ 𝑛 ≤ 𝑁 , N=3 or 5; N is the
window width and n is the grid point position within the window).

2.3 Ionospheric datasets

The horizontal cross-track ion drifts from the DMSP F16, F17 and F18 satel-
lites in the Northern Hemisphere (NH) are used for the model-data comparison.
All three DMSP satellites fly in circular Sun-synchronous orbits at an altitude
of ~840 km with an inclination of ~98.8°. The horizontal cross-track ion drift
measurements are taken by the onboard Special Sensor for Ions, Electrons and
Scintillation (SSIES), which measures the ion drift every 1 second, and only the
data with quality flags 1 and 2 are used. For the polar crossing (MLAT>45°
segments of the trajectory) with good-quality data, a baseline correction is ap-
plied to remove the background corotation. The corrected horizontal cross-track
ion drift measurements are then smoothed with a 13-point (~100 km) sliding
window.

The vertical total electron content (TEC) data estimated from the ground-based
dual-frequency global navigation satellite system (GNSS) receivers in the Ameri-
can Sector are also used for the data-model comparison. To calculate the vertical
TEC, the first step is to calculate the line-of-sight TEC (i.e., line-integrated iono-
spheric electron density) by analyzing the processed L1 and L2 pseudorange and
phase data (Rideout and Coster, 2006). The subsequent step is to convert the
slant TEC to the vertical TEC using a mapping function described in Rideout
and Coster (2006) and Vierinen et al. (2016).

3. FAC-driven technique

If the FAC and ionospheric conductance are specified, the high-latitude electric
potential (Φ𝑅) can be calculated from the current continuity equation:

𝑝𝑐 𝜕
𝜕𝜙𝑚

[ Σ𝑁/𝑆
��

cos 𝜆𝑚
𝜕Φ𝑅𝑁/𝑆

𝜕𝜙𝑚
+ Σ𝑁/𝑆

��
𝜕Φ𝑅𝑁/𝑆

𝜕|𝜆𝑚| ] + 𝑝𝑐 𝜕
𝜕|𝜆𝑚| [Σ𝑁/𝑆

��
𝜕Φ𝑅𝑁/𝑆

𝜕𝜙𝑚
+ Σ𝑁/𝑆

�� cos 𝜆𝑚
𝜕Φ𝑅𝑁/𝑆

𝜕|𝜆𝑚| ] − (1 − 𝑝𝑐) 𝜎𝑅𝑅 cos 𝜆𝑚Φ𝑅𝑁/𝑆 = 𝑝𝑐 (𝑅 [ 𝜕𝐾𝐷𝑁/𝑆
m�

𝜕𝜙𝑚
+ 𝜕(𝐾𝐷𝑁/𝑆

m� cos 𝜆𝑚)
𝜕|𝜆𝑚| ] + 𝐽𝑁/𝑆

mr 𝑅2 cos 𝜆𝑚) (1)

Here, 𝜙𝑚 and 𝜆𝑚 represent the magnetic longitude and latitude in the modi-
fied apex coordinates, respectively, and R denotes the radius of the ionosphere
base (i.e., 6371 km + 110 km = 6481 km). The Σij (𝑖, 𝑗 = 𝜙, 𝜆) terms are
the integrated conductivities along a field line. The 𝐾𝐷

mj (𝑗 = 𝜙, 𝜆) terms
are the integrated neutral dynamo current integrated along a field line. The
superscripts N and S represent the hemispheres (N: Northern Hemisphere; S:
Southern Hemisphere). Details about Σij and 𝐾𝐷

mj can be found in Richmond
(1995). 𝜎𝑅 is the reference conductivity and 𝑝𝑐 is a factor varying with 𝜆𝑚. 𝑝𝑐

is 0 equatorward of |𝜆𝑚| = 40∘ and is 1 poleward of |𝜆𝑚| = 45∘ and linearly
changes from 0 to 1 from |𝜆𝑚| = 40∘ to |𝜆𝑚| = 45∘, which ensures Φ𝑅 is zero
equatorward of |𝜆𝑚| = 40∘. 𝐽mr is the FAC input. Eq. 1 is basically a simpli-
fication of Eqs. 2-4 in Maute et al. (2021) but it only aims to solving for the
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high-latitude potential instead of the global potential.

To avoid unrealistic electric fields in the region where the modeled ionospheric
conductance is low, the FAC density is set as zero where the hemispheric field-
line integrated Pedersen conductivity is below 1.5 S. Moreover, to avoid nu-
merical issues, the input FAC is corrected to ensure that the hemispherically
integrated FAC is zero following the method used in Maute et al. (2021).

Once the high-latitude electric potential (Φ𝑅) is specified, the global electric
potential (Φ) is solved according to the following equation which is originally
from Richmond and Maute (2014):

𝑝 𝜕
𝜕𝜙𝑚

[ Σ𝑇
��

cos 𝜆𝑚
𝜕Φ

𝜕𝜙𝑚
+ Σ𝑇

��
𝜕Φ

𝜕|𝜆𝑚| ] + 𝑝 𝜕
𝜕|𝜆𝑚| [Σ𝑇

��
𝜕Φ

𝜕𝜙𝑚
+ Σ𝑇

�� cos 𝜆𝑚
𝜕Φ

𝜕|𝜆𝑚| ] − (1 − 𝑝)𝜎𝑅𝑅 cos 𝜆𝑚Φ = 𝑝𝑅 [ 𝜕𝐾DT
m�

𝜕𝜙𝑚
+ 𝜕(𝐾DT

m� cos 𝜆𝑚)
𝜕|𝜆𝑚| ] − (1 − 𝑝)𝜎𝑅𝑅 cos 𝜆𝑚Φ𝑅 (2)

Here (⋅)𝑇 represents the sum of the corresponding parameters from different
hemispheres. 𝑝 is 1 equatorward of |𝜆𝑚| = 50∘ and is 0 poleward of |𝜆𝑚| = 55∘

and linearly changes from 1 to 0 from |𝜆𝑚| = 50∘ to |𝜆𝑚| = 55∘. Similar to the
default procedure used in the TIEGCM, the Φ𝑅 in the NH is used to calculate
Φ at low and middle latitudes which is symmetric in the two hemispheres. After
that, the Φ at high latitudes in the high latitudes of SH is replaced by the Φ𝑅

in the SH.

4. Results and discussions

4.1 Geophysical conditions

The 2013 St Patrick’s Day geomagnetic storm is classified as an intense geo-
magnetic storm triggered by an interplanetary coronal mass ejection (ICME)
which arrived at the Earth’s bow shock at around 6 UT on 03/17/2013. Figure
1 shows the geophysical conditions during this event, including the variations of
the IMF By and Bz components along with the AE and Dst indices. Both the
AE and Dst indices are from the AMIE outputs. The AE index is derived from
98 stations between ° and ° MLAT in both hemispheres, and the Dst index is
similar to the SYM-H index but using the magnetometer data from 56 stations
between -40° and 40° MLAT. The ICME sheath region passed the Earth’s bow
shock between 6 UT and 15:30 UT, during which the IMF underwent significant
oscillations. The Dst index dropped to -120 nT around 12 UT and gradually re-
covered until the arrival of the magnetic cloud at 15:30 UT. The IMF Bz turned
southward during the passage of the magnetic cloud and remained southward
for about 6 hours. The Dst decreased again until reach its minimum of -140
nT around 20:30 UT. During the main phase (6:00-20:30 UT), AE underwent
two strong intensifications around 7:30 UT and 16:30 UT, respectively, and the
maximum AE value reached ~2800 nT.

4.2 Comparison with the DMSP ion drift measurements

The high-latitude ion drifts from the FAC-driven simulation are compared with

8



the DMSP cross-track ion drift measurements to determine whether the FAC-
driven simulation can provide reasonable high-latitude electric fields. Figure 2
shows the data-model comparison along DMSP F16 polar crossings in the NH
and SH after the onset of the geomagnetic storm (i.e., 6 UT on 03/17). The FAC-
AMIE simulation (Run 2) results are exhibited in Figure 2. As shown in Figure
2, the FAC-AMIE simulation is able to well capture the overall high-latitude
ion drifts measured by the DMSP F16 satellites but with some quantitative
differences. For example, the FAC-AMIE simulation sometimes underestimates
the magnitude of the ion drift. In addition, the ion drifts in the polar cap (at the
middle of each plot) from the FAC-AMIE simulation display large variations for
some polar crossings. Comparisons along the polar crossings of DMSP F17 and
F18 satellites can be found in Supplement Figures S1 and S2, which are similar
to those shown in Figure 2. Overall, the FAC-driven technique used in this study
works well in a general sense if the electron precipitation is well specified, giving
us more confidence to explore the low- and mid-latitude ionospheric response
using the FAC-driven simulation.

4.3 Impact of neutral wind dynamo on high-latitude electric potential
calculation

Before examining the low- and mid-latitude ionospheric response in detail, it is
worthwhile to explore the potential impact of the neutral wind dynamo on the
high-latitude electric potential calculation and Joule heating estimation. For
that purpose, we carry out a controlled FAC-AMIE simulation in which the
high-latitude neutral wind dynamo is turned off (i.e., the term in the square
bracket on the right-hand side of Eq. 1 is set to zero). The cross-polar-cap
potential (CPCP) and total Joule heating in the NH from these two FAC-AMIE
simulations are compared and the results are shown in Figure 3. As one can see,
both the CPCP and hemispheric integrated Joule heating are underestimated
after the onset of the storm if the neutral wind dynamo is excluded from the
high-latitude electric potential calculation. On average, the CPCP and Joule
heating are underestimated by 21% and 26%, respectively, in the controlled FAC
run after the onset of the storm (i.e., 6 UT on 03/17), indicating the importance
of including the neutral wind dynamo when using FACs to calculate the high-
latitude electric potential. As discussed in Lu et al. (1995), the FACs at the
top of the ionosphere is the sum of FACs due to the ionospheric electric field
and FACs due to the neutral wind, and the FACs due to the neutral wind are
in opposite directions of FACs due to the ionospheric electric field. Therefore,
the ionospheric electric field and thus the Joule heating can be underestimated
if the FACs due to neutral winds is neglected.

4.4 Low- and mid-latitude ionospheric response

The data-model comparison shown in Section 4.1 illustrates that the FAC-driven
simulation can reasonably reproduce the measured high-latitude electric fields.
In this subsection, we further examine the ionospheric response to the geomag-
netic storm at low and middle latitudes from the FAC-driven simulation. The
ionospheric response to the main phase of the geomagnetic storm in the Amer-
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ican sector is the primary focus owing to the best TEC observations available
over that region. Figure 4 shows the storm-quiet differential TEC maps from the
observation (top row) and from the AMIE-driven (middle row) and FAC-AMIE
(bottom row) simulations at four selected UTs on 03/17. The observation and
simulation outputs at the corresponding UTs on 03/16 are used as the quiet-
time reference. It is also worth pointing out that the color scale range for the
GITM simulation is half of that for the GNSS data. As discussed in Zhu et
al. (2022), this is because GITM tends to underestimate TEC, which could be
attributed to the lack of plasmaspheric contribution as well as inaccurate top
boundary conditions (Ridley et al., 2006). Improving the representation of the
electron density in GITM is scheduled for a future work.

As shown in the top row of Figure 4, the negative storm effect (as represented by
a TEC reduction) occurs almost everywhere at low and middle latitudes except
around 40°S and around 15°N at 14 UT. Then, the positive storm effect (i.e.,
a TEC enhancement) intensifies around 15°N and around 40°S at 16 UT while
other regions still undergo the negative storm effect. At 18 UT, the positive
storm effect occurs between 10°N and 40°N, around 10°S and southward of 40°S
but the negative storm effect takes place northward of 40°N, around 5°N and
around 25°S. At 20 UT, the positive storm effect takes over almost the entire
American sector except for the region poleward of 40°N where a strong storm-
time enhanced density (SED) plume is embedded in the region with the negative
storm effect.

As shown in the bottom two rows of Figure 4, both the AMIE-driven (Run 1)
and FAC-AMIE (Run2) simulations can well reproduce the salient features seen
in the TEC observation described above although data-model discrepancies do
exist. For example, both the AMIE-driven and FAC-AMIE simulations show
that the positive storm effect around 15°N has a wider longitudinal spanning
than the observation at 14 UT. In addition, both simulations also indicate the
positive storm effect around 15°S at 16 UT which is inconsistent with the obser-
vation. Compared to the AMIE-driven simulation, the FAC-AMIE simulation
results have somewhat larger model-data discrepancies. For example, the FAC-
AMIE simulation does not capture the strong positive storm effect around 10°N
and 90°W at 16 UT. In addition, the FAC-AMIE simulation shows that the neg-
ative storm phase around 5°N is stronger than that around 25°S at 18 UT, which
is opposite to what are seen in the observation. Moreover, the negative storm
effect northward of 40°N is not well reproduced in the FAC-AMIE simulation.

As discussed in Zhu et al. (2022), the ionospheric response to the 2013 St
Patrick’s Day geomagnetic storm in the American sector at the four UTs shown
in Figure 4 are mainly attributed to the TADs launched at high latitudes. There-
fore, the different amount of Joule heating deposited at high latitudes between
the AMIE-driven and FAC-AMIE simulations may be responsible for the differ-
ent ionospheric responses shown in Figure 4. To verify that, Figure 5 presents
the distributions of the electric potential, total electron energy flux and height-
integrated Joule heating from the AMIE-driven and FAC-AMIE simulations
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at 12:30 UT on 03/17. Even though the same electron precipitation pattern
is used, the distributions of the electric potential and height integrated Joule
heating show significantly quantitative differences. This is also true for other
UTs (supplement Movie S1). As a result, the generation, propagation and inter-
action of TADs in the FAC-AMIE simulation can be different from those in the
AMIE-driven simulation. Consequently, the low- and mid-latitude ionospheric
response is different between these two simulations.

Figure 6 compares the disturbance meridional winds from the AMIE-driven and
FAC-AMIE simulations along 70°W to illustrate the differences in the TADs
from those two simulations. It is clear that the generation, propagation and
interaction of TADs are different between those two simulations, leading to
different disturbance meridional winds at 5°N/25°S (i.e., ~15°/-15° MLAT). As
discussed in Zhu et al. (2022), the negative storm effects at ±15° MLAT between
17 and 19 UT are mainly caused by the disturbance meridional winds associated
with TADs and the magnitude of the negative storm effects depend on the
magnitudes of disturbance meridional winds. Figure 7 compares the storm-
quiet differences of the electron density and meridional wind at 5°N/25°S and
at 70°W from the AMIE-driven and FAC-AMIE simulations. Comparing to
the AMIE-driven simulation, the disturbance meridional winds between 16 and
19 UT are stronger/weaker at 5°N/25°S in the FAC-AMIE simulation, so that
the negative storm effect at 18 UT intensifies/subsides at 5°N/25°S in the FAC-
AMIE simulation. As a result, the negative storm effect in the NH is stronger
than SH in the FAC-AMIE simulation at 18 UT, which is opposite to the AMIE-
driven simulation result and the observation (Figure 4).

4.5 Impact of electron precipitation on the FAC-driven simulation

As described in Section 3, the FAC-driven technique calculates the high-latitude
electric fields based on prescribed auroral electron precipitation patterns. There-
fore, how the auroral precipitation pattern is specified will directly affect the
derived high-altitude electric fields, which in turn affects the Joule heating es-
timation. Due to a lack of global auroral electron precipitation observations, it
is very challenging to accurately specify the global electron precipitation pat-
tern (and thus the auroral conductance pattern) at certain times, especially
during geomagnetic storms. As a result, the auroral electron precipitation pat-
terns used in the FAC-driven simulation are subject to large uncertainties. To
evaluate how the different electron precipitation patterns may affect the FAC-
driven simulation results, two additional FAC-driven simulations are conducted
in which the ASHLEY-A (Run 3) and Robinson (Run 4) electron precipitation
patterns are used, respectively.

Figure 8 shows the distributions of the electric potential, total electron energy
flux and height-integrated Joule heating from the FAC-ASHLEY and FAC-
Robinson simulations at 12:30 UT on 03/17. It is clear that the CPCPs in
the NH and SH from the FAC-ASHLEY simulation are larger than those from
other simulations, which is related to the weaker auroral electron precipitation.
The hemispheric power (HP) of ASHLEY is about 50-60% of the HP from the
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AMIE and Robinson electron precipitation patterns. The contours of the elec-
tric potential are also denser in the FAC-ASHLEY simulation, meaning that the
electric field in the auroral zone is stronger than that from other simulations
in general. As a result, the maximum of the height-integrated Joule heating
and hemispheric-integrated Joule heating in each hemisphere are largest in the
FAC-ASHLEY simulation. As for the FAC-Robinson simulation, although the
Robinson electron pattern gives the highest HP in each hemisphere at 12:30
UT, the maximum localized total electron energy flux is smaller than that from
the AMIE pattern in each hemisphere. The larger HP may be due to the fact
that the electron precipitation occurs in a broader area in the Robinson electron
precipitation pattern than in the AMIE electron precipitation on the day side.
However, the CPCP from the FAC-Robinson simulation in each hemisphere is
comparable with the CPCP from the FAC-AMIE simulation even though the
AMIE and Robinson electron precipitations are quite different. The distribution
of Joule heating from the FAC-Robinson simulations has some differences from
the FAC-AMIE simulation and the hemispheric-integrated Joule heating from
the FAC-Robinson simulation is about 20% and 10% higher than that from the
FAC-AMIE simulation in the NH and SH, respectively.

Figure 9 compares the CPCP, auroral hemispheric power and hemispheric-
integrated Joule heating in the NH from different simulations between 03/16
and 03/18. It is evident that the CPCP from the FAC-ASHLEY simulation is
much larger (can exceed 100 kV) than that from other simulations. However,
the larger CPCP in the FAC-ASHLEY simulation may be unrealistic, since the
data coverage used to derive the AMIE electric potential pattern is relatively
abundant in the NH for this event so that the AMIE CPCP is likely to be close
to the truth. The large CPCP from the FAC-ASHLEY simulation may indicate
that the electron precipitation is underestimated by ASHLEY-A. The Robinson
electron precipitation pattern, by contrast, gives the highest HP in general es-
pecially before the onset of the storm (i.e., 6 UT on 03/17), so that the CPCP
and Joule heating in the FAC-Robinson simulation is smaller than those from
the AMIE-driven and FAC-AMIE simulations before the onset of the storm.
However, the FAC-Robinson simulation generally captures the AMIE CPCP
after the storm onset, and so does the FAC-AMIE simulation. The hemispheric-
integrated Joule heating from the FAC-AMIE and FAC-Robinson simulation
is generally consistent with that from the AMIE-driven simulation except be-
tween 16 and 20 UT where the values from the FAC-AMIE and FAC-Robinson
simulations are ~30% smaller than that from the AMIE-driven simulation. The
underestimation of Joule heating may imply the auroral electron precipitation
is overestimated by the AMIE and Robinson electron precipitation patterns
during this period. Clearly, Figures 8 and 9 demonstrate that the estimation
of CPCP and Joule heating can be significantly impacted by the pre-defined
electron precipitation pattern in the FAC-driven simulation.

5. Summary

In this study, we utilized the AMPERE FAC to drive GITM using a tech-
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nique modified from Maute et al. (2021). The advantages and challenges of
the FAC-driven simulation were investigated based on the simulation results
for the intense 2013 St Patrick’s Day geomagnetic storm. It is found that the
high-latitude cross-track ion drift measured by the DMSP satellites can be re-
produced reasonably well when AMIE electron precipitation pattern is used to
specify high-latitude electron precipitation in GITM. This indicates that the
FAC-driven technique used in this study can be a convenient and useful tool to
obtain high-latitude electric fields in GCMs if the electron precipitation is well
specified. The impact of including the neutral dynamo effect into FAC-driven
technique on the high-latitude electric potential calculation as well as the Joule
heating estimation is also examined. It is found that the CPCP and hemispheric
Joule heating are underestimated by more than 20% if the neutral dynamo effect
is not taken into account, indicating that including the neutral wind dynamo
is important. Moreover, the ionospheric response to the geomagnetic storm at
low and middle latitudes has been carefully examined in the FAC-driven sim-
ulation using the AMIE electron precipitation pattern. It is found that the
observed low- and mid-latitude ionospheric response to the main phase of the
2013 St Patrick’s Day geomagnetic storm in the American sector can be well
reproduced. However, compared to the AMIE-driven GITM simulation, some
salient features cannot be well reproduced in the FAC-driven simulation, which
may be attributed to the inaccurate Joule heating estimation associated with
the inaccuracies in the specification electron precipitation. In addition to the
AMIE electron precipitation pattern, the ASHLEY-A and Robinson electron
precipitation patterns are also used in the FAC-driven simulation. It is found
that the high-latitude electric potential and Joule heating estimations can be
significantly affected by the prescribed auroral electron precipitation pattern.
This study demonstrates that the FAC-driven simulation could be a convenient
and useful tool for the future global ionosphere and thermosphere simulation
study. However, inaccurate prescribed auroral electron precipitation may limit
the accuracy of FAC-driven simulation.
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Run Name High-latitude potential High-latitude electron precipitation
1 AMIE-driven AMIE electric potential AMIE electron precipitation
2 FAC-AMIE Calculated using FAC AMIE electron precipitation
3 FAC-ASHLEY Calculated using FAC ASHLEY-A
4 FAC-Robinson Calculated using FAC Derived from Robinson et al (2020)

Table 1. Summary of the simulations
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Figure 1. Evolutions of (a) IMF (blue: By; red: Bz), (b) AE and (c) Dst
during the 2013 St Patrick’s day geomagnetic storm. The parameters shown in
the bottom two panels are from the Northern Hemisphere AMIE output.

Figure 2. Comparisons of the cross-track ion drifts along the DMSP F16 polar
crossings in the NH and SH. In each plot, black and red lines represent the
DMSP measurement and FAC-AMIE simulation result, respectively.
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Figure 3. Comparisons of the cross-polar-cap potential and total Joule heating
in the NH from two FAC-AMIE simulations. Red and blue lines represent the
results from the FAC-AMIE simulations where the high-latitude wind dynamo
is turned on and off, respectively.
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Figure 4. Comparisons of the storm-quiet differential TEC in the American
sector at different UTs. At each UT, from top to bottom, the results correspond
to those calculated from the observation, AMIE-driven and FAC-AMIE GITM
simulation outputs, respectively. Note that the color scale ranges are smaller
for those calculated from GITM simulation outputs.
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Figure 5. Distributions of the electric potential, total electron energy flux
and height-integrated Joule heating from the AMIE-driven simulation (left two
columns) and FAC-AMIE simulation (right two columns) at 12:30 UT on 03/17.
The first and third rows correspond to outputs in the Northern Hemisphere while
the second and fourth rows correspond to outputs in the Southern Hemisphere.
For each plot, the minimum and maximum of the corresponding parameter are
labelled at the bottom left and right of the plot, respectively. The value at
the top left of each plot in the bottom two rows represents the hemispheric
integrated value.
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Figure 6. Comparisons of the storm-quiet differential meridional winds at 400
km and along 70°W as a function of UT and geographic latitudes between the
(a) AMIE-driven and (b) FAC-AMIE simulations. The horizontal dashed lines
in each plot denote 5°N and 25°S.
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Figure 7. Storm-quiet differences of the electron density (�Ne) and meridional
wind (�Vn) at 25°S and 5°N along 70°W from the (a) AMIE-driven and (b) FAC-
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AMIE simulations. The parameter is shown as a function of UT and altitude.
For the meridional wind, positive values indicate northward winds (poleward in
the NH and equatorward in the SH).

Figure 8. Same as Figure 5 but for the outputs from the FAC-ASHLEY sim-
ulation (left two columns) and FAC-Robinson simulation (right two columns).
Note that the color scale for the height-integrated Joule heating from the FAC-
ASHLEY simulation is twice as that for the height-integrated Joule heating
from the FAC-Robinson simulation.
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Figure 9. Comparisons of the (a) cross-polar-cap potential, (b) hemispheric
power and (c) hemispheric-integrated Joule heating in the Northern Hemi-
sphere. The outputs from the AMIE-driven, FAC-AMIE, FAC-ASHLEY and
FAC-Robinson simulations are indicated by the black solid, red solid, green
dashed and blue solid lines, respectively.
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Figure S1. Comparisons of the cross-track ion drifts along the DMSP F17 polar crossings 
in the NH and SH. In each plot, black and red lines represent the DMSP measurement 
and FAC-AMIE simulation result, respectively.   
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Figure S2. Same as Figure S1 but for the DMSP F18 satellite   
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Movie S1. Distributions of the electric potential, total electron energy flux and height-
integrated Joule heating from the AMIE-driven simulation (left two columns) and FAC-
AMIE simulation (right two columns) at different UTs on 03/17. The first and third rows 
correspond to outputs in the Northern Hemisphere while the second and fourth rows 
correspond to outputs in the Southern Hemisphere. For each plot, the minimum and 
maximum of the corresponding parameter are labelled at the bottom left and right of 
the plot, respectively. The value at the top left of each plot in the bottom two rows 
represents the hemispheric integrated value. 
 
 


