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Abstract Hi gh latitude upper atmospheric inter-hemispheric asymmetry (IHA) tends to be enhanced during
geomagnetic storms, which may be due to the complex spatiotemporal changes and magnitude modifications in
field aligned currents (FACs) and particle precipitation (PP). However, the relative contribution of FACs and PP
to IHA in high-latitude forcing and energy is not well understood. The IHA during the 2015 St. Patrick’s Day
storm has been investigated using the global ionosphere thermosphere model (GITM), driven by FACs from the
Active Magnetosphere and Planetary Electrodynamics Response Experiment (AMPERE) and PP from the
Assimilative Mapping of Ionospheric Electrodynamics (AMIE). A comprehensive study of the (a) relative
contributions of FACs and PP to electric potential and Joule heating and (b) sensitivity of electric potential and
Joule heating to the changes in magnitude and distribution of FACs and PP is presented. The results indicate that
FAC:s lead to larger potential and Joule heating changes compared with PP. The spatial variations of potential
and Joule heating are also affected by variation in FACs. As for asymmetric magnitude and distribution, it is
found that electric potential and Joule heating are more sensitive to changes in the distribution of FACs and PP
than the magnitude of FACs and PP. A new spatial asymmetry index (SAI) is introduced, which reveals spatial
asymmetric details that are often overlooked by previous studies. This sensitivity study reveals the relative
contributions in high-latitude forcing and emphasizes the importance of obtaining accurate FACs and PP in both
hemispheres.

Plain Language Summary The high-latitude upper atmosphere is highly variable and the coupling
processes with the Earth’s magnetosphere are very complex. During geomagnetic storms, the high-latitude
electrodynamics and energy deposition can differ significantly between the northern and southern hemispheres,
while the knowledge of the associated contribution is limited. In this work, leveraging the flexibility of
numerical simulation input specifications, we used a physics-based model to investigate the relative
contribution of these hemispheric differences in electrodynamics and energy from the field-aligned current
(FAC) system and precipitating particle in the auroral area during the 2015 St. Patrick’s Day geomagnetic storm.
As a full sensitivity study, we also analyzed the respective sensitivities of hemispheric electrodynamics and
energy to the changes in hemispheric magnitude and distribution variations. Our study provides insight into how
the storm-time enhanced currents and precipitating particles affect the Earth’s high-latitude electrodynamics
and energy deposition between the two hemispheres.

1. Introduction

Earth’s coupled ionosphere-thermosphere (I-T) system can be significantly different between the northern and
southern hemispheres, known as the inter-hemispheric asymmetry (IHA). Specifically, IHA can occur when one
hemisphere receives more solar irradiation flux (e.g., Chen et al., 2015; Cnossen & Forster, 2016) or more
electromagnetic and particle energy from the magnetosphere associated with geomagnetic storms (e.g., Knipp
et al., 2021; Pakhotin et al., 2021), resulting from the coupling efficiency with the interplanetary magnetic
field (IMF) and solar wind. IHA is also affected by Earth’s asymmetric magnetic field configuration (e.g.,
Laundal et al., 2017) and asymmetries in atmospheric waves from the lower atmosphere (e.g., Rishbeth &
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Miiller-Wodarg, 2006). Studies have shown that IHA tends to intensify during geomagnetic storms due to global
effects of enhanced high-latitude forcing (Zesta et al., 2016). For example, high-latitude electrodynamic forcing is
associated with complex temporal and spatial changes, characterized by large-scale anti-sunward convection
flows (e.g., Burch et al., 1985; Cousins & Shepherd, 2010; Nishitani et al., 2003; Reiff & Burch, 1985), enhanced
ionospheric currents near the auroral region (e.g., @stgaard & Laundal, 2012), and equatorward expansions of the
auroral oval (e.g., Cowley & Lockwood, 1992; Fuller-Rowell et al., 1994). Furthermore, asymmetric electro-
dynamics leads to IHA in Joule heating (e.g., Codrescu et al., 1995; Foster et al., 1983), which contributes to the
changes in the thermospheric neutral wind (e.g., Deng & Ridley, 2006; Sivla et al., 2020), neutral mass density
(e.g., Aaet al., 2012; Hong et al., 2023; Sutton et al., 2009; Zhu et al., 2023) and large-scale structures in total
electron content (TEC) (e.g., Dashora et al., 2019; Zhu, Lu, & Deng, 2022; Zhu, Lu, Mate, et al., 2022).

Field-aligned currents (FACs) and auroral particle precipitation (PP) are two important forcing quantities that
contribute to [HA in the high-latitude regions. Early observations (lijima & Potemra, 1976a) indicated that the
FACs system connecting the magnetosphere and ionosphere consists of Region-1 (R-1) and Region-2 (R-2) ring-
like current sheets. As a fundamental element that transfers energy and momentum from the magnetosphere to the
ionosphere, FACs play an important role in regulating high-latitude ionospheric convection (e.g., Milan
etal., 2017; Shi et al., 2020; Tanaka, 2007). Auroral PP can also significantly influence the convection patterns by
modifying the ionospheric conductivity (e.g., Southwood & Wolf, 1978). Previous studies have reported
hemispheric asymmetry in the auroral current system (e.g., Coxon, Milan, Carter, et al., 2016; Green et al., 2009;
Milan et al., 2017). As shown by @stgaard and Laundal (2012), auroral images can be asymmetric between the
two hemispheres, which is a significant indicator of hemispheric asymmetry in the auroral currents. However, the
role of high-latitude FACs and PP in IHA and their relative contributions to high-latitude forcing and energy
deposition remain unclear.

Due to the different coupling efficiency between the magnetosphere-ionosphere-thermosphere (M-I-T) system
and solar wind, the storm-time FACs and PP are not distributed symmetrically between the northern and southern
hemispheres. For example, seasonal solar irradiation can alter FACs through modifying the ionospheric con-
ductivity (e.g., Green et al., 2009; Newell et al., 1996), while the magnitude of FACs is also influenced by the IMF
and solar wind conditions (Ganushkina et al., 2015; Korth et al., 2010). Similarly, auroral precipitating particles
appear to exhibit seasonal variations, with more dayside aurora power enhancement during summer compared to
winter, which is associated with the large-scale upward FAC (e.g., Liou et al., 2001). During storm main phase,
the auroral oval expands equatorward and auroral electrojet intensifies (e.g., Wing et al., 2013). The IMF B,
significantly impacts the dayside reconnection geometry (e.g., Park et al., 2006; Sonnerup, 1974). Consequently,
B, effects are reflected in the spatial distribution of FACs (e.g., Green et al., 2009; lijima et al., 1978; Reistad
et al., 2020; Weimer, 2001). Recently, Holappa et al. (2020) showed that there is also an explicit B -effect in the
flux of electrons precipitating into the ionosphere. Furthermore, it has been found that the distribution of large-
scale FACs also depends on the IMF orientation (e.g., Anderson et al., 2008; Carter et al., 2016; Green et al., 2009;
Korth et al., 2014) and solar zenith angles (e.g., Coxon, Milan, Clausen, et al., 2016 and references therein). Based
on these studies, it remains unknown how changes in the magnitude and distribution of FACs and PP between two
hemispheres contribute to IHA in high-latitude forcing and energy deposition.

Several studies have examined the correlation between FACs and auroral precipitation (e.g., Arnoldy, 1974;
Foster et al., 1989; Knight, 1973; Ohtani et al., 2009; Robinson et al., 2020; Sheng et al., 2019). A statistical study
(Xiong et al., 2020) based on Defense Meteorological Satellite Program (DMSP) observations showed that during
elevated storm periods, both large-scale FACs and PP fluxes increase and extend equatorward, while for weakly
negative B, noticeable location differences are seen between these two forcing mechanisms. Furthermore, the
magnitude and distribution of FACs show clear temporal and spatial variations. They depend not only on the
direction of the IMF and magnetospheric sources (Edwards et al., 2017; lijima & Potemra, 1976a, 1976b) but also
on ionospheric conductivity conditions (e.g., Ohtani et al., 2014), which are modulated by auroral precipitation.
For instance, studies have shown a close relationship between dayside FAC intensity and ionospheric conduc-
tivity (e.g., Haraguchi et al., 2004). Due to the complex connection between FACs and PP, it remains a challenge
to quantify their relative contributions to high-latitude forcing and energy solely from observations alone.
Therefore, it is helpful to engage numerical experiments to assist in separating the asymmetric responses to FACs
and PP. As demonstrated by several previous studies (Hong et al., 2023; Maute et al., 2021; Zhu, Lu, Maute,
et al., 2022), the FAC-driven procedure with pre-defined electron precipitation patterns can improve the accuracy
of high-latitude forcing and reproduce the storm-time global I-T system response as compared to simulations
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driven by empirical models. Utilizing a similar approach, the 2015 St. Patrick’s Day storm has been chosen as a
test case for simulation since it is a well-studied storm with extensive observations. This allows validation of the
simulation results and further elucidates the significance of specifying accurate FACs and PP for both
hemispheres.

In particular, this study evaluates the relative contributions of FACs and PP to IHA in the high-latitude electric
potential and Joule heating in order to further our understanding of the respective contributions of FACs and PP to
the I-T system. Specifically, GITM simulations driven by Active Magnetosphere and Planetary Electrodynamics
Response Experiment (AMPERE) FAC data and Assimilative Mapping of Ionospheric Electrodynamics (AMIE)
electron precipitation patterns are used to analyze IHA during the 2015 St. Patrick’s Day storm, including model-
data comparisons of the ion drifts to validate forcing and simulation. Numerical experiments were conducted from
two perspectives: (a) the relative contributions of FACs and PP to electric potential and Joule heating and (b) the
sensitivity of electric potential and Joule heating to the changes in magnitude and distribution of FACs and PP.

2. Methodology
2.1. DMSP Ion Drift

Data from three DMSP satellites, F16, F17 and F18 were used for the model-data comparisons. These spacecraft
are in near-polar orbits with an inclination of approximately 98.8°, flying in sun-synchronous orbits with a period
of ~110 min at an altitude of ~840 km (Rich & Hairston, 1994). The solar local time (SLT) coverage of these
three satellites is in the dawn-dusk sector. During the storm on 17 March 2015, F16-18 crossed the equator at
approximately 19.7 SLT (ascending track) and 7.7 SLT (descending track). The cross-track ion drift (Vy) data
obtained from the onboard Special Sensor for lons, Electrons, and Scintillation (SSIES) system, with 1s temporal
cadence and data flag “1” (indicating most reliable) were used as representative of the ion convection, that is,
electric field at high latitudes. The ion drift Vy was first corrected by removing the linear baseline and co-rotation
effects, ensuring Vy is zero at 45° Imagnetic latitudel (IMLATI). A ~100 km sliding window was then applied to
the data to reduce high-frequency fluctuations and extract large-scale ion convection data (Zhu et al., 2020).

2.2. GITM

The Global Ionosphere and Thermosphere Model (GITM) is a three-dimensional, first-principles, physics model
for the coupled ionosphere-thermosphere system. GITM numerically solves the governing continuity, momentum
and energy equations in spherical coordinates (Ridley et al., 2006). GITM self-consistently calculates the density,
velocity, and temperature for neutrals, ions and electrons. The model solves the vertical momentum equation for
neutral species without assuming hydrostatic equilibrium, which allows the model to better capture the transient
phenomena in the auroral zone where large amounts of energy are deposited into the upper atmosphere within a
short time-scale (e.g., Deng et al., 2008, 2011; Deng et al., 2021; Lin et al., 2017; Zhu et al., 2017). Additional
details about GITM can be found in Ridley et al. (2006).

2.3. High-Latitude and Global Drivers

In this study, the newly developed NCAR 3Dynamo model (hereafter, NCAR-3D, Maute & Richmond, 2017;
Maute et al., 2021) was adopted as the ionospheric electrodynamic solver of GITM, to specity the global electric
fields based on AMPERE FACs (Waters et al., 2020) and AMIE electron precipitation patterns (Lu, 2017) in the
modified magnetic APEX coordinates (Laundal & Richmond, 2017; Richmond, 1995). Briefly, poleward of the
high-latitude boundary, the electric fields are specified by FACs along with the prescribed ionospheric con-
ductivity. Equatorward of the boundary, electric fields are mainly driven by the neutral winds (Zhu, Lu, Maute,
et al., 2022). Details of the coupling between NCAR-3D and GITM are discussed by Zhu et al. (2019). The AMIE
electron precipitation patterns for this storm were based on the Special Sensor of Ultraviolet Spectrographic
Imager (SSUSI) data onboard DMSP F16-18, along with ground magnetic perturbations according to the
empirical formula of Ahn et al. (1983). Furthermore, AMIE uses the AMPERE magnetic field perturbations (Lu
et al., 2020), and our examination indicates that the AMPERE FACs and AMIE precipitation patterns are similar
overall.

The FAC-driven procedure and AMPERE FAC data used in this study have been described by Hong et al. (2023).
Basically, data points with current density smaller than the noise level (0.2 pA/m?) are removed. Due to the
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Table 1 differences in geomagnetic field magnitude and curvature, a scaling factor of
Simulation Settings for the Southern Hemisphere (SH) Described in 1.343 is multiplied to map FACs from the measurement height (780 km) to
Section 3.3 the APEX reference height (110 km). The 10-min window FACs patterns are
S Field-aligned current Auroral electron precipitation linearly interpolated into a 1-min cadence and spatially interpolated onto the

Ry js, PP¢ FAC-driven NCAR-3D (SH) AMIE Energy Flux (SH)
R, js, PPy FAC-driven NCAR-3D (SH) AMIE Energy Flux (NH)

NCAR-3D grid. The number of regularly spaced grid points along MLAT and
magnetic local time (MLT) are 161 and 100, respectively. The MLT grid is
uniformly spaced with a 0.24-hr interval, while the MLAT grids are

R, jy» PPg FAC-driven NCAR-3D (NH) ~ AMIE Energy Flux (SH) distributed unevenly with larger intervals in the aurora region (~2-3°) and
R; jx» PPy FAC-driven NCAR-3D (NH)  AMIE Energy Flux (NH) smaller intervals near the geomagnetic equator (~0.5°).

Table 2

Settings for the Southern Hemisphere (SH) Simulations Described in

In order to capture the spatial variations of AMPERE FAC (1° in MLAT and
1 hr in MLT) and AMIE electron precipitation (1.66° in MLAT and 0.66 hr in MLT), the GITM model was run
with a spatial resolution of 1.25° in geographic latitude (GLAT), 5° in geographic longitude (GLON), and 1/3
scale height of the neutral atmosphere in altitude (roughly 1.5 km at 100 km altitude and 15 km at 300 km
altitude). The high-latitude forcing update time was 60 s. The time step of GITM simulations was 2 s. IMF, solar
wind and F10.7 data from the CDAWeb OMNI website were used for initializing the ionosphere and thermo-
sphere background and pre-run conditions.

2.4. Simulation Set-Up

In order to simulate the relative contribution of FACs (j) and auroral particle precipitation (PP) to the IHAs in
high-latitude forcing and energy, four sets of GITM runs (R,—R;) were carried out, which were driven by different
specifications of FACs and PP. A summary of the settings for these runs can be found in Table 1. In this study, the
northern hemisphere (NH) was always driven by the unmodified realistic AMPERE FACs and AMIE PP from the
NH, while the high-latitude specification of the southern hemisphere (SH) varied. The standard run, R, was driven
by the unmodified realistic FACs and PP patterns from the SH (denotation: jg and PPg), so both FACs and PP were
hemispherically asymmetric. For model run R,, the SH was specified with FACs from the SH but PP mirrored
from the NH to the SH (jg, PPy), so PP was forced to be symmetric between the NH and SH. Therefore, the
difference between R, and R, indicates the contribution of PP to IHA. For model run R,, PP from the SH with
FACs mirrored from the NH to SH (j, PPg) were used to specify the SH, to show the contributions from FACs to
the IHA separately. Additionally, R5 is the controlled run, where both FACs and PP were mirrored from the NH to
the SH (jn, PPy), and is referred to as the combined effects of FACs and PP. As the main form of large-scale
electrodynamics and magnetospheric energy, electric fields and Joule heating were chosen to represent the
asymmetric consequences of the high-latitude regions. As mentioned in the introduction, FACs and PP typically
respond simultaneously to changes in geophysical conditions, and it is very challenging to separate their con-
tributions as they are interconnected. For this study, the variation of FACs and PP was treated separately, which
may be an oversimplification. However, this approach can help deduce the first-order estimation of the impacts on
high-latitude forcing. By assuming no asymmetry in FACs or PP, their relative contributions can be estimated by
mirroring the FACs or PP patterns.

Table 2 lists the settings of the four GITM runs used in the second section. Here, magnitude and distribution refer to
modifications to the total integrated value and hemispheric spatial distributions, rather than modifying the values at
hemispheric conjugate points. In order to identify the relative sensitivity to asymmetric magnitude (M), the dis-
tribution (D) of FACs and PP patterns from the SH (Dg) were used, while the magnitude of these was scaled to the
same values in the NH (My). This was done by scaling FACs and PP patterns in the SH according to the ratio of the
hemispheric integrated total FAC and hemispheric integrated total participa-
tion energy flux, that is, hemispheric power (HP) between the NH and SH,
respectively. Likewise, to determine the sensitivity to spatial distributions, the
FACs and PP patterns were mirrored from the NH to the SH (Dy) but remain

Section 3.4 the same hemispheric integrated magnitude as the SH (Mg). Therefore, the
Smnos P RO GRSl  relative sensitivity to asymmetric forcing M and D can be estimated.

Ry Mg, Dy FAC-driven (SH original) AMIE (SH original)

Ry My, Dg  FAC-driven (scaled w/NH) AMIE (scaled w/NH) 3. Results

Rs Mg, Dy, FAC-driven (shaped w/NH) AMIE (shaped w/NH)

R; My D,y FAC (mirrored from NH) AMIE (mirrored from NH)

The analysis comprises four components. Section 3.1 summarizes the
geophysical conditions. To validate the simulation, Section 3.2 describes a
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Figure 1. (a) Interplanetary magnetic field (IMF) components B, and Bz, (b) aurora electrojet (AE) index, total upward field-
aligned current (FAC, (c)) from AMPERE FAC measurements and hemispheric power (HP, (d) from AMIE patterns during
the 17 March 2015 St. Patrick’s Day storm, for the northern (red lines) and southern (blue lines) hemispheres. The black and
blue dotted lines in plot (e) represent the corresponding asymmetry index (Al) for total FAC and HP, respectively. The
shaded area highlights the period of interest in this study.

model-data comparison of electric fields at high latitudes. Section 3.3 describes the relative contributions of FACs
and PP to high-latitude electric potential and Joule heating. Section 3.4 discusses the sensitivity of potential and
Joule heating to the asymmetric magnitude and distribution of FACs and PP.

3.1. Geophysical Conditions

The 2015 St. Patrick’s Day storm is a well-known event that has been extensively investigated (e.g., Astafyeva
etal., 2015). Figure | shows (a) the IMF B, (blue) and By (red) components and (b) auroral electrojet (AE) index
on 17 March 2015. As indicated by the two orange shaded areas we focus on in this study, this is a two-step storm
(Kamide & Kusano, 2015) with two phases evident in both the evolutions of B, and AE index:

o First storm phase: 06:00 to 10:00 UT, 17 March 2015
o Second storm phase: 12:00 to 20:00 UT, 17 March 2015

In the first phase, IMF B, turned southward at around 06 UT, accompanied by a sudden increase in the AE index.
Shortly after, B, reversed to northward for about 40 min, resulting in a slight rebound in the AE index. Starting
from 12:20 UT, the storm advanced into the second phase. B, turned southward again and remained southward
until the end of the day except for a very short period around 13:30 UT. Accordingly, the AE index reached
maxima around 14:00 UT and remained at large values (on average >1,000 nT) until 0OUT. During these two
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phases, B, mostly remained negative in the first phase and positive in the second phase, respectively. This is an
interesting feature of this storm, which might lead to asymmetry in high-latitude forcing and magnetospheric
energy dissipation.

As a measure of how energy enters and dissipates in the Earth’s high-latitude regions due to magnetosphere-
ionosphere (M-I) coupling, Figures 1c and 1d shows the total upward FAC and the total energy flux of precip-
itating electrons, that is, HP for the northern (red curves) and southern (blue curves) hemispheres. As expected,
both total FAC and HP increased to relative maximums during the two southward B, elevated periods, with
generally larger values during the second phase. Hong et al. (2021) has developed an asymmetry index (Al) to
quantify the IHA for a specific quantity, based on the ratio of hemispheric difference to the two-hemisphere
average of global representors, for example, cross-polar-cap potential (CPCP) and total Joule heating. To
characterize the features of asymmetric energy deposited into two hemispheres, the same procedure is followed
here. Figure le gives the Al of total FAC (black dotted) and HP (blue dotted) during the two storm phases.
Obvious asymmetries are captured in both quantities. In the first storm phase, FACs and HP show negative Al
values, that is, more total FACs and HP in the SH; while during the second storm phase, the FACs exhibit positive
Al values, indicating greater total FACs in the NH, except for the initial few hours (12:00 to 13:30 UT). There are
more pronounced fluctuations shown in HP, with roughly negative Al that is, more HP in the SH than that in the
NH on average, throughout the storm. In summary, the two inputs FACs and PP, show clear IHAs even at
equinox, with significant magnitude differences in total FACs and HP between the northern and southern
hemispheres.

3.2. Model-Data Comparison of Ion Convection at High Latitudes

In order to demonstrate the applicability of simulations with AMPERE FAC and AMIE PP for this storm, GITM
simulated high-latitude ion drifts were used to compare with the DMSP measured cross-track ion drift Vy, which
serves as a proxy for the electric fields. The GITM simulation ion drifts were extracted along the DMSP tra-
jectories at the same location, that is, GLAT, GLON, and then scaled from 400 km to the DMSP altitude (ALT) at
~840 km. The zonal (east-west) and meridional (north-south) ion drifts from GITM were projected onto the
along-track and cross-track directions of DMSP trajectories for a direct comparison.

As shown in Figure 2, nine examples from DMSP F16-18 are compared with the corresponding GITM simu-
lations, with the top two and bottom panels representing polar-crossing from the NH and SH. The black dotted
lines show the observed Vy, while the red dotted curves represent GITM simulated Vy from the standard run R,
that is, driven by realistic FACs and PP patterns in each respective hemisphere. Overall, the consistency between
DMSP and GITM indicates that the FAC-driven procedure with AMPERE FACs and AMIE PP can capture the
electric fields at high latitudes reasonably well. Although some quantitative differences between data and model
do exist, such as the underestimation (Figure 2e) and overestimation (Figure 2g) of the maximum electric fields in
GITM, this may be attributed to the uncertainties in FACs and PP. Meanwhile, due to the limited spatial and
temporal resolution of the high-latitude drivers, that is, NCAR-3D and AMIE, DMSP can capture higher time
cadence and finer structures than GITM simulations. Nevertheless, the cross-track ion drifts Vy at high latitudes
from the GITM simulations are consistent with those from the DMSP observations.

3.3. Relative Contribution of FACs and PP

To quantify the relative contributions from FACs and PP, a sensitivity index (SI) was defined by comparing the
different GITM runs described in Table 1 and Section 2.4. The SI is

SI, = (_jN’PPS _,jS’PPS) X 100% (1
" (jn.PPs+js.PPs)/2

_ (js:PPy — js,PPs)

Slpp =
" (js.PPy +js,PP5)/2

x 100% @)

where, each (jg/n, PPg/n) term denotes the GITM runs with different FACs and PP specifications as described in
Section 2.4. The SI index is the ratio between the change of two runs of a variable to the average of these two runs.
For a specific variable, the SI index can be identified by substituting that variable from different runs to obtain the
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Figure 2. Comparative of nine examples of cross-track ion drifts (Vy) along the Defense Meteorological Satellite Program (DMSP) satellites F16 (left), F17 (middle),
and F18 (right) polar trajectories on 17 March 2015. The black dotted lines represent the DMSP results with a 13-point (~100 km) sliding window, the red dotted lines
indicate the ion drifts from FAC-driven GITM simulation.

corresponding SI. For simplicity, the focus of this study is changes in the SH. In this study, the values used in
Equations 1 and 2 represent global features such as CPCP and hemispheric integrated total Joule heating.
Therefore, all terms in Equations 1 and 2 refer to the SH with different FACs and PP specifications (e.g., R;, R,,
and R;3), and all second terms in the numerator and denominator are the standard run R, (jg, PPg). Specifically, to
estimate the relative contribution from FACs, the first term in the numerator and denominator of Equation 1 is the
GITM run R, (jy. PPg). Similarly, as for the relative contribution from PP, both the first term in Equation 2 is
replaced by GITM R, (jg, PPy). Instead of comparing the NH and SH, the SI here refers to the differences within
SH between two GITM runs. Nevertheless, the SI is still related to the IHA since in R; and R, the PP and FACs
used in the SH is mirrored from the NH.

(1) Relative contribution of FACs and PP: the spatial perspective

The relative importance of FACs and PP can be evaluated by their respective contributions to electric potential
and Joule heating. Figure 3 shows the comparison of FACs (a), (e) and (i), PP (b), (f) and (j), polar cap potential
(PCP, (c), (g) and (k)) and height-integrated Joule heating (d, h, 1) in the SH at 09 UT on 17 March 2015, for three
GITM runs. These are the standard run R, (top), mirrored PP R, (middle), and mirrored FACs R, (bottom). Each
panel is displayed in geographic coordinates with GLAT and SLT. Here the SH is viewed as through the Earth
from the NH. The maxima and minima values are highlighted in orange and blue, in the lower right and left
corners, respectively. As shown in Figure 1, the corresponding Al for total FAC and HP at 09 UT are —5.88% and
—30.38%, respectively. This can be seen from the FACs where jg has larger maxima (Figures 3a and 3e) compared
to jy (Figure 3i). As for PP, Figure 3b shows more precipitation near the dusk-side compared with the dawn-side,

2 57! while Figure 3f shows the opposite distribution, with more precipi-

2

with a maximum value of 46 erg cm™
tation near the dawn-side and a maximum value of 21 erg cm™2 s~'. Additionally, 09 UT is during elevated solar

wind driving conditions when the IMF was southward (B, < 0) with strongly negative IMF B,. The region-1

HONG ET AL.

7 of 18



. Y d N |
MM\I
ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Space Physics 10.1029/2023JA032279

Js, PPs

Jjs, PPy

Jjn, PPs

FAC (UA « m™2) PP (ergcm™2s71) PCP (kV) JH (mWm~2)

R,: driven by FAC (js) and PP (PPg) at 2015-03-17 09 UT

GLAT _ 45 (b) iR GLAT 55
y40

1.5 60

06 18 06
-15 30

-4.5
max:5 min:0 max:46
00
Ry: driven by FAC (js) and PP (PP,) at 2015-03-17 09 UT
(f) GLAT
18 06
min:0 max:21

00
R,: driven by FAC (j) and PP (PPs) at 2015-03-17 09 UT

00
SLT SLT SLT

00

Figure 3. Comparisons of the high-latitude drivers. (a), (¢) and (i) field-aligned currents (FACs, first column) (b), (f) and (j) auroral particle precipitation (PP, second
column), and the corresponding (c), (g) and (k) polar cap potential (PCP, third column) and (d), (h) and (1) height-integrated Joule heating (JH, fourth column) in the
southern hemisphere (SH) at 09 UT on 17 March 2015 from different GITM simulations: (a)-(d) R, driven by realistic drivers from the SH (jg, PPg, top row) (e)-(h) R,
driven by FACs from SH but PP mirrored from the northern hemisphere (NH) (jg, PPy, middle row), and (i)—(1) R, driven by PP from SH but FACs mirrored from the
NH (jy, PPg, bottom row). Each plot displays in the geographic coordinates under geographic latitude (GLAT) and solar local time (SLT). The maxima and minima
values are highlighted in orange and blue at the lower right and left corners, respectively. Here the SH is viewed as through the Earth from the NH.

(directed downward at dawn and upward at dusk) and region-2 (directed upward at dawn and downward at dusk)
currents can be seen clearly from the AMPERE FACs. The FACs patterns used in R, and R, (Figure 3i) are from
the SH jg and mirrored from the NH jy, respectively. For negative B,, that is, B, points dusk-to-dawn, a dusk-side
region-1 current streamline surrounds the outside of the dawn-side region-1 current flow in the dayside region
(Figure 3i) for jy, while for jg, a dawn-side region-1 current streamline can be seen in the dayside (Figures 3a and
3e), since the SH responds oppositely to B, polarity compared to the NH. The B,-responses in FACs are in
agreement with previous studies (e.g., Cowley et al., 1991; Iijima et al., 1978). Similarly, the intensified pre-
cipitation also depends on the polarity of B,, the SH dusk-side PPg (Figures 3b and 3j) and NH dawn-side PPy
(Figure 3f) tend to have larger energy flux. The B,-dependent stresses are expected to dominate on newly opened
flux tubes, giving rise to the east-west flows just poleward of the open-closed field line boundary, as originally
described by Atkinson (1972) and Jgrgensen et al. (1972). Overall, the AMPERE FACs and AMIE PP patterns
exhibit B, dependence at 09 UT.

During geomagnetic storms, the elevated magnetospheric energy input can lead to asymmetric enhancement of
FACs and PP between two hemispheres, further promoting IHA in the high-latitude forcing and energy such as
electric potential and Joule heating. As shown in Figures 3b and 3f, the PP patterns used for R, (PPg) and R, (PPy)
are significantly asymmetric between the two hemispheres. However, the two corresponding PCP patterns
(Figures 3c and 3g) show similar dawn-dusk asymmetry and the two potential cells are roughly confined to the
same spatial locations. In terms of magnitude, a similar potential gradient, that is, CPCP can be found between
Figures 3c and 3g for R, (157 kV) and R, (161 kV) driven by different PP patterns. Similarly, the NH-mirrored PP
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pattern leads to no apparent changes in the distribution of Joule heating, but the maxima integrated Joule heating
in the 15-18 SLT sector significantly increased from 88 mW m™2 in R, (Figure 3d) to 166 mW m~ in R,
(Figure 3h). The R, simulation suggests that this increase can be explained by the same input FACs (Figures 3a
and 3e) but smaller PP (Figure 3g vs. Figure 3c) in the same SLT sector. On the other hand, when the FACs
change from the SH in R, to the NH-mirrored in R,, the PCP distributions significantly differ, with an extended
positive cell in the dawn to midnight sectors shown in R, (Figure 3k). As expected, the two-cell potential pattern
emerges with the dominant dusk (dawn) cell for B, < 0 conditions in the SH (NH). The electric potential shows a
sharp decrease in magnitude with CPCP changes from GITM R, 157 kV (Figure 3c) to GITM R, 93 kV
(Figure 3k). As for the Joule heating shown in Figure 31, the maximum magnitude decreases from 88 to
43 mW m™2, and the distribution significantly differs from R,. While there is a dependence between FACs and
PP, meaning that PP may also vary with the mapping of FACs, GITM simulations still reveal some fundamental
insights. Overall, both FACs and PP can substantially change the magnitude of CPCP and Joule heating, while in
terms of spatial distribution, the contributions come primarily from FACs. Ignoring the inconsistency between
FACs and PP distributions due to the mirroring process, Figure 3 suggests that FACs are more effective than PP in
causing significant changes and IHAS in polar cap electric potential and Joule heating. Moreover, as shown in the
supplementary Figure S1 in Supporting Information S1, a quick examination at quiet hour showed that this
conclusion still holds.

(2) Relative contribution of FACs and PP: the temporal perspective

In order to investigate how FACs and PP change polar cap potential and Joule heating in the temporal perspective
during the storm, Figure 4 compares the daily variations of CPCP and total Joule heating for the SH in three GITM
runs Ry-R,. These are (jg, PPg), (js. PPy), and (j, PPg). Starting with the direct changes of CPCP (Figure 4a), it
can be seen that the contribution from PP (difference between black and green dotted lines) is negligible during
both storm phases, except for some slight differences around 06:30 UT and 14:30 UT. This is due to the large
asymmetries in PP (IAIl > 50%) shown in Figure le. Specifically, for the first storm phase when PPy > PPy, the
CPCP shown by the green curve (jg, PPy) is a slight increase above the black line (jg, PPg). This is attributed to the
anti-correlation between ionospheric conductance associated with PP and the electric field (or CPCP) for a given
FACs according to Ohm's Law. An opposite CPCP response is seen during the second phase when PPy is
generally smaller than PPy, corresponding to the positive Al between 13 and 15 UT shown in Figure le. As shown
in Figure 4c, the hemispheric integrated total Joule heating exhibits similar changes to CPCP, which is reasonable
considering the relation between electric field and Joule heating.

Unlike PP, there are significant differences between the black line (jg, PPg) and the blue line (jy, PPg) in CPCP
(Figure 4a) and total Joule heating (Figure 4c) due to mirrored FACs. During the first (second) storm phases, a
decrease (increase) can be found, which is associated with jg > jy (js < jn) during the corresponding phase. This is
also consistent with the Ohm's Law. To further investigate the sensitivity of IHAs in CPCP and total Joule heating
to asymmetric FACs and PP, the temporal variations of sensitivity index are shown in Figure 4b (for CPCP) and
Figure 4d (for total Joule heating). Similar to the results mentioned above, during the first storm phase, the
sensitivity index of FACs, SI; (red lines) is larger than the sensitivity of PP SIpp (purple lines) even the asymmetry
index Al of HP could be greater than the Al of total FAC (as shown in Figure 1¢). The maximum IS[l and ISIppl are
100% versus 24% for CPCP and 110% versus 25% for total Joule heating, respectively.

During the second phase, similar sensitivity responses can be observed, especially for the total Joule heating, with
maximum ISl of 30% for CPCP and 80% for total Joule heating. When the Al of HP is significantly greater than
the total FACs, such as at 14:30 UT (PP: 60% vs. FAC: 12%) and 17:45 UT (PP: —80% vs. FAC: 35%) as indicated
by Figure le, the SIs of FACs and PP to CPCP and total Joule heating are comparable. In addition, a gray ribbon
curve has been added to show the combined contribution of FACs and PP (R; in Table 1). Not surprisingly, SI;¢pp
and SI; are very close, meaning that when changing FACs and PP together, the primary effect is due to the change
of FACs, except for sometimes when the HP has an overwhelming Al value.

Therefore, FACs can more effectively cause IHAs in CPCP and total Joule heating for this particular storm event.
This also suggests that the relative contribution to IHA of polar cap electric potential and Joule heating from FACs
is considerably larger than that from PP.
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Figure 4. Comparisons of southern hemispheric (SH) cross-polar-cap potential (CPCP, (a)) and total Joule heating (tot-JH, (c)) on 17 March 2015 from different GITM
runs: driven by realistic drivers from SH (j, PP, R, black dotted lines), driven by field-aligned currents (FACs) from SH but particle precipitation (PP) mirrored from
the northern hemisphere (NH) (jg, PPy, R,, green dotted lines), and driven by PP from SH but FACs mirrored from the NH (jy, PPs, R,, blue dotted curves). The
corresponding sensitivity index (SI) of PP (SIpp), FACs (SI)), and combination of FACs and PP (SI;¢pp) are shown for CPCP (b) and tot-JH (d), respectively. The two
shaded regions refer to the southward B, elevated period that is the focus of this study.

3.4. Relative Sensitivity to Magnitude Versus Distribution Changes of FACs and PP

Section 3.3 described the relative contributions of FACs and PP to IHAs in high-latitude forcing and energy. It is
worth noting that FACs and PP can be asymmetric in both magnitude and distribution. We now extend the study
to investigate the sensitivity of the polar cap electric potential and Joule heating to two fundamental asymmetric
characteristics of FACs and PP: magnitude (M) and distribution (D). To quantify the relative sensitivity to
magnitude (M) and distribution (D), two new sensitivity indices were defined as

— (MN7DS - MS7DS)
(My,Dg + Mg,Dys)/2

Sly x 100% 3

_ (Mg,Dy — Ms,Ds)
(Mg,Dy + Mg,Dy)/2

SIp x 100% @)
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Figure 5. The GITM simulated (a)—(c) polar cap potential and (d)—(f) height-integrated Joule heating in the southern
hemisphere (SH) in geographic coordinate at 15 UT on 17 March 2015 from different GITM runs. (a) and (d) R, driven by
unmodified realistic field-aligned currents (FACs) and particle precipitation (PP) from the SH (Mg, Dy), (b) and

(e) difference between R, and Ry, as in R, the FACs and PP magnitude were scaled to the same values in the NH (My, Dy),
and (c) and (f) difference between R5 and R, as in R5 the FACs and PP were mirrored from the NH to the SH (Dy) but remain
the same hemispheric integrated magnitude as the SH (My).

where each (Mg, Dg/n) term represents a different GITM run, specified in Table 2. The same logic is followed as
for Equations 1 and 2, with j and PP replaced by M and D. The second term in both the numerator and de-
nominator is the standard run R, (Mg, Dg). Similarly, to determine the relative sensitivity to M (SI,,) and D (SI),
the first term can be replaced with GITM runs driven by R, (M, Dg) and Rs5 (Mg, Dy), respectively.

(1) Relative sensitivity of magnitude and distribution: the spatial perspective

As described in Section 2.4 and Table 2, two additional GITM runs were conducted. In order to maintain the
consistency between FACs and PP, these runs simultaneously modified the magnitude or distribution of FACs
and PP patterns together. Specifically, to investigate the sensitivity to M, R, was specified by the FACs and PP
patterns from the SH, but the magnitudes were scaled to make the hemispheric integrated total FAC and HP in the
SH match those in the NH (My;, Dg). Similarly, Rs was driven by the FACs and PP patterns mirrored from the NH,
but the magnitudes of the hemispheric integrated total FAC and HP were scaled to match those in the SH (Mg,
Dy). Thus, the difference between R, and R, refers to the contribution from asymmetric FACs and PP magnitude
(M) on a global basis, while the difference between R, and R5 represents the contribution from global asymmetric
FACs and PP distribution (D).

Sensitivity studies were conducted by comparing the two-dimensional (2-D) patterns. Figure 5 shows the PCP and
height-integrated Joule heating in the SH at 15 UT on 17 March 2015 for different runs. The left column is from
the standard run R, (Mg, D), the middle column gives the difference between R, (My, Dg) and Ry, represents the
contribution of asymmetric magnitude. The right column presents the difference between R5; (Mg, Dy) and Ry,
indicating the contribution of asymmetric distribution. Note that the color-bar scale of R, differs from that of the
differences (R, — Ry) and (Rs — R,), in order to provide the best visual display. For comparative analyses, the
potential contour lines were mapped to the corresponding Joule heating patterns in the bottom row, where the
color represents Joule heating, and contour lines represent the PCP. Figures 5b and 5Se illustrate the sensitivity to
asymmetric magnitude: both PCP and Joule heating patterns in R, closely follow the distributions shown in R,
The changes due to asymmetric magnitude (R, — R,) is 10 kV in CPCP (176-166 kV), and the maximum dif-
ference in height-integrated Joule heating is 24 mW m™2. In contrast, both spatial distribution and magnitude of
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Figure 6. Time series of the magnitude sensitivity index (SI,) and distribution sensitivity index (SI,) due to the modified
high-latitude drivers. The (a) top (b, bottom) plot is for the cross-polar-cap potential CPCP (total Joule heating). The shaded
regions refer to the southward B, elevated period that is the focus of this study. The vertical pink dashed line represents the
time used for plotting the contours at 15 UT in Figure 5.

PCP and Joule heating are sensitive to changes in FACs and PP distribution. The difference due to asymmetric
distribution (Rs - R,) shown in Figures 5c¢ and 5f primarily manifest as a day-night structure rather than the dawn-
dusk cells depicted in Figure 5a. The change of the CPCP value is —27 kV (139-166 kV), while the maximum
variation for Joule heating can be 67 mW m 2. It is apparent that altering the asymmetric distribution of FACs and
PP can effectively modify high-latitude forcing and energy in distribution and magnitude at specific locations. In
contrast, the asymmetric magnitude of FACs and PP seems to cause only small changes. Furthermore, when
scaling the magnitude, FACs and PP patterns were scaled separately according to the respective ratio of the
hemispheric integrated FACs and HP between the two hemispheres. The quantitative results for this specific case
may not be universal, but the qualitative results, such as the asymmetry in distribution plays a more important role
than the asymmetry in magnitude, can be universal.

(2) Relative sensitivity of magnitude and distribution: the temporal perspective

Since Figure 5 only shows snapshots of the PCP and Joule heating at a specific time, Figure 6 displays the
temporal variations of sensitivity index SI for CPCP and total Joule heating with respect to asymmetric magnitude
(black dotted lines) and distribution (blue and green dotted curves) of FACs and PP. Similarly, the upper (lower)
panel corresponds to CPCP (total Joule heating). The ordinate is the SIy,, for magnitude (M) and distribution (D).
Specifically, a positive (negative) Sy, implies that there is an increase (decrease) of CPCP or total Joule heating at
specific times due to the asymmetric FACs and PP magnitude. On the other hand, it can be more challenging to
relate the SIj, index to physical processes. In simple terms, SI, can be regarded as the variation of CPCP and total
Joule heating due to the asymmetric distribution.

The relative sensitivity to asymmetric magnitude and distribution can be identified from each panel in Figure 6.
During the first storm phase, the sensitivity of the CPCP and total Joule heating to asymmetric distribution Sl is
considerably larger than the sensitivity to asymmetric magnitude SI,;. During the second storm phase, the Sl is
still roughly larger than SI, for the CPCP but could be comparable or smaller than SI,, for total Joule heating
(e.g., 15 UT). This suggests that more pronounced asymmetries in distribution of FACs and PP could be captured
during the first phase. More details are discussed in Section 4. Overall, for this storm, the changes due to modified
FACs and PP distribution are greater than the changes due to modified magnitude, especially for the first storm
phase. A relevant aspect here is that the geomagnetic field configuration does play a role in the “D” effect, such as
the distribution asymmetry caused by the asymmetric magnetic field strength at conjugate points, and the different
pole locations between the NH and SH. However, the asymmetry of geomagnetic field configuration between the
two hemispheres may partially contribute to the impact of D, since this study is focused on large-scale effects
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these smaller scale contributions to D will not play a dominant role. Furthermore, SI,; of CPCP and total Joule
heating exhibit similar positive and negative trends, with the SI; changes of Joule heating showing a more
prominent variation compared to CPCP. As for S, the changes for CPCP and total Joule heating may exhibit
opposite behavior, as seen during 13—15 UT, where SIj, is in general negative for CPCP but positive for total Joule
heating. Our study also found that the variations of SI,; and SI can be opposite to each other.

4. Discussion

In order to quantitatively determine the IHA of the I-T system, the simplest approach is to calculate the Al based on
global representors. In previous sections, the Al of CPCP and total Joule heating were used to represent the
asymmetry of the polar cap potential and Joule heating. However, this approach is insufficient to reveal the spatial
distribution details. For example, two very different potential patterns can have the same CPCP. To improve upon
this, a spatial asymmetry index (SAI) based on the 2-D correlation of the distributions was introduced. The SATl is
defined as

2,5, (N~ N)(S,, ~ )]

\/[szy(ny - N)z][Zny(Sxy - §)2]

SAI =11 — X 100% )

where, N,, and S, are the given quantities represented as 2-D arrays for the NH and SH, such as FACs and PCP
organized in the latitude-longitude coordinate. N and S are the averages of the given quantities in each hemi-
sphere, and the sigma symbol is the sum of the quantity. Equation 5 is the 2-D correlation coefficient, with the
covariance of the two quantities N,, and S,, in the numerator and the standard deviation of these two quantities in
the denominator. Taking into account the displacement between geographic and geomagnetic coordinates, all
quantities were calculated in geomagnetic coordinates. Here, x and y have resolutions of 1.25° in MLAT and 1/3
hr in magnetic local time (MLT). Because the greater the correlation the smaller the asymmetry, an 1 minus was
added on the right-hand side of Equation 5. For example, when the distributions in both hemispheres are perfectly
correlated, SAI equals 0, which corresponds to Rs. The SAI primarily depends on spatial distributions. The spatial
resolution may have some influence on SAI, since the current resolution is sufficient to capture the large-scale
variations and therefore the impact of spatial resolution can be neglected. Furthermore, various methods have
been used to quantify the distribution of IHA, such as measuring auroral oval shape (e.g., Milan et al., 2009) and
FACs boundary (e.g., Burrell et al., 2020). Nevertheless, the SAI defined in this study may provide a reference
point for more comprehensive methods.

To establish the connection via SAI, Figure 7 compares the SAI of PCP (blue curves) and Joule heating (green
curves) patterns with the SAI of FACs (top, black dotted curves) patterns and PP (bottom, black dotted curves)
patterns in the same format. Spatial patterns of a given quantity may be significantly different between the two
hemispheres under quiet conditions, because the distribution can be more irregular than that during storm time.
However, mechanisms other than FACs and particle precipitation can play more significant roles in quiet time,
resulting in a large SAI index value during quiet times. Thus the focus for this study is the two storm phases
indicated by the shaded area. First, the SAI of PCP exhibits considerable changes from 15% to 120% during the
first phase, while remaining relatively stable between 40% and 75% during the second phase, indicating that PCP
undergoes greater distribution IHAs during the first storm phase. The SAI variation is consistent with the larger
SI, (Figures 5g and 5h) during the first phase compared with the second phase. Regarding FACs and PP, FACs
have, in general, larger spatial asymmetry between the two hemispheres. During the first phase, the SAI of FACs
and PP are around 40%-120% and 10%-50%, respectively. While during the second phase, it is around 40%-96%
for FACs and 10%—60% for PP. The results from the previous section showed the significant effect of FACs on the
distribution of PCP. One would expect a coincidence between these two quantities. The SAI of FACs and PCP
have fairly similar variations during the first phase, and similarities persist during the second phase. Overall, the
distribution asymmetry of PCP is more dominated by FACs rather than PP, typically during the first storm phase.

For Joule heating (purple dotted curves), the SAI during the first and second phases ranged from 35% to 60% and
20%-70%, respectively, with slightly greater distributional asymmetry during the second phase. The SAls of
Joule heating and FACs exhibit similar variations during 08—10 and 13-15 UTs, while for other times, the SAI of
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Figure 7. Time series comparisons of spatial asymmetry index (SAI) between the high-latitude drivers, field-aligned currents
(FAC:s, blue lines) and auroral particle precipitation (PP, green lines), as well as the high-latitude forcing polar cap potential
(PCP) and energy Joule heating (JH) on 17 March 2015. The top (bottom) panel is for comparing with FACs (PP). The
shaded regions refer to the southward B, elevated period that is the focus of this study.

PP and Joule heating perform more similarities than or comparable as compared with FACs. This comparison
suggests that in this storm, the FACs and PP distribution contribute similarly to the distribution of Joule heating.

Furthermore, the peak SAI of PCP (~120%) occurs around 07:20 UT, when the NH and SH are mostly asym-
metric. However, at the same time, the distribution sensitivity index, SI, does not exceed 50% (see Figure 5a blue
line). Similarly, the SAI of Joule heating aligns with peaks around 07:20, 14:30, and 18 UT, while no apparent
changes could be captured in SIj, from Figure 5b (green line), which is based on the total Joule heating. This result
indicates that the maximum asymmetry of CPCP or total Joule heating does not necessarily correspond to the time
when the distributional asymmetry is maximized on a spatial basis. Therefore, it might be insufficient to use
CPCP or total Joule heating alone as a representative for the asymmetry of PCP and Joule heating.

In addition, the overall behavior of SAI may differ from the general Al as the latter is based on relative mag-
nitudes and may not include spatial distribution details. For example, the peak SAI of PP can be found at 09, 16
and 18 UT, while the Al at those times may not be significant. On the other hand, both SAI and Al can be large,
such as around 17:45 UT for PP and 15:45 UT. When comparing the variations of the two sets of high-latitude
forcing with the IMF conditions, it is evident that the IMF B, and B, play important roles in the SAI of the high-
latitude forcing. For instance, during the period of 07:00-07:30 UT, when a northward B, is captured, the spatial
distribution SAI of FACs and PP between the two hemispheres are mostly asymmetric.

5. Summary

This study investigated the relative contributions of FACs and PP and the modified magnitude and distribution to
IHAs in high-latitude electric potential and Joule heating by driving GITM simulation with different FACs and PP
specifications during the 2015 St. Patrick’s Day storm. This study used different FACs and PP settings to drive
GITM. In the standard run, the SH was driven by realistic FACs and PP from the SH. In the modified runs, the
mirrored FACs or PP patterns from the NH were used to drive the SH so that the relative contributions can be
separated. The findings regarding the relative contributions of FACs and PP for this specific storm event are
summarized as follows:

¢ Modified FACs contribute more than PP to the IHAs in electric potential and Joule heating, though FACs and
PP both have effects on the magnitude of potential and Joule heating at specific locations.
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¢ Modified FACs can more effectively modify the spatial distribution of electric potential and Joule heating than
PP. Despite the smaller asymmetry in total FACs compared to HP, the relative contribution of FACs remains
considerably higher than PP.

Both magnitude and distribution of FACs and PP can be significantly asymmetric during storms. The sensitivity
of electric potential and Joule heating to asymmetric magnitude and distribution of FACs and PP was further
investigated in this study. To keep the spatial correlation between FACs and PP, they are modified simulta-
neously. The results reveal that for this specific storm event:

¢ Asymmetric distribution is more effective in altering the magnitude, distribution, and intensity of electric
potential and Joule heating than asymmetric magnitude.

e A new index SAl s used to quantify the asymmetric distribution. The comparison between FACs and PP, and
PCP and Joule heating showed a connection of their asymmetric distribution.

¢ The maximum Al for CPCP and total Joule heating does not coincide with the asymmetry maximized on
spatial basis (SAI) for electric potential and Joule heating.

In summary, the standard Al calculations based on CPCP and total Joule heating are insufficient to describe the
asymmetry between hemispheres. When quantifying IHA, the standard Al can serve as an indicator, as
demonstrated in previous studies. However, when dealing with detailed spatial distribution asymmetries, it is
necessary to use SAI as a supplement. Furthermore, given the focus of this paper on the 2015 St. Patrick’s Day
storm, it would be desirable to explore the relative contributions to IHAs under other seasonal conditions and
storm cases in the future.

Data Availability Statement

The GITM model is open source and can be found at (Ridley, 2021). The Python package spacepy was used to
analyze outputs from GITM simulations, which can be found at (Larsen et al., 2021). All data used in this
publication are publicly accessible. The IMF, solar wind and AE index used in this study are from NASA OMNI
dataset at https://omniweb.gsfc.nasa.gov . The DMSP ion drift data can be obtained from http://cedar.open-
madrigal.org/list . AMPERE FAC data can be viewed and downloaded at http://ampere.jhuapl.edu/ . The NCAR
3Dynamo model is not stand-alone, but has been coupled into GITM already. The data files used to generate the
plots shown in this publication, including the GITM simulation outputs, and the AMIE patterns used to drive the
GITM simulations are available at (Hong, 2023) https://zenodo.org/records/10067390.
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