
1.  Introduction
Magnetospheric processes primarily influence the high-latitude regions of Earth's ionosphere-thermosphere (IT) 
system, which can further affect the global IT system (Richmond, 2011). While these magnetospheric drivers 
are present all the time, they only significantly contribute to the variation of the IT system over a period of up 
to 36 hr, even during storm time (Meng & Verkhoglyadova, 2021). In order to determine the strength of these 
drivers, Joule heating is used as a measure of the energy deposition into the IT system from the magnetosphere. It 
has been estimated from empirical relationships, that for a coronal mass ejection (CME) storm, energy input into 
the Magnetosphere-Ionosphere-Thermosphere (MIT) system on average can be ∼71% attributed to Joule heating, 
∼17% to auroral precipitation, and ∼12% to the ring current (Turner et al., 2009). A reason why Joule heating, and 
energy deposition from the magnetosphere into the IT system in general, is an important area of research is due to 
the fact that a large number of satellites, including the International Space Station, call the thermosphere home. 
Atmospheric drag on these satellites may increase rapidly due to increased density at higher altitudes caused by 
an increase in the thermospheric temperature. Additionally, localized Joule heating events are associated with 
traveling ionospheric disturbances (TIDs) and traveling atmospheric disturbances (TADs) (Deng et al., 2019). 
These disturbances carry the localized heating to other parts of the IT system and may cause global perturbations.

Abstract  Sudden changes in energy input from the magnetosphere during geomagnetic storms could 
drive extreme variability in the ionosphere-thermosphere system, which in turn affect satellite operations 
and other modern infrastructure. Joule heating is the main form of magnetospheric energy dissipation in 
the ionosphere-thermosphere system, so it is important to know when and where Joule heating will occur. 
While Joule heating occurs all the time, it can increase rapidly during geomagnetic storms. We investigated 
the Joule heating profile of the 2013 St Patrick's day storm using the University of Michigan Global 
Ionosphere-Thermosphere Model (GITM). Using empirical and data-assimilated drivers we analyzed when 
and where intense Joule heating occurred. The timing, location, and sources of interhemispheric asymmetry 
during this geomagnetic storm are of key interest due to near equinox conditions. Hemispheric comparisons 
are made between parameters, including solar insolation, total electron content profiles, and Pedersen and 
Hall conductance profiles, obtained from GITM driven with empirical driven input, versus those driven with 
data-assimilated patterns. Further comparisons are made during periods of peak hemispheric Joule heating 
asymmetry in an effort to investigate their potential sources. Additionally, we compare the consistency of the 
interhemispheric asymmetry between empirical- and data-assimilated driven simulations to further analyze the 
role of data-assimilated drivers on the IT system.

Plain Language Summary  Geomagnetic storms manifested by sudden changes in the Earth's 
magnetic field can affect satellite operations and other infrastructure. Understanding how the energy dissipates 
in the upper atmosphere is important to predict when and where intense energy will occur. We used a computer 
model to analyze the energy released during the 17th–18th March 2013 storm. By comparing the model results 
driven with different inputs, we determined where and when the energy was most intense. We also looked at 
differences between the Northern and Southern Hemispheres during the storm. Our results provide insight into 
how storms affect different parts of the upper atmosphere and can help us better prepare for future storms that 
could affect our technology on Earth.
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Joule heating in the context of MIT coupling is due to the collisional heating between ions and neutrals in the IT 
system. The rate of this collisional heating can be described by the following equation (Banks & Kockarts, 1973; 
Schunk, 1975; J. Zhu & Ridley, 2016)

𝑄𝑄𝐽𝐽 =
∑

𝑘𝑘

𝑛𝑛𝑘𝑘𝑚𝑚𝑘𝑘

∑

𝑡𝑡

𝜈𝜈𝑘𝑘𝑘𝑘

𝑚𝑚𝑘𝑘 + 𝑚𝑚𝑡𝑡

[

3𝜅𝜅(𝑇𝑇𝑖𝑖 − 𝑇𝑇𝑛𝑛) + 𝑚𝑚𝑡𝑡(𝒖𝒖𝑛𝑛 − 𝒖𝒖𝑖𝑖)
2
]

.� (1)

where the subscripts t refers to ions and k refers to neutrals, νkt is the ion-neutral collision frequency, κ is the 
Boltzmann constant, Tn and Ti are the neutral and ion bulk temperatures, and un and ui are the neutral and ion bulk 
velocities respectively. The ion velocity is primarily driven by the convection electric field, which can increase 
significantly during periods of high geomagnetic activity when a stronger cross polar cap potential is formed. 
Since Joule heating is a key measure of energy input into the IT system from the magnetosphere, understand-
ing interhemispheric asymmetry of Joule heating can aid in the understanding of interhemsipheric asymmetries 
in general. However, there are various drivers that can affect interhemispheric asymmetry during geomagnetic 
storms.

Global numerical simulations allow for the examining the roles of external drivers, as well as giving a more 
global perspective. Hong et al. (2021) conducted eight numerical experiments to determine the contribution of 
potential causes of interhemispheric asymmetry. The paper compared simulations where single parameters were 
changed, such as season, geomagnetic configuration, the magnitude of the IMF By, and amount of energetic parti-
cle precipitation. The paper then looked at the responses in terms of the electron density at 120 km, the neutral 
mass density and horizontal winds at 300 km, and the hemispheric-integrated Joule heating. Hong et al. (2021) 
found that seasonal variation of solar irradiance causes substantial asymmetry in all examined parameters. They 
also reported that the magnetic field configuration results in an asymmetry in all examined parameters, with a 
significant daily variation but a relatively small daily average asymmetry. The asymmetries in electron precipita-
tion (factor of 2 between northern and southern hemispheres) and the magnitude of the By (±10 nT) component 
of the interplanetary magnetic field (IMF) used in their study could be smaller than those occurring during a real 
storm. Hence, the contribution of asymmetric forcing to the IT system may be more important during intense 
driving (Hong et al., 2021).

In light of these numerical experiments, it may be considered reasonable to assume that the north and south hemi-
spheres in the 2013 Saint Patrick's day geomagnetic storm had very similar ionospheric conductivity profiles. 
However, even at equinox the solar insolation is not equal between the two magnetic hemispheres. This is due 
to the asymmetric off set of geomagnetic and geographic poles between the two hemispheres, which results in a 
diurnal variation in solar insolation over the magnetic hemispheres (Laundal et al., 2016). Although the amount 
of solar energy that reaches the Earth's magnetic hemispheres can be the same at a particular instant, the way 
this energy is distributed across these regions is not symmetrical due to the unequal geographic and geomag-
netic offset between the two hemispheres. There are other asymmetries in Earth's magnetic field strength which 
Pakhotin et al. (2020) have shown there is a northern hemispheric preference for electromagnetic energy input, 
over all seasons, by using Swarm satellite observations of Poynting flux. This has also been observed with DMSP 
satellites (Knipp et al., 2021). A symmetric, true equinox scenario would require Earth's geomagnetic field to be 
symmetric in strength and aligned with the rotation axis, similar to Saturn's extremely axisymmetric magnetic 
field (Cao et al., 2011). Hence, this inherent asymmetry at Earth must be considered.

Modeling studies of the 2013 Saint Patrick's day geomagnetic storm has been used as case study to investigate 
interhemispheric asymmetries, the role of solar wind driving conditions, and how well models estimate Joule 
heating. Verkhoglyadova et al. (2017) focused on the energy budget for the 2013 Saint Patrick's day geomag-
netic storm. Their goal was to see how well the Global Ionosphere-Thermosphere Model (GITM) captures 
energy transport in the two storms. Their results indicate that modeled Joule and auroral heating powers at some 
instances during the storm main phases are similar, despite significant differences in the storms' geomagnetic 
strengths. They propose that these similarities could be associated with a saturation on the IT heating flux in the 
model during a storm (Verkhoglyadova et al., 2017). The paper also found that the modeled total auroral heating 
estimates are comparable to Assimilative Mapping of Ionospheric Electrodynamics (AMIE) based hemispheric 
power estimates for storms of similar strength, while modeled Joule heating is lower. Also, they found that there 
is an interhemispheric asymmetry in both the heating and cooling patterns, which begs the question of whether 
this asymmetry is driven by the solar wind or from lower atmospheric drivers. When comparing to data, their 
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simulation results indicate that modeled Joule heating and auroral heating can be directly controlled by external 
driving in the 2013 storm. Furthermore, modeled auroral heating is approximately equivalent to modeled Joule 
heating and does not show a clear dependence on minimum Dst.

While empirical drivers for global circulation models (GCMs) have been commonly used, there is a need to 
move toward realistic, data-assimilated drivers. Using data-assimilated drivers will include meso-scale physics 
and potentially fill in missing particle precipitation and Joule Heating (Cosgrove & Codrescu,  2009; Ozturk 
et al., 2020). Meso-scale Joule heating is a first-order effect for the thermospheric energy budget, and cannot be 
captured well by empirical drivers (Codrescu et al., 2000). In addition, utilizing data-assimilated drivers in GCMs 
potentially allows for capturing localized Joule heating events caused by neutral winds (Thayer, 1998). In general, 
this will lead to better understanding of MIT coupling and improve modeling capabilities (Burns et al., 2007; 
Heelis & Maute, 2020). Specifically, using GITM with a data-assimilated driver will potentially improve model 
capabilities for estimating Joule heating variability, reducing the differences between estimates from different 
methods (Heelis & Maute, 2020; Kalafatoglu Eyiguler et al., 2018).

Low- to mid-latitude region investigations of the 2013 Saint Patrick's day storm using data-assimilated drivers in 
GITM can be found in Q. Zhu, Lu, Maute, et al. (2022) and Q. Zhu, Lu, and Deng (2022). In this study we focus 
solely on the mid- to high-latitude regions during 2013 Saint Patrick's Day geomagnetic storm and use Joule 
heating to determine the extent of hemispheric asymmetry. We use both empirical and data-assimilated drivers 
for modeling the event and focus on the role of solar insolation on hemispheric asymmetries, building on the 
understanding of this event from Verkhoglyadova et al. (2017). We will first introduce GITM and the modeling 
setup and inputs used in this study. Then we present the modeling results, and address the main findings of this 
study and potential future work to be done.

2.  Methods
2.1.  Global Ionosphere-Thermosphere Model

The University of Michigan's Global Ionosphere-Thermosphere Model (GITM) is a three-dimensional 
first-principle general circulation model simulating the ionosphere-thermosphere of Earth, Mars, and Titan. It 
explicitly solves for the temperatures, velocities, and densities of ions, electrons, and neutrals in a global spher-
ical coordinated system (Ridley et al., 2006). To allow for the propagation of acoustic waves, GITM relaxes the 
hydrostatic assumption (Deng et al., 2008, 2011; Lin et al., 2017; Zhao et al., 2020; Q. Zhu et al., 2017), providing 
a more accurate description of high-frequency gravity wave propagation (Deng & Ridley, 2014). GITM typically 
updates the electric field every minute, but it could be driven with higher temporal resolution if the application 
requires it (Deng & Ridley, 2007). GITM also includes a self-consistent electrodynamo solver for the mid- and 
low-latitudes (Vichare et al., 2012).

To investigate the role of realistic drivers in IT modeling and hemispheric asymmetries, this study uses two differ-
ent methods to provide the high-latitude electric potential and auroral precipitation to simulate the IT responses to 
the geomagnetic storm. The first method uses empirical models and the second method uses a realistic model. For 
the empirical models, the Weimer model (Weimer, 2005) for high-latitude electric potential and Fuller-Rowell 
Evans model (Fuller-Rowell & Evans, 1987) for auroral precipitation patterns were used to drive GITM simu-
lations. The input for the Weimer model was 1 min resolution IMF and solar wind data from the NASA OMNI 
database. The Weimer model flips the sign of By for modeling the southern hemisphere and accounts for the 
dipole tilt angle as well (Weimer, 2005). Any data gaps were filled with linear interpolation. Specifically, the data 
used in this study is the IMF in GSM coordinates, solar wind vx, vy, vz, and density. NOAA hemispheric power 
indices were used as an input to the Fuller-Rowell Evans model. For briefness, the simulations driven by these 
two empirical models will be referred to as the Weimer-FRE driven simulation.

For the data-assimilated driver, the Assimilative Mapping of Ionospheric Electrodynamics (AMIE) (Lu, 2017; 
Richmond, 1992) input data replaced the Weimer model and Fuller-Rowell Evans model for high-latitude electric 
potential and auroral precipitation patterns respectively. AMIE is a process to globally estimate time varying 
quantities of high-latitude ionospheric electrodynamics fields by synthesizing various ground- and space-based 
observations. In this study, the high-latitude electric potential and auroral precipitation inputs are derived from 
ground-based and satellite measurements. For the ground-based measurements, 217 magnetometers (with 173 
in the northern hemisphere and 44 in the southern hemisphere) and line of sight velocity observations from both 

 15427390, 2023, 9, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023SW

003523, W
iley O

nline Library on [11/01/2025]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License



Space Weather

SMITH ET AL.

10.1029/2023SW003523

4 of 16

hemispheres from the Super Dual Auroral Radar Network (SuperDARN) were used; for the satellite-based meas-
urements, AMPERE magnetic field perturbations and auroral energy flux, ion drifts, and conductances from the 
DMSP F16, F17, and F18 satellites were used.

2.2.  Setup of Simulations

We used GITM to simulate the 2013 Saint Patrick's day geomagnetic storm with the two different upper boundary 
conditions previously discussed. For both simulations we used a global stretched grid with 2° geographic latitude 
by 2° geographic longitude and 54 altitude layers ranging from 100 to 600 km. To compute the solar irradiance we 
used the daily F10.7 and the simulations used the APEX geomagnetic coordinate system (Richmond, 1995). While 
the electric potential and auroral precipitation were updated every minute for the Weimer-FRE driven simulation 
and every 5 min for the AMIE driven simulation, the outputs of the simulations have a temporal resolution of 
5 min during the storm. The International Reference Ionosphere (IRI) and Mass-Spectrometer-Incoherent-Scatter 
(MSIS) model were used to initialize the ionosphere and thermosphere respectively (Bilitza et al., 2017; Hedin 
et al., 1977). The Horizontal Wind Model (HWM) was used for the lower boundary of the simulation (Drob 
et al., 2015). The simulations began on 15th March allowing for 2 days and 6 hr of start up time before the onset 
of the storm. This allows for the system to become quasi-steady state under quite time conditions. The AMIE 
driven simulation startup was driven with Weimer-FRE until 17th March, 00:00 UT. Figure 1 shows some of 
the key input parameters to the Weimer-FRE driven simulation. The 2013 storm has the following progression:

•	 �First Main Phase (17 March 2013, 06:00–14:00 UT),
•	 �Second Main Phase (17 March 2013, 14:00–23:59 UT),
•	 �Recovery Phase (after 18 March 2013, 00:00 UT).

The main phases are distinguished by the increased solar wind and IMF variability (Figures  1a–1c) in the 
first main phase (M1) compared to the second main phase (M2), as well as a relatively constant Sym-H index 
(Figure 1e) in the second main phase. Additionally, the dynamic pressure (Figure 1d) in the first main phase is 
higher and more dynamic than the second. NOAA hemispheric power (Figure 1f) is more elevated in the second 
main phase compared to the first main phase. Solar insolation (Figure 1g) also varies between the two phases; 
in the first main phase solar insolation is stronger in the southern hemisphere, while in the second main phase 
there is a period when solar insolation is higher in the northern hemisphere and a period where it is higher in the 
southern hemisphere. The transition to the recovery phase (R) is marked by a transition to positive Bz and steadily 
increasing Sym-H.

The solar insolation in Figure 1g is found by calculating the effective illuminated area of a cell in geographic 
coordinates, based on the solar zenith angle at 100 km altitude and surface area of the cell. The total shadow 
areas of the northern and southern hemispheres, above |50°| magnetic latitude, is then multiplied by the solar flux, 
accounting for the variation of sun-earth distance.

3.  Results
Figures 2 and 3 show the time series of integrated IT parameters from the two simulations. Cross polar cap poten-
tial (CPCP) is the difference between the minimum and maximum potential values above |50°| magnetic latitude. 
Electron energy flux was integrated above |50°| magnetic latitude and the area-weighted average TEC was calcu-
lated over this region as well. Hemispheric Joule heating in the context of this study is the total power imparted 
to the thermosphere from ion collisional heating. Joule heating was integrated above |50°| magnetic latitude and 
Joule heating is found over each cell using the following equation

𝑃𝑃𝐽𝐽𝐽𝐽 = ∫ 𝑄𝑄𝐽𝐽𝑐𝑐𝑝𝑝𝜌𝜌𝑛𝑛𝑑𝑑𝑑𝑑 𝑑� (2)

where QJ is the Joule heating rate in Kelvin per second, cp is the specific heat, and ρn is the neutral density. It is 
noted that in GITM, the auroral heating rate is a representation of the amount of energy deposited into the neutral 
atmosphere based on an empirical aurora spectrum, and is estimated for each model grid cell. The resultant 
ion-neutral chemistry from auroral precipitation causes thermal effects that contribute to chemical heating. As a 
result, the total energy calculated in each grid cell in GITM due to auroral particle precipitation is composed of the 
auroral heating term and a contribution to the chemical heating term (Rees, 1989; Verkhoglyadova et al., 2017). 
Auroral heating (PAH) was found using the same method in Equation 2 using the auroral neutral heating rate (QA).
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For the Weimer-FRE driven simulation, the CPCP is the same in both hemispheres, and generally higher than the 
CPCP for the AMIE driven simulation, as shown in Figures 2a and 3a respectively. The AMIE driven simulation has 
higher total electron energy flux, Joule heating, and auroral heating during the storm compared to the Weimer-FRE 
driven simulation, as shown in Figures 2b, 2d, 2e, 3b, 3d, and 3e respectively. The AMIE driven simulation has a 
more asymmetric peak average TEC response to the storm, with the maximum average TEC of 19.5 TECU in the 
northern hemisphere and 25.7 TECU in the southern hemisphere, compared to the Weimer-FRE driven simulation, 
with the maximum average TEC of 20.8 TECU in the northern hemisphere and 23.9 TECU in the southern hemi-
sphere, as shown in Figures 2c and 3c respectively. However, over the duration of the storm, the AMIE driven simu-
lation has a more symmetric TEC response, with the average TEC of 14.8 TECU in the northern hemisphere and 
12.3 TECU in the southern hemisphere, compared to the Weimer-FRE driven simulation, with the average TEC of 
15.8 TECU in the northern hemisphere and 11.8 TECU in the southern hemisphere. Both simulations see more Joule 
and auroral heating in the southern hemisphere during the first main phase and in the second half of the second main 
phase, as well as more Joule and auroral heating in the northern hemisphere in the first half of the second main phase.

Figures 4 and 5 show hemispheric snapshots, with the location of the solar terminator, the potential, height-integrated 
Joule and auroral heating, Pedersen and Hall conductance profiles, and TEC in geomagnetic local time coordinates. 
These snapshot are different times (08:00 UT for Figure 4 and 16:00 UT for Figure 5) in order to show some of the 

Figure 1.  An overview of some selected parameters for the 2013 Saint Patrick's day storm. (a) The components of the IMF 
magnetic field in GSM coordinates; (b) the vx component of the solar wind velocity; (c) solar wind density; (d) Sym-H; (e) 
NOAA hemispheric power index; (f) solar insolation for northern hemisphere in red and southern hemisphere in blue above 
|50°| magnetic latitude. The start of the first main phase (M1), second main phase (M2), and recovery phase (R) are shown by 
the vertical dot-dash lines.
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qualitative differences between the AMIE and Weimer-FRE driven simulations, as well as the differences in solar 
insolation. AMIE asymmetric potential patterns can create strong potential gradients (Figure 5b) even with smaller 
cross polar cap potential as compared to Weimer, which results in significant localized heating events such as the one 
in Figure 5d in the dusk sector. The conductance profiles, Figures 4 and 5g–5j, show higher conductances above |60°| 
magnetic latitude in the larger portion of the dayside magnetic hemisphere, especially in the noon to dawn sector.

Simulated TEC was specifically investigated in regions corresponding to West Greenland (67°N–87°N and 
45°W–75°W), the geographically conjugate location in Antarctica (67°S–87°S and 45°W–75°W), and over most 
of Alaska (57°N–75°N, 141°W–175°W) in order to compare with Madrigal GNSS Receiver Network TEC data 
as seen in Figures 6 and 7 (Rideout & Coster, 2006; Vierinen et al., 2015). These regions were chosen for both 
interhemispheric comparisons and data availability. As seen in Figure 8, simulated TEC and neutral density were 
also extracted along the Gravity field and Ocean Circular Explorer (GOCE) satellite's path for further data-model 
comparisons looking at neutral response (March, Doornbos, & Visser, 2019; March, Visser, et al., 2019).

4.  Model-Data Comparison
Madrigal GNSS TEC data was used to investigate simulation performance of storm time electron variability. 
Table 1 shows the root-mean-squared error between simulation results and Madrigal data from the time series in 
Figure 7, and this shows that AMIE driven simulation preforms better than the Weimer-FRE driven simulation in 
the TEC comparison. Between around 19:00 and 22:00 UT Madrigal data shows the reported tongue of ioniza-
tion event (Dang et al., 2019; Shreedevi et al., 2020; Yue et al., 2016) in the southern hemisphere in the noon to 
dusk sector, Figure 6b, while the simulations underestimate the TEC during this time. The smaller intensity and 
spacial extent of the simulated TOIs in the southern hemisphere could be the result of sampling bias, resulting in 
the descepency between the simulations and observations.

Both simulations preform very similarly compared to TEC from GOCE and Madrigal along GOCE's path above 
|50°| geographic latitude in Figures 8a and 8b, as well as neutral density from the GOCE in Figures 8c and 8d. The 

Figure 2.  An overview of the simulation results for the 2013 Saint Patrick's day storm from Weimer-FRE driven simulations. 
Time series are taken from values above |50°| magnetic latitude, northern hemispheric values are in red and southern 
hemispheric values are in blue. In panel (a) is cross polar cap potential and (b) is total electron energy, these are from the 
driving models. In panel (c) is average TEC, (d) is total Joule heating, and (e) is total auroral heating. The vertical dotted line 
corresponds to the snapshot time in Figure 4. The start of the first main phase (M1), second main phase (M2), and recovery 
phase (R) are shown by the vertical dot-dash lines.
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simulated TEC results in the northern hemisphere from 11:00 to 18:30 UT are overestimated by the simulations, 
whereas in the SH the simulated TEC values are comparable to the data. Due to uncertainties in the calibration of 
GOCE neutral density, the magnitude of the density may be offset from the true value, so the focus of the neutral 
density comparison should be on the change in neutral density. Both simulations underestimate neutral density 
as compared to GOCE, though both GOCE observations and the simulations show higher neutral densities in the 
northern hemisphere as compared to the southern hemisphere. This is likely due to the orbit being located mainly 
on the night side for the northern hemisphere pass and the on dayside for the southern hemisphere pass. The 
simulations do follow GOCE's patterns of increasing and decreasing neutral density.

For the purpose of exploring how well the simulations capture MIT energy transfer, which primarily results in 
Joule heating, the CPCP for both simulations is compared to two other empirical estimates of CPCP, in Figure 9. 
One is based on the Polar Cap (PC) index derived from ground magnetometers (Ridley & Kihn, 2004) and the 
other is derived from solar wind parameters (Ridley, 2005). The CPCP derived from SuperDARN data is also 
shown in Figure 9, and it is on average the lowest measure of CPCP compared here, especially in the southern 
hemisphere. It is noted that SuperDARN data was used as one of the inputs into AMIE. While AMIE's and 
Weimer's CPCP is comparable to the solar wind derived CPCP, at times they are lower than the CPCP derived 
from the polar cap index by a factor of two at times. Since Weimer electric potential patterns are hemispherically 
symmetric, any interhemispheric asymmetries in Joule heating would be the result of By variations or other exter-
nal factors, such as asymmetric preconditioning or solar insolation.

5.  Discussion
5.1.  Solar Wind and IMF Drivers

The solar wind and IMF serve as the primary external drivers of the MIT system and the variation of these param-
eters during the storm time can be seen in Figures 1a–1c. The peak southward IMF Bz of −20 nT is in the first 
main phase, then levels out at lower values (0 < Bz < −11 nT) for the second main phase. Also, peak vx and solar 
wind density occur in the first main phase, then drop to more uniform values in the second main phase, but are 
still elevated compared to pre-storm values.

Figure 3.  An overview of the simulation results for the 2013 Saint Patrick's day storm from AMIE driven simulations. Same 
format as Figure 2, and the vertical dotted line corresponds to the snapshot time in Figure 5.
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Figure 4.  Snapshot from the 17th of March, 08:00 UT of the northern hemisphere (top plot) and the southern hemisphere 
(bottom plot) high latitude regions in magnetic coordinates from the Weimer-FRE driven simulation, with the solar terminator 
in black. The potential patterns are in panels (a, b) with contour lines every 15 kV. The maximum and minimum values of the 
two cell potential in the northern hemisphere (a) are 84.1 and −84.2 kV, and in the southern hemisphere (b) the maximum 
and minimum values are 83.5 and −85.1 kV. Panels (c, d) show height-integrated Joule heating, (e, f) show height-integrated 
auroral heating, (g, h) show Hall conductance, show (i, j) Pedersen conductance, show (k, l) total electron content (TEC).
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Figure 5.  Snapshot from the 17th of March, 16:00 UT of the northern hemisphere (top plot) and the southern hemisphere 
(bottom plot) high latitude regions in magnetic coordinates from the AMIE driven simulation. Same format as Figure 4. The 
maximum and minimum values of the two cell potential in the northern hemisphere (a) are 50.4 kV and −56.7 kV, and in the 
southern hemisphere (b) the maximum and minimum values are 31.9 and −82.9 kV.
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The IMF By component is known to cause significant interhemispheric asymmetries. For the 2013 Saint Patrick's 
day geomagnetic storm, By is mainly negative over the full duration of the storm, though in the first main phase 
there are two periods where By is mostly positive for greater than a half hour (06:00–07:45 UT and 08:40–9:30 
UT). Outside of this period, |By| < 5 for a majority of the event. During periods of southward Bz, a positive By 
increases average height-integrated Joule heating in the northern hemisphere (McHarg et al., 2005). Figure 10 
shows the absolute value of the potential in the dawn and dusk cells from both simulations. While Weimer 
potential patterns show the expected dawn-dusk asymmetries due to By variations, AMIE potential patterns show 
larger dawn-dusk asymmetries that are frequently opposite the expected due to By variations. The difference in 
hemispheric ion convection, caused by asymmetric electric fields, as measured by the CPCP due to the IMF By 
component's effect on the drivers is then small in Weimer's case or not observed in AMIE's case. The effect of 
the IMF By component on Joule heating asymmetries is not clearly seen during these times in either simulation.

The IMF Bz has a stronger effect on the CPCP and Joule heating in the Weimer-FRE driven simulations as 
compared to the AMIE driven simulation. There is little asymmetry in the Weimer CPCP, which then cannot 
account for the asymmetry in Joule heating. For the AMIE driven simulation, which has a more asymmetric 
CPCP, there are periods of time (such as 08:00–10:00 UT) where there is more Joule heating in the hemisphere 
with a lower CPCP. This could be explained by differences in conductivity, neutral density, or steeper potential 
gradients, despite a lower CPCP. We refer the readers interested in these profiles to the data repository.

5.2.  Solar Insolation

The solar insolation of the atmosphere directly contributes to the conductivity of the polar caps, and during equi-
nox both hemispheres have been assumed to have similar conductivity profiles (Verkhoglyadova et al., 2017). 
However, due to the difference between the rotation axis and geomagnetic pole locations, even during equinox, 

Figure 6.  Hemispheric TEC profiles from the 17th of March, 18:30 UT of the northern hemisphere (top plot) and the 
southern hemisphere (bottom plot) high latitude regions in geographic coordinates from Madrigal GNSS Receiver Network 
data in panels (a, b), Weimer-FRE driven simulation in panels (c, d), and AMIE driven simulations in panels (e, f). The red 
boxes correspond to the regions where averages are being taken for Figure 7. GL corresponds to Greenland, AN to Antarctica, 
and AK to Alaska. The dotted-dashed line in (a, b) shows the sun-synchronous orbital path of the GOCE satellite during the 
storm.
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the hemispheric conductivity profiles are not the same (Laundal et al., 2016). During the 2013 Saint Patrick's 
Day geomagnetic storm, the solar insolation above |50°| magnetic latitude in both hemispheres can be seen in 
Figure 1g. There is a solar insolation bias for the southern magnetic hemisphere over the majority of the storm, 
with the exception of a period from about 14:00 to 20:00 UT when the northern magnetic hemisphere has more 
insolation.

Looking at the electromagnetic energy inputs into the thermosphere in Figures 2, 3b, 3d, and 3e and solar inso-
lation during the storm in Figure 1g, both simulations see higher levels of electron energy flux, Joule heating, 
and auroral heating in the southern hemisphere when there is more solar insolation in the southern hemisphere 
(06:00–14:00 UT and 20:00–23:59 UT). There are higher levels of electron energy flux, Joule heating, and auro-
ral heating in the northern hemisphere during the period when there is more solar insolation over that hemisphere 
(14:00–20:00 UT). This is even true in the AMIE simulation, where during most of this period there is a lower 
cross polar cap potential in the southern hemisphere than in the northern hemisphere. This asymmetry in heat-
ing and electron energy flux could be explained by the solar insolation, which increases the conductivity of the 
ionosphere. With this higher conductivity, the model then allows for more efficient heating in the auroral region.

5.3.  Interhemispheric Asymmetries

In both simulations, TEC differs between the hemispheres by a factor of two for an extended period, while signif-
icant asymmetries exist in the conductance profiles. For example, the AMIE driven simulation exhibits elevated 
Pedersen conductance in the dawn-midnight sector of the northern hemisphere and elevated conductance levels in 
the dusk-midnight sector of the southern hemisphere in Figures 5i and 5j. These asymmetries in the conductance 

Figure 7.  Area-weighted average TEC values in (a) Greenland, (b) Antarctica, and (c) Alaska, where these regions 
correspond to the outlined in Figure 6. The Weimer-FRE driven simulation in blue, the AMIE driven simulation in green, and 
Madrigal GNSS Receiver Network TECU in black. The shaded region represents one standard deviation of the average. Panel 
(d) shows the number of grid points with data from Madrigal within the regions of Greenland, Antarctica, and Alaska. The 
vertical dashed line corresponds to the snapshot time in Figure 6.
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profiles contribute to the creation of asymmetric neutral heating. Moreover, the AMIE driven simulation shows 
stronger interhemispheric asymmetries in Joule heating, with the maximum asymmetry in the southern hemi-
sphere being 705 GW more Joule heating than the northern hemisphere at 07:35 UT during the first main phase, 
while the northern hemisphere has 658 GW more Joule heating than the southern hemisphere at 16:40 UT during 
the second main phase. On the other hand, the Weimer-FRE driven simulation shows the maximum difference of 
the southern hemisphere's from the northern hemisphere's Joule heating of 369 GW at 10:10 UT and a maximum 
difference of the northern hemisphere from the southern hemisphere of 143 GW at 15:25 UT. In both simulations, 
these maximum asymmetries in Joule heating are aligned with the solar insolation asymmetry. Overall, these 
simulations demonstrate significant interhemispheric asymmetries in TEC, conductance profiles, and heating 
profiles even at near equinox conditions.

Figure 4 exemplifies the interhemispheic asymmetries in the Weimer-FRE driven simulation. While the CPCP 
and potential patterns are symmetric, there is increased TEC, conductivity, and Joule heating in the more sunlight 
southern hemisphere. The AMIE driven simulations follow this trend, but the data-assimilated potential patterns 
allow for localized heating events. In the second main phase of the storm, there are higher levels of TEC, conduc-
tivity, and Joule heating in the northern hemisphere. However, for a brief  time in the southern hemisphere the 
potential patterns generate a steep gradient which creates a localized heating event, seen in Figure 5d.

5.4.  AMIE and Weimer-FRE Driven Simulations

Overall, the Weimer-FRE and AMIE driven simulations show similar trends 
in the parameters shown in Figures 2 and 3. Both simulations produce Joule 
heating of the same order of magnitude, though the Weimer-FRE driven 
simulation has a larger Joule heating in the first main phase compared to its 
second main phase and the AMIE driven simulation's first main phase. The 
AMIE driven simulation's second main phase saw more Joule heating than its 
first main phase and the Weimer-FRE driven second main phase. The AMIE 

Figure 8.  GOCE and Madrigal Data and simulation output from along GOCE's path broken into northern hemisphere and 
southern hemisphere passes above |50°| geographic latitude, see Figure 6 panels (a, b) for the trajectory of these passes. Error 
bars show one standard deviation of values in each pass. The scatter points are offset from each other for visibility purposes, 
where the center of each cluster is located halfway through the hemispheric pass.

Location Weimer-FRE AMIE

Greenland 6.77 TECU 5.22 TECU

Antarctica 5.37 TECU 4.96 TECU

Alaska 3.81 TECU 3.75 TECU

Table 1 
Model-Data Root-Mean-Squared Error Calculated Between Madrigal TEC 
and the Simulated Values From the Time Series in Figure 7
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driven simulation resulted in higher electron energy flux and auroral heating compared to the Weimer-FRE driven 
simulation. AMIE's ability to resolve localized structures, hence sharper gradients resulted in more localized 
heating events while performing as well as or better than Weimer-FRE in data model comparisons. Capturing 
localized heating events is important for IT modeling, as it opens up the possibility for more realistic modeling of 
TIDs and TADs. Data-assimilated drivers perform as well as or better than empirical drivers in our data-model 
comparisons, as seen in Figures 6–9 and discussed in Section 4, while being able to produce more of the observed 
temporal variability.

Figure 9.  Cross Polar Cap Potential (CPCP) in the northern hemisphere (a) and southern hemisphere (b). In pink is the 
CPCP derived from solar wind parameters (Ridley, 2005), in gray is the CPCP derived from ground magnetometers and the 
polar cap index (Ridley & Kihn, 2004), in black is the CPCP derived from SuperDARN measurements, in green is CPCP 
from AMIE, and in blue is CPCP from Weimer.

Figure 10.  Comparisons of the potential in the dusk (minimum value), and dawn (maximum value) cells. From Weimer in 
the northern hemisphere (a) and southern hemisphere (b), and AMIE in the northern hemisphere (c) and southern hemisphere 
(d). Northern hemispheric values are in red, and southern hemispheric values are in blue, with the darker shade representing 
the dusk values and the lighter shade representing the dawn values.
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5.5.  Future Directions for Investigating Sources of Asymmetries in Joule Heating Between Hemispheres

This study focuses on just the 2013 Saint Patrick's day geomagnetic storm, adding insight to the event and using 
both realistic and empirical drivers. The natural next step would be to extend this methodology to the 2015 Saint 
Patrick's Day storm. The 2013 and 2015 Saint Patrick's Day geomagnetic storms coincidentally start around the 
same time interval, providing a unique opportunity to focus on external drivers (Xu et al., 2017). The two storms 
occurred during the same solar illumination conditions, near equinox on the same day of the year, and began 
within roughly an hour of each other, meaning that the storms had roughly the same geomagnetic field configu-
ration. Providing a more quantitative comparison between solar illumination, cross polar cap potential, and IMF 
Bz and By and the total hemispheric Joule heating for both the 2013 and 2015 geomagnetic storms would improve 
the understanding of the role each of these drivers has for determining hemispheric Joule heating. However, 
hemispheric differences shown in AMIE driven simulation results may be due to the difference in data coverage 
between the two hemispheres. Installing and using more ground based instruments in the southern hemisphere 
that could be assimilated into drivers would be beneficial, such as the autonomous adaptive low-power instru-
ment platform (AAL-PIP) stations (Clauer et al., 2014), which were installed after the 2013 Saint Patrick's Day 
geomagnetic storm. Furthermore, Joule heating is most likely underestimated in GITM and the modeled values 
are almost independent between different storms, thus additional independent techniques of determining Joule 
heating are needed for the validation of both AMIE estimates and future modeling results (Verkhoglyadova 
et al., 2017). There are further, more general questions that remain unanswered, such as:

•	 �To what extent does IMF Bx play in generating interhemispheric asymmetries during geomagnetic storms?
•	 �In what way does the preconditioning of GITM introduce asymmetries before the storm onset time and if these 

asymmetries exist are they realistic or unintentionally exaggerated?
•	 �To what degree does the grid size used in these simulations need to be adjusted to create more accurate results, 

and what is the optimum spatiotemporal resolution for compatibility with drivers?

6.  Conclusions
We have conducted a case study of the 2013 Saint Patrick's day geomagnetic storm using a global ionosphere ther-
mosphere model (GITM) with both data-assimilated (AMIE) and empirical (Weimer-FRE) drivers. We focused 
on electromagnetic energy input, in the form of Joule heating and auroral heating, in the mid- and high-latitude 
regions of both hemispheres. We also considered the role asymmetric (over the geomagnetic hemispheres) solar 
insolation plays in asymmetric heating during this event at geographic equinox. The choice of data-assimilated 
driver is motivated by the desire to capture multi-scale physics, as well as to investigate interhemispheric asym-
metries. To independently compare the simulations with two different drivers, we conduced data-model compar-
isons using Madrigal vertical TEC, GOCE vertical TEC and neutral density, and empirical CPCP formulas. The 
findings of the paper can be summarized as follows:

•	 �Solar insolation has a significant effect on simulated hemispheric TEC, even at equinox.
•	 �Asymmetric conductance profiles result in a diurnal variation in Joule and auroral heating aligned with solar 

insolation over the magnetic high-latitude regions.
•	 �Realistic drivers perform better than or equivalent to empirical drivers in data-model comparison.
•	 �Realistic drivers can produce more and intense localized heating events.
•	 �TEC comparisons perform better in the Northern Hemisphere, potentially indicating sampling bias.

Data Availability Statement
GITM can be found at (Ridley, 2021) and spacepy, a python package used to read GITM outputs, can be found 
at (Larsen et al., 2021). OMNI data can be found at (NASA, GSFC, 2021). The Madrigal GNSS TEC data can 
be found at (MIT Haystack, 2022). GOCE neutral density data can be found at (European Space Agency, 2009). 
Pickle files of the figures, underlying simulation result, codes used to generate figure and read the simulation 
output, and the AMIE files used to drive the simulations can be found in the FigShare (Smith et al., 2023).
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