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1.  Introduction
During geomagnetic storms, a tremendous amount of electromagnetic energy is deposited in the Earth's thermo-
sphere, which is mainly converted to Joule heating (Richmond, 2021) and significantly enhances thermospheric 
neutral density (Dang et al., 2022; Fang et al., 2022; Lin et al., 2022; Prölss, 2011; Zhu, Deng, et al., 2022). 
Enhanced neutral density exerts additional air drag on low Earth orbit (LEO) satellites flying in the thermosphere, 
which may lower satellites' orbit and cause the loss of satellite due to reentering into the Earth's atmosphere. In 
addition, enhanced neutral mass density may cause larger uncertainties in orbit prediction and increase the risk 
of collisions with other space objects (e.g., Oliveira & Zesta, 2019). Hence, a comprehensive understanding of 
the storm-time thermospheric neutral density response is crucial to satellite orbit determination and collision 
avoidance.

While thermospheric density undergoes an overall enhancement during geomagnetic storms, the enhancement 
can be asymmetric between the northern and southern hemispheres at some local times as revealed by satellite 

Abstract  The thermospheric neutral density response to the 7–9 September 2017 storms is investigated 
based on the Swarm satellite observations and the thermosphere-ionosphere-electrodynamic general circulation 
model (TIEGCM) simulation. The Swarm data depicted a prominent interhemispheric asymmetry (IHA) in 
the afternoon sector during the second storm, a feature that was yet explained. Driven by realistic high-latitude 
electric potential and electron precipitation patterns, the TIEGCM is able to reproduce the observed storm-time 
neutral density response. The TIEGCM simulation reveals that the differences in the traveling atmospheric 
disturbances (TADs) is largely responsible for the observed IHA in the neutral mass density response at low and 
middle latitudes, whereas the difference in mean molecular mass between the two hemispheres may contribute 
to the IHA in neutral density at higher latitudes. The IHAs in TADs and mean molecular mass are attributed to 
the IHA in Joule heating dissipation on the night and dawn sides.

Plain Language Summary  During geomagnetic storms, thermospheric neutral density can increase 
drastically due to intense heat inputs. Enhanced neutral density increases the air drag on satellites which could 
lower their orbits and lead to faster atmosphere reentering of satellites. In addition, enhanced neutral mass 
density may cause larger uncertainties in orbit prediction which increases the risk of collisions with other 
space objects. Therefore, it is essential to improve the understanding of storm-time neutral density variations 
to improve satellite operations. Recent satellite observations have revealed that thermospheric neutral mass 
density response can be interhemispherically asymmetric even under equinox conditions when the background 
density in the two hemispheres is comparable. This paper presents a case study of such an event based on data 
analysis and numerical simulations to investigate the physical mechanisms behind this intriguing phenomenon. 
The event took place on 7–9 September 2017 and the most prominent interhemispheric asymmetry of neutral 
density occurred in the afternoon sector. Our study found that the interhemispheric asymmetry during this event 
results from the differences in the generation, propagation and interaction of globally propagating atmospheric 
waves, namely traveling atmospheric disturbances, as well as the difference in mean molecular mass between 
the northern and southern hemispheres.
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measurements (e.g., Bruinsma et al., 2006; Ercha et al., 2012; Li & Lei, 2021; Sutton et al., 2005, 2009). For 
example, Li and Lei (2021) analyzed neutral density measurements from the Swarm-B satellite (∼510 km) during 
the 7–9 September 2017 geomagnetic storm and found that the neutral mass density in the afternoon sector 
(∼15.7 local time) experienced a significantly larger enhancement in the southern hemisphere (SH) than the 
northern hemisphere (NH), even though the event occurred near equinox when the background neutral density 
was expected to be symmetric between the two hemispheres. The cause of such an interhemispheric asymmetry in 
storm-time neutral density changes, however, was not elucidated in their work, which has motivated us to conduct 
further analysis of the event with numerical simulations.

As discussed in Lu et al. (2016), Joule heating can alter the local or global neutral mass density through three 
different pathways: First, enhanced Joule heating increases the neutral temperature, which causes the thermo-
sphere to expand barometrically and increases the neutral density above the heating source (Rishbeth et al., 1969). 
Second, enhanced Joule heating induces an upwelling and increases the mean molecular mass at higher altitudes 
(Fuller-Rowell et al., 1997). Since the neutral scale height is proportional to the ratio of the neutral temperature to 
mean molecular mass, increased mean molecular mass can then offset the effect of increased neutral temperature 
on the scale height, and thus suppress the neutral density enhancement associated with increased temperature 
(Lei et al., 2010; Liu et al., 2014). Third, impulsive Joule heating dissipation triggers large-scale traveling  atmos-
pheric disturbances (TADs) which propagate globally and can modulate thermospheric properties everywhere 
(Richmond & Matsushita, 1975). Since Joule heating can be significantly asymmetric between the two hemi-
spheres during geomagnetic storms (Knipp et  al., 2021; Pakhotin et  al., 2021), Li and Lei  (2021) speculated 
that the stronger neutral density enhancement in the SH during the 7–9 September 2017 geomagnetic storms 
may result from a stronger Joule heating dissipation in the SH afternoon sector. However, no direct evidence has 
been provided to support such speculation. In addition, TADs initiated in one hemisphere can propagate into the 
opposite hemisphere and contribute to the neutral density variations therein (e.g., Bruinsma & Forbes, 2007; Guo 
et al., 2014; Zhu, Lu, & Deng, 2022). As a result, stronger neutral density enhancements in a given hemisphere 
may not necessarily require stronger Joule heating dissipated in that hemisphere.

In this study, we utilized the National Center for Atmospheric Research Thermosphere-Ionosphere-Electrody-
namics General Circulation Model (NCAR-TIEGCM, Qian et al., 2014; Richmond et al., 1992) v2.0 to elucidate 
the physical processes responsible for the observed interhemispheric asymmetry in the storm-time neutral density 
enhancement during the 7–9 September 2017 geomagnetic storms. Details of the TIEGCM along with the neutral 
density data are described in Section 2. Section 3 presents the data-model comparisons as well as a detailed anal-
ysis of the simulation results. Section 4 summarizes the main findings of this study.

2.  Data and Model
2.1.  Neutral Mass Density Data

The Swarm mission consists of three satellites flying in near circular orbits. Swarm-A and Swarm-C fly side by 
side at an altitude of ∼450 km with an inclination angle of 87.5°, and Swarm-B flies at an altitude of ∼510 km 
with an inclination angle of 88°. During the 7–9 September 2017 geomagnetic storms, the ascending and descend-
ing nodes for Swarm-A/C were at ∼10.2 LT and ∼22.2 LT, respectively, while they were at ∼15.7 LT and ∼3.7 
LT, respectively, for Swarm-B. For this event, only the neutral density data derived from the onboard Global 
Position System (GPS) receiver are available. Details about the GPS-based data can be found in van den IJssel 
et al. (2020). In addition, we use only the GPS-based neutral density data from Swarm-A and Swarm-B since the 
neutral density data from Swarm-C are very similar to that from Swarm-A.

2.2.  TIEGCM

The TIEGCM is a global model of the ionosphere-thermosphere (I-T) system with self-consistent dynamic and 
electrodynamic processes (Qian et al., 2014; Richmond et al., 1992). This study uses the default version of the 
TIEGCM, which has a horizontal resolution of 2.5° in both geographic longitude and latitude and one-fourth 
scale height in altitude. The lower boundary is about 97 km and the top boundary ranges from 500 to 700 km 
depending on the solar and geomagnetic activity. The model is run at a time step of 5s and the model outputs are 
saved at a cadence of 5 min. The version of the TIEGCM used in this study treats helium as a major species and 
more details can be found in Sutton et al. (2015).
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In order to better specify high-latitude Joule heating in the TIEGCM, the electric potential and electron precip-
itation patterns derived from the Assimilative Mapping of Ionospheric Electrodynamics AMIE procedure 
(Richmond, 1992; Richmond & Kamide, 1988) are used to drive the TIEGCM. The data inputs to AMIE for 
this event include horizontal magnetic perturbations measured by 254 ground stations (among them 201 were 
in the NH and 53 in the SH), the line-of-sight ion drifts measured by the Super Dual Auroral Radar Network 
(SuperDARN) high-frequency radar network, the cross-track ion drift data measured by four Defense Meteoro-
logical Satellite Program (DMSP) satellites (i.e., F15, F16, F17 and F18), the electron precipitation data inferred 
from the Special Sensor of Ultraviolet Spectrographic Imager (SSUSI) onboard the DMSP F17 and F18 satel-
lites, the horizontal magnetic perturbations measured by the Iridium satellite constellation and provided by the 
Active Magnetosphere and Planetary Electrodynamics Response Experiment (AMPERE) data set (Anderson 
et al., 2014), and the horizontal magnetic perturbations measured by the Swarm satellites. The temporal resolu-
tion of the AMIE pattern is 5 min, with a spatial resolution of 0.67 hr in magnetic local time (MLT) and 1.67° 
in magnetic latitude (MLAT). The AMIE patterns are spatiotemporally interpolated to the TIEGCM grids and 
model running time during the simulation.

3.  Results and Discussions
Figure 1 exhibits the temporal evolutions of the solar wind speed, the interplanetary magnetic field (IMF) y and 
z components, the AE and SYM-H during 6–9 September 2017. The red lines in Figures 1c and 1d represent 
AMIE-derived AE and SYM-H which are calculated from the magnetometer data from 124 stations between |55°| 
and |76°| MLAT in both hemispheres and 56 stations between −40° and 40° MLAT, respectively, and both have 

Figure 1.  Evolutions of the (a) solar wind speed, (b) IMF By (Blue) and Bz (Red) components, (c) AE, (d) SYM-H 
between 09/06/2017 and 09/09/2017. The SuperMAG SME and SMR indices are shown in blue lines in panels (c) and (d), 
respectively, for comparisons.
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a temporal resolution of 1 min. As a comparison, the equivalents of AE and SYM-H provided by SuperMAG, 
SME and SMR (Gjerloev, 2012; Newell & Gjerloev, 2011, 2012), are shown as blue lines in Figures 1c and 1d, 
and they are generally comparable with the AMIE AE and SYM-H indices. The 7–9 September 2017 storms were 
triggered by the interplanetary coronal mass ejections (ICMEs) and consisted of two storms as indicated by the 
SYM-H index (highlighted by the yellow and green shaded areas in Figure 1). During both storms, the AE index 
exceeded 3,000 nT and the SYM-H index dropped to about −120 nT.

Figure 2 presents the storm-quiet differences of the neutral mass density (Δρ) at four LTs as a function of univer-
sal time (UT) and geographic latitude, and the neutral mass density on 09/06 is used as the quiet-time reference. 
The LTs shown in Figures 2a and 2b correspond to those of the ascending and descending nodes of Swarm-A 
and Swarm-B satellites. For each column (i.e., each LT meridional plane), the top and middle rows show the Δρ 
determined from the measured and modeled neutral densities along the satellite trajectory, respectively. Note 
that the neutral density at the satellite trajectory height has been normalized to a constant height (i.e., 450 km 
for Swarm-A and 510 km for Swarm-B) based on the NRLMSISE-00 model (Picone et al., 2002) before calcu-
lating Δρ and details about the normalization can be found in Bruinsma et al. (2006). As shown in the Swarm 
observations (first row), Δρ in the NH is generally comparable with that in the SH at the LTs where the obser-
vations are available except at 15.7 LT. The Δρ value in the SH is larger than that in the NH during the second 
storm at 15.7 LT while the Δρ is comparable between the two hemispheres before the second storm. For the 
TIEGCM simulation results (second row), although some quantitative differences between model and data do 
exist, they are in good agreement with the Swarm measurements. In particular, the interhemispheric asymmetry 
in the neutral density enhancement observed by Swarm-B during the second storm at 15.7 LT is well captured 
by the TIEGCM. The plausible causes of this interhemispherically asymmetric behavior will be discussed later. 
Figure S1 in Supporting Information S1 shows the data-model comparison for the GRACE satellite which flies 
at ∼350 km and has similar ascending and descending LTs as Swarm-A during this event (Yuan et al., 2019), 
and details about the GRACE density data used in this study are provided by March et al. (2021). Again, the 
data-model comparison shows a reasonable agreement. No significant interhemispheric asymmetry is shown in 
Δρ along the GRACE satellite path, which is consistent with the results for the Swarm-A satellite (Figure 2a).

Figure 2.  Storm-quiet differences of the neutral mass density (Δρ) from the observation and simulation. For each column, the top and middle rows represent Δρ along 
the satellite trajectory from the observation and TIEGCM, respectively, and the bottom row represents Δρ from the TIEGCM at the fixed local time labeled at the top of 
each column. The black dashed lines in the bottom panel of the third column indicate the TADs.
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The third row of Figure 2 shows the UT-latitude distribution of the simulated Δρ at a constant altitude (450 km 
for Swarm-A and 510 km for Swarm-B) using the 5-min model outputs at all latitudes for the four fixed LTs. 
Clearly, TADs are more discernible from Δρ in the bottom row than in the top two rows which are referred to as 
Δρ-TADs hereafter. At 15.7 LT and during the second storm, there are several Δρ-TADs originated in the polar 
regions of both hemispheres and propagating to lower latitudes or even into the opposite hemispheres. More 
specifically, a Δρ-TAD is induced in the NH around 13 UT (marked as D1) and propagates toward lower latitudes 
at a phase speed of ∼800 m/s. D1 then propagates into the SH and arrives at the SH polar region around 19 UT. 
In the SH, there are at least two Δρ-TADs launched in the polar region around 14 and 15 UT (marked as D1′ and 
D2′), respectively, and they travel at a similar phase speed as the D1. Since D1′ and D2′ are induced later than 
D1, D1 interacts with D1′ and D2′ around 20°–40°S. The amplitudes of D1′ and D2′ are severely attenuated after 
interacting with D1.

Figure 3 displays the evolution of the simulated Δρ-TADs at a fixed altitude of 450 km during the second storm 
from a polar view. D1, D1′, and D2′ labeled in Figure 2b are also marked in Figure 3. Besides D1′ and D2′, there 
is also a trans-polar propagating Δρ-TAD (marked as D3′) in the SH, which is invisible in Figure 2 but contributes 
to the neutral density enhancement in the afternoon sector. D3 initiates around 60°S in the pre-midnight sector at 
14:05 UT and propagates over the SH polar cap and drifts toward the afternoon sector due to the Coriolis force 
(Balthazor & Moffett, 1999). By 16:45 UT, the amplitude of D3′ is significantly attenuated. Figure 3 shows 
that D1′, D2′, and D3′ lead to significant neutral density enhancements at middle and high latitudes in the SH 
at 15.7 LT (black radial line) between 14:45 UT and 16:45 UT. However, no significant neutral mass density 
enhancement occurs at middle and high latitudes in the NH at 15.7 LT during this period. Consequently, there is 
a significant interhemispheric asymmetry in neutral mass density enhancement at middle and high latitudes and 
near 15.7 LT between 14:45 UT and 16:45 UT.

In the afternoon sector, since D1 arrives at the equator earlier than D1′, D1 and D1′ interact in the SH between 
16:05 and 16:45 UT. D1 continues propagating into the SH and interferes with D2′ later on. The interaction 
between D1 and D2′ results in the neutral mass density enhancements in a broad latitudinal range in the SH in 
the afternoon sector. After that, D1 arrives in the SH polar region at 18:05 UT whereas D1′ remains around the 
geographic equator in the afternoon sector. As a result, the neutral density in the SH undergoes a large enhance-
ment from the equator to the polar region at 15.7 LT between 16:45 UT and 18:05 UT while the NH neutral 
density does not. After 18:05 UT, D1′ starts contributing to the neutral mass density enhancement in the NH and 
in the afternoon sector but its amplitude is attenuated as it propagates northward to higher latitudes. Consequently, 
the neutral density enhancement in the NH is generally smaller than that in the SH at 15.7 LT between 18:05 UT 
and 20:05 UT. The interactions between Δρ-TADs can also be seen in Figure S2 in Supporting Information S1.

Figure 4 shows Δρ along with the storm-quiet differences of the meridional wind (ΔVn), mean molecular mass 
(Δm) and neutral temperature (ΔTn) at 450 km and 15.7 LT as a function of UT and geographic latitude. Movie S1 
displays the temporal evolutions of Δρ, ΔN, ΔVn, Δm, and ΔTn at 450 km from a polar view. TADs can also be 
seen clearly in ΔN, ΔVn, and ΔTn, which are similar to those in Δρ in terms of phase propagation. Particularly, 
ΔN displays similar interhemispherically asymmetric response as Δρ, i.e., a stronger response in the SH than the 
NH (Figure 4b). Changes in Δm, on the other hand, are largely confined to the region above |50°| GLAT, with 
a larger increase in the NH than the SH (Figure 4d). Larger enhancements of mean molecular mass in the NH 
can effectively offset the enhancements of neutral scale height caused by increased neutral temperature, and thus 
suppress increases of number density (Lei et al., 2010; Liu et al., 2014). Consequently, even though TADs can 
cause strong enhancements of Tn above 50°N GLAT (Figure 4e), changes in ρ and N are less evident than those 
in the SH for comparable ΔTn (Figures 4a and 4b).

The interhemispheric asymmetry of TADs is related to the interhemispheric asymmetry in Joule heating dissi-
pations between the two hemispheres as shown in Figure 5. The generations of D1 in the NH and D1′–D3’ in 
the SH stem from the enhanced Joule heating dissipation between 12:45 UT and 14:05 UT, which mainly occur 
on the dawn side in the NH and on the night side in the SH, respectively. In other words, there is no strong Joule 
heating deposited in the afternoon sector during the second storm where strong neutral density enhancements are 
observed. Therefore, the TADs seen at a given local time and at middle and low latitudes do not necessarily mean 
that there is a concurrent high-latitude heating source at that local time, which is consistent with Lu et al. (2016). 
Figure S3 in Supporting Information S1 compares Joule heating dissipations in the different hemispheres during 
the first storm. Again, Joule heating is mostly dissipated on the night and dawn sides. Moreover, Joule heating 
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Figure 3.  Storm-quiet difference of the neutral mass density (Δρ) at 450 km at different UTs on 09/08/2017 from the 
TIEGCM simulation. The first, third and fifth rows are NH results while other rows are the SH results. All subplots are 
present in geographic coordinates and in polar views. The 15.7 LT is marked by the black radial line in each plot and the 
black dashed lines indicate the Δρ-TADs.
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dissipated on the dawn side is much stronger in the NH than that in the SH, causing stronger and more equa-
torward composition perturbations in the NH on the dawn side (Movie S1). The perturbed composition then 
corotates with the Earth into afternoon (Cai et al., 2023) and contributes to the interhemispheric asymmetry in 
the afternoon neutral density response.

4.  Summary
In this study, the thermospheric neutral density response to the 7–9 September 2017 storms is studied based on a 
combination of data analysis and the TIEGCM simulation using the electric potential and electron precipitation 
patterns derived from the AMIE procedure. It is found that the TIEGCM can well capture the storm-time thermo-
spheric neutral density response observed by the Swarm satellites. In particular, the interhemispheric asymmetry 
of the neutral density response observed by the Swarm-B satellite in the afternoon sector during the second storm 
is well reproduced in the TIEGCM simulation. It is found that the difference in the TADs between the northern 
and southern hemispheres is mainly responsible for the interhemispheric asymmetry in the mid- and low-latitude 
regions, whereas the difference in mean molecular mass may contribute to the interhemispheric asymmetry at 
higher latitudes. This study unveils how Joule heating can contribute to the observed interhemispheric asymmetry 

Figure 4.  Evolutions of storm-quiet differences of (from top to bottom) the neutral mass density (Δρ), neutral number 
density (ΔN), meridional wind (ΔVn), mean molecular mass (Δm) and neutral temperature (ΔTn) at 450 km and at LT = 15.7 
from TIEGCM outputs. For the meridional wind, positive values indicate northward winds.
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Figure 5.  Same as Figure 3 except for storm-quiet difference of height-integrated Joule heating.

 19448007, 2023, 11, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023G

L
103208 by T

u D
elft, W

iley O
nline L

ibrary on [29/06/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Geophysical Research Letters

ZHU ET AL.

10.1029/2023GL103208

9 of 10

in the neutral density response to the 7–9 September 2017 storms. In future studies, we plan to explore how the 
lower-atmospheric forcings (e.g., Stober et  al.,  2021) may affect the interhemispheric asymmetry of thermo-
spheric density variations.

Data Availability Statement
The IMF, solar wind data can be found at https://omniweb.gsfc.nasa.gov. The SME and SMR data can be found 
at https://supermag.jhuapl.edu. The Swarm neutral density data can be found at https://swarm-diss.eo.esa.
int/#swarm%2FLevel2daily%2FEntire_mission_data%2FDNS%2FPOD and the GRACE neutral density data 
can be found at https://swarm-diss.eo.esa.int/#swarm%2FMultimission%2FGRACE%2FDNS%2FSat_1. The 
TIEGCM simulation outputs and data used in this study are stored at: https://doi.org/10.5065/8yvd-fs62.
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