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Abstract: The polar-orbiting spherical experimental satellite of China for atmospheric density de-
tection with an altitude of ~520 km was successfully launched on 14 October 2021. Based on the
dynamic inversion method for atmospheric density and the precise orbit determination data ob-
tained by its GNSS, we inverted the orbital atmospheric density during the severe geomagnetic
storm in early November 2021. In this paper, we compared the atmospheric density data obtained
by the spherical satellite with the simulations of the MSISEOO and the DTM, evaluated their error
distribution, and analyzed the response of the atmospheric density during the severe geomagnetic
storm in the dawn—dusk orbit of 520 km altitude. The properties and the physical processes for the
atmospheric density of the time evolutions in different latitudes and the global distributions during
the severe geomagnetic storm were obtained. We found that the substantial disturbance enhancement
and recovery of the atmospheric density of the dawn-dusk orbit have a close correlation with the
geomagnetic indexes Kp and Dst. The elevation extends from the poles to the equator, and the
relative variation in two hemispheres demonstrates a bimodal nearly symmetric growth structure.
The maximum relative variation of the two hemispheres both occurred in the middle latitude, and,
for this case, the enhancement of atmospheric density in the mid-latitude region accounted for a
larger proportion. The asymmetry between the northern and southern hemispheres is demonstrated
by the fact that the absolute value and absolute change in the southern hemisphere in summer are
larger than those in the northern hemisphere, and the bimodal structure of the relative variation is
inclined to the northern hemisphere.

Keywords: atmospheric density; atmospheric drag force; spherical satellite; precision orbit data;
dynamics inversion method

1. Introduction

The thermosphere is an important region for the operation of low-orbit spacecraft and
near-space vehicles. Atmospheric drag in the thermosphere is one of the main perturbative
forces for the orbits of low-orbit spacecraft and near-space vehicles, and the calculation error
of atmospheric density is now the most significant error source of the orbit prediction of low-
orbit spacecraft. The inaccurate calculation of atmospheric drag caused by the inaccuracy
of the atmospheric density model is the main factor in the orbit prediction. The calculation
error of the atmospheric density model may exceed 100% during geomagnetic storms.
Catering to the continuous development of commercial satellites, manned spaceflight, and
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near-space environment detection, a high-precision atmospheric density model is urgently
required for precise orbit prediction [1,2]. The typical semi-empirical models of atmospheric
density commonly applied globally include the CIRA, Jacchia, DTM, and MSIS series,
among which the DTM and MSIS series are commonly applied atmospheric density models
for spacecraft orbit prediction and related research [3,4]. It is shown in studies that the
atmospheric density error calculated by the abovementioned semi-empirical atmospheric
density models is usually in the range of 15% to 30%. During the disturbance of the space
environment, the atmospheric density error calculated by the models may even reach or
exceed 100% [5]. The establishment or refinement of a high-precision thermosphere model
requires high-precision, global-coverage, long-duration, and quasi-real-time detection of
orbital atmospheric parameters.

The satellite-borne in-situ atmospheric density detection, featuring a global spatial
coverage and a long-duration and quasi-real-time measurement, is an important method for
obtaining high-precision dynamic data of atmospheric density and improving the accuracy
of the atmospheric density model. The in-situ measurement of orbital atmospheric density
can be obtained by two methods, i.e., pressure measurement and dynamic inversion.
The dynamic inversion method may invert the in-situ atmospheric density value based
on the measured drag perturbation acceleration. The drag perturbation acceleration is
proportional to the windward area-mass ratio of the satellite and the drag coefficient. The
spherical satellite can keep the windward area-mass ratio invariable at different attitudes
and can also eliminate the error caused by irregular satellite shape to the drag coefficient.
It is therefore the optimal satellite configuration for in-situ detection using the dynamic
inversion method.

Early detection of gravitational field on satellites was performed by in-situ detection
of atmospheric density with accelerometers, such as the Challenging Minisatellite Payload
(CHAMP) and the Gravity Recovery and Climate Experiment (GRACE), which are two
of the most representative near-Earth space environment detection missions that have
obtained atmospheric density data at altitudes of 300400 km [6-8]. Considering that
the in-situ measurement of atmospheric density by a microsatellite network can achieve
long-duration, all-round synchronous coverage of low-orbit space, the method of low-
cost microsatellite networking has been gradually adopted globally to detect atmospheric
parameters. For example, the low-cost thermosphere exploration mission ANDE 2 (the At-
mospheric Neutral Density Experiment 2) proposed by the US Naval Research Laboratory
launched two spherical satellites with an orbital altitude of about 350 km in July 2009 to
fulfill the goal of monitoring the orbital atmospheric density [9]. QB50, an international
collaborative mission sponsored by the European Union, has launched many satellites
since 2011 to carry out multi-point in-situ detection of the Earth’s lower thermosphere
at an altitude of 200-380 km. There have been 38 satellites launched as of 2017 [10,11].
Considering the current status quo of detection and simulation of the atmospheric environ-
ment, the in-situ detection of orbital atmospheric parameters by a low-orbit microsatellite
network is urgently required for the establishment and refinement of high-precision ther-
mosphere models.

The spherical experimental satellite for measuring atmospheric density, which was
jointly developed by the NSSC (National Space Science Center, CAS) and Shenzhen
Aerospace Dongfanghong Satellite Ltd. of China Aerospace Science and Technology Cor-
poration, is a pioneer of low-orbit microsatellite networking for in-situ orbital atmospheric
density detection, with the goal of carrying out in-situ detection of atmospheric density,
obtaining the space-time evolution characteristics and dynamic response mechanism of
the orbital atmosphere, and verifying the feasibility of the spherical satellite networking
for atmospheric density detection. The spherical satellite was launched into orbit on 14
October 2021, marking the first time that China has carried out in-situ measurement of
the atmospheric density of the 520 km polar-orbiting satellite orbit. This paper provides
an introduction to the satellite and its GNSS for precise orbit determination, as well as
the orbital atmospheric density detection and inversion method. In the third part of this
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paper, we compared and analyzed the observation data of atmospheric density with the
calculation results of NRLMSISE-00 and DTM models to verify the validity of the scientific
data. By analyzing the observed data of atmospheric density during the severe geomagnetic
storm, we found the time evolution and global distribution properties at the altitude of
520 km during the severe geomagnetic storm.

2. Instrumentation and Methods
2.1. Spherical Satellite and Orbital Atmospheric Density Detection

The spherical experimental satellite is a microsatellite with a weight of 73.8 kg and
a diameter of 800 mm. It operates in a dawn—dusk orbit at an altitude of about 520 km.
Its orbital inclination is 97.46°, and its descending node is at around local time 18:00.
Its local solar time-latitude motion trajectory is shown in Figure 1b. It is also the first
spherical satellite in China that integrates the pressure measurement method and the
dynamic inversion method for atmospheric density detection. The main payload of the
spherical experimental satellite consists of a pressure-measurement sensor and a GNSS
precise orbit-determination payload (GPOD), and was operated after launching to obtain
successful data detection.

Geographic latitude(®)
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Local solar time(hour)
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Figure 1. The spherical experimental satellite and its local solar time: (a) the spherical experimental

satellite; (b) local solar time and latitude distribution of the satellite orbit.

According to the dynamic inversion method, the in-situ atmospheric density can be
inverted from the precise orbit determination data obtained by GPOD [12-14]. The GPOD
method can derive the atmospheric density with high precision and resolution, which
features consistency compared with measurements [15]. As shown in Figure 1a, the outer
surface of the disc-shaped GNSS antenna fits the spherical design of the satellite. The
reduced-dynamic POD employed as the routine positioning mode in this study, as well
as during periods of geomagnetic disturbance, and the models used in POD procedure
can be found in former research [14]. The adoption of both Beidou and GPS precise orbit
determination methods contributes to an accuracy of better than 5 cm. See Table 1 for
the performances. The inversion of atmospheric density by precise orbit determination
has the advantage of self-calibration, requiring no additional calibration. The calculation
usually requires the average value of a period of time to gain a higher accuracy. The
derived densities are delivered every 30 s. The disadvantage is that the limited sampling
rate leads to lower sensitivity, and also the limitation of the inversion algorithm to the
calculation results. Therefore, the spherical satellite has introduced the design of the
pressure measurement sensor, and the obtained detection data may make up for the lower
sensitivity of the precise orbit determination data in the inversion of atmospheric density
in the future.
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Table 1. The performances of the spherical satellite GPOD.
Pseudorange Carrier Phase Prec1se. Or}.)lt Atr-nospherlc.
Determination Density Inversion
Accuracy Accuracy
Accuracy Accuracy
<30 cm <2 mm <5cm <6.5%

2.2. Algorithm and Error Analysis Method

The inversion of atmospheric density by GPOD data follows the following principle.
Firstly, the GNSS observation determines the orbit of the spherical satellite accurately to
obtain the drag acceleration and the dimensionless atmospheric drag coefficient Cp along
the orbit. Then, the atmospheric density at the orbit is inverted by the relationship between
the drag acceleration and the atmospheric density. The relationship between the drag
acceleration and the atmospheric density is as follows:

- 1
fatm = —5Cp-Am pv; M

where: p represents the atmospheric density; and rasm represents the drag acceleration
along the velocity direction. The precision level of the drag acceleration calculated by the
precise orbit determination method is nm/s?. vy is the velocity of the satellite relative to the
atmospheric (Vy = Vgat + Vatm). Am is the area-mass ratio on the windward. We assumed
that the area—mass ratio Am and Cp on the windward of the spherical satellite are constant
in any attitude.

Based on Equation (1), the equation for calculating atmospheric density is as follows:

p = —2-Fam/(Cp-Am-v?) @)

In Figure 2a, the red curve indicates the atmospheric density value inverted from the
GPOD data using Equation (2).
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Figure 2. Variation of atmospheric density and spatial environmental indexes with time: (a) simula-
tions and observations; (b) F10.7 index; (c) Ap index.

In this paper, we compared and analyzed the atmospheric density values calculated
by NRLMSISE-00 and DTM94 models with the inversion results from the GPOD data. The
deviation between the inversed atmospheric density by observation and the simulation
results was evaluated by the distribution of the relative error, that is, the percentage of
sampling points (confidence R) within the relative error range (error band p). The equation
for relative error is R; = pg“’dd — 1, where: py04el is the density value calculated by the
models, and pyy is the den31ty value inverted by the GPOD. If the total number of sampling

points is N, then ‘ % — l‘ < w; if the number of samples inside pis M, then R = %%.

3. Observational Results and Analysis
3.1. Comparison of Observations and Simulations
3.1.1. Daily Variations

Figure 2 indicates the profiles of the time-daily average atmospheric density by GPOD,
time-daily average atmospheric density by DTM94 and NRLMSISE-00, time-solar activity
index, and the time-geomagnetic disturbance index from 29 October to 13 November 2021.

1. Daily variations with solar activities

It can be found in Figure 2 that the simulations and the observations of atmospheric
density had the same variation tendency with the solar activity index F10.7. The F10.7 index
was 108.4 on 29 October 2021, and decreased to 81 on 13 November. On 29 October, the
observations and simulations of DTM94 and NRLMSISEQO of the daily average atmospheric
density were all 1.6 x 10713 kg/m3. On 13 November, F10.7 index was 81, and the
daily average atmospheric densities were 1.15 x 10~ 1% kg/m?3, 1.21 x 10713 kg/m3 and
8.7 x 10~ kg/m3 respectively. Compared with those on 13 November, the atmospheric
density on 29 October decreased, including the F10.7 index, which decreased by about
25.3%. The atmospheric density of DTM94 decreased by about 23.7%, and the atmospheric
density of NRLMSISE-00 decreased by about 28.0%. The observed atmospheric density of
GPOD decreased by about 45.0%.

2. Daily variations during the severe geomagnetic storm

During the severe geomagnetic storm, which occurred on 4 November 2021, the valley
value of Dst index of the geomagnetic activity reached —105 nT on November 4, and Ap
index increased from 19 on 3 November to 72 on 4 November; the simulations and the
observations of atmospheric density both showed significant increases in the disturbance.
As shown in Figure 2a, the daily average atmospheric density peaked on 4 November, and
then plunged. From the third to the fourth, the measured value grew by about 132.0%, the
simulation value of DTM94 grew by about 94.9%, and the simulation value of NRLMSISE-
00 grew by about 52.8%. The simulation results growth of 37.1-79.9% is less than the
observations. On 5 November, the simulations and the observations of atmospheric density
both showed significant downward trends, and returned to the vicinity of the values on
3 November with a deviation of about 10%; compared with those on 4 November, the
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observations decreased by 51.4%, the simulation results of DTM94 decreased by 44.5%, and
the results of NRLMSISE-00 decreased by 30.7%. The decrease in the simulated values of
6.9-20.7% is less than the observed values.

3.1.2. Correlation Analysis

Considering the limited error in the simulation results of the atmospheric density
models during the quiet period of the space environment, in Figure 3, we compared the
atmospheric density inverted from the GPOD data with those calculated by DTM94 and
NRLMSISE-00 on 29 October 2021 and 13 November 2021 with the relatively quietest
geomagnetic disturbances in the week before and after the geomagnetic storm. Figure 3a,b
indicate the correlation curves between the simulated values and the observed values.
The x coordinate represents the observations, the y coordinate represents the simulations,
and the dots are the GPOD measured average values of the atmosphere density on orbit.
Figure 3c indicates the distribution curve of the relative error between the GPOD detections
and the simulations. The x coordinate represents the error band, and the y coordinate
represents the confidence. Figure 3 shows that during the relatively quiet period of the
space environment, the correlations between the simulations of the two atmospheric density
models and the GPOD observations were both better than 98%. The maximum error bands
between the simulations and the observations were both 50%. A comparison between the
error distributions of the two models relative to GPOD respectively is shown in Table 2,
which indicates that the simulations of DTM94 better aligned with the observations. The
correlation and error analysis showed that during the relatively quiet period of the space
environment, there was a good consistency between the relative variation trend and the
absolute value of the GPOD observations and the simulations.
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Figure 3. The correlation and error distribution between the simulations and the observations: (a) the
correlation between the simulations by the NRLMSISE0O and the observations; (b) the correlation
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between the simulations by the DTM94 and the observations; (c) the relative error distribution
between the observations and the simulations.

Table 2. The error distributions of the two models relative to GPOD.

Model vs. GPOD Error Band Confidence Level
+15% 75%
DTM54 +30% 95%
+15% 34%

NRLMSISE-00 1+30% 63%

The above analysis shows that during the observation, the time evolution curves of
the calculated daily average values and the measured daily average values of atmospheric
density followed the same trend. The atmospheric density fell with the decrease of the F10.7
index, but rose significantly during the severe geomagnetic storm. The variation trend
of atmospheric density with space environmental disturbance conforms to the general
mechanism. The simulations aligned better with the observations during the geomagnetic
quiet period, which indicates the scientific validity of the observed data of the spherical
satellite at an altitude of 520 km. During the severe geomagnetic storm, the relative
variation of the simulations of atmospheric density with space environmental disturbances
was weaker than that of the observations. This conforms to the argument by Doornbos
et al. in 2008, that is, there was a large error in the model’s response to environmental
disturbances.

3.2. Atmosphere Density Variations during the Severe Geomagnetic Storm

The following is a preliminary analysis of the time evolution and the global distribution
of the atmospheric density at different latitudes during the severe geomagnetic storm in
the northern and southern hemispheres on the height of 520 km. Figure 4 shows the
time and spatial distribution of the atmospheric density and its differences with time and
geomagnetic latitude measured by GPOD from 3 November 2021 to 5 November 2021.

3.2.1. Time Evolution

As shown in Figure 4a, we compared the time variation of the absolute values of
normalized atmospheric density high-latitude region at 70-90 degrees, the mid-latitude
region at 40-60 degrees, and the equatorial low-latitude region at 0-10 degrees of the
northern and southern hemispheres. The P1-P7 in the figure are P1 (3 November 2021
20:00), P2 (3 November 2021 22:00), P3 (4 November 2021 10:30), P4 (4 November 2021
12:30), P5 (4 November 2021 15:00), and P6 (5 November 2021 8:00). Where: P1 is the
elevation time of the atmospheric density in the high-latitude and the mid-latitude of the
northern and southern hemispheres, P2 is the elevation time in the equatorial low-latitude,
P3 is the peak time in the high-latitude of the southern hemispheres, P4 is the peak time in
the high-latitude and the mid-latitude of the northern hemisphere, P5 is about the peak
time in the equatorial low-latitude and the mid-latitude of the southern hemisphere, and
P6 is the time when the atmospheric density rising returns to the normal level.

When a geomagnetic storm occurs, the increase in atmospheric density starts from the
mid-and high-latitude of the two hemispheres and gradually expands to the equatorial
low-latitude. The atmospheric density in the south high-latitude and the north mid-high-
latitude reached the peak after 16.5 h. The atmospheric density of the mid-latitude of
the southern hemisphere reached the peak 18.5 h after the onset of the disturbance. The
atmospheric density disturbance in the north high-latitude reached the peak with a lag
of about 2 h compared with that in the south high-latitude. The atmospheric density
disturbance in the equatorial low-latitude started almost simultaneously in the northern
and southern hemispheres, and lagged behind the mid- and high-latitude of the two
hemispheres by about 1 h. The atmospheric density in the equatorial low-latitude and
the mid-latitude of the southern hemisphere reached their peaks almost simultaneously,
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which is about 19 h from the onset of the atmospheric density disturbance in the equatorial
low-latitude. As shown in Figure 4a-c, the onset and peaking time of atmospheric density
disturbance was basically consistent with the onset and duration of Kp > 4, as well as the
duration of the initial phase of the geomagnetic storm with increasing Dst index and the
duration of the main phase with plunging Dst index. The global trend of atmospheric
density disturbance recovered almost at the same time, with a total duration of about
36 h, which is ~18 h behind the time when the Kp index recovered to below 4, and it is
in the recovery phase for the Dst index to gradually return to a steady state. After that,
although the geomagnetic disturbance continued to around 7 November, the daily average
atmospheric density returned to its pre-storm level.
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Figure 4. Time evolution and distribution of atmospheric density during the geomagnetic storm:
(a) normalized atmospheric density at different geomagnetic latitudes; (b) Dst index; (c) Kp index;
(d) absolute value of atmospheric density; (e) absolute change of atmospheric density; (f) relative
variation of atmospheric density.

A comparison of the absolute peak values of atmospheric density in different latitudes
of both hemispheres showed that for the southern hemisphere, the absolute peak values
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of atmospheric density in the southern high-latitude were ~5.2% lower than those in the
southern mid-latitude, and were ~31.5% higher than those in the southern equatorial low-
latitude; for the northern hemisphere, the absolute peak values in the northern high-latitude
were ~14.5% lower than those in the northern mid-latitude, and were ~34.6% lower than
those in the northern equatorial low-latitude. A comparison between the northern and
southern hemispheres concluded that the absolute peak value of atmospheric density in
the southern high-latitude was ~66.8% higher than that in the northern high-latitude, the
absolute peak value of atmospheric density in the equatorial low-latitude of the southern
hemisphere was ~20.6% higher than that of the northern equatorial low-latitude, and
the absolute peak value of the southern mid-latitude was ~33.5% higher than that in the
northern mid-latitude.

3.2.2. Global Distributions

In Figure 4d—f, we compared the global distribution of the absolute values of atmo-
spheric density during the severe geomagnetic storm, and the difference of p from the
atmospheric density py on quiet day relative to the same local solar time, that is, the ab-
solute change Ap, and the relative variation Ap, of the atmospheric density, presented as
Ap, = p — pg, and Ap, = Ap,/pg. Where: p is the absolute value of atmospheric density
during the storm from 3 November to 5 November 2021, and py is the absolute value of
atmospheric density during the relatively quiet period of the space environment on 29
October. The abovementioned equation may eliminate the effect of atmospheric density
background changes [16]. Ap, represents the energy input during the storm [17], and Ap,
may eliminate the deviation of the height effect [16].

Before and after the geomagnetic storm, the global distribution of atmospheric den-
sity showed a significant hemispheric asymmetry, that is, the southern hemisphere in
summer had higher values than those in the northern hemisphere in winter, indicating a
seasonal difference in atmospheric density at the altitude of 520 km during the relatively
quiet period.

During a geomagnetic storm, mechanisms such as polar particle precipitation and
Joule heating warm the upper polar atmosphere and drive large-scale wind fields, causing
disturbances in global atmospheric density [18,19]. In addition to leading to the enhance-
ment of upper atmosphere density, Joule heating can drive the variation of vertical wind
in lower latitude by high-latitude enhanced wind circulation during geomagnetic storm,
therefore causing the perturbation of density in low-mid-latitude regions [20,21]. During
the geomagnetic storm, the atmospheric density p and Ap, near the altitude of 520 km
showed a notable asymmetry between the northern and southern hemispheres, which were
both significantly higher in the southern (summer) hemisphere than those in the northern
(winter) hemisphere. Considering the fact that the southern hemisphere has stronger energy
input than the northern hemisphere, the reason may be the asymmetry due to the combined
effect of Joule heating and neutral winds. The prevailing summer-winter wind driven by
solar heating promotes the density disturbance in summer hemisphere to the equator and
limits the disturbance in the high-latitude of the winter hemisphere. In addition, the Joule
heating in summer hemisphere was much higher than that in winter hemisphere, and even
had a greater effect than particle precipitation [22,23], which conforms to the finding that
the atmospheric density in the southern hemisphere in summer is more greatly enhanced
than that in the northern hemisphere in winter; the equatorial atmospheric density peaks
later than those in the mid- and high-latitude regions and the absolute value of atmospheric
density in the equatorial low-latitude region of the northern hemisphere is lower than
that of the southern hemisphere at the same latitude, but higher than that of the mid- and
high-latitude regions of the northern hemisphere.

Figure 4f presents the observation of a bimodal distribution of the relative variation
Ap, of atmospheric density in the northern and southern hemispheres at dawn and dusk
during the severe geomagnetic storm with the altitude of 520 km. The distribution in the
southern hemisphere was at geomagnetic latitudes [-10°, —90°], and the distribution in
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the northern hemisphere was at geomagnetic latitudes [20°, 90°], indicating that around
dawn and dusk during the geomagnetic storm, the large-scale circulation from the poles
to the equator formed by atmospheric expansion exerted similar effects on the northern
and southern hemispheres. The increase of Ap, in the southern hemisphere was wider
than that in the northern hemisphere. The maximum values of Ap, in the northern and
southern hemispheres both appeared in the mid-latitude regions, respectively about 308.0%
at 58° south geomagnetic latitude around 9:00UT on 4 November and about 366.0% at
46° north geomagnetic latitude around 12:00UT on 4 November. The center of the low
value of Ap, appeared near 10° geomagnetic latitude in the northern hemisphere. The
overall structure follows a tendency of deviating from the magnetic equator and inclining
toward the northern. This phenomenon that the overall atmospheric density disturbance
rises in a larger range and Ap, reached peaks firstly in the southern hemisphere may be
due to the faster disturbance of the prevailing wind circulation in the summer hemisphere
than in the winter. Ap, appeared in the mid-latitude region, indicating that the increase
in atmospheric density at dawn and dusk during the geomagnetic storm accounted for
a larger proportion in the mid-latitude region. The maximum value of Ap, appeared in
the northern hemisphere, which may be due to the low background value of atmospheric
density in the northern hemisphere, leading to a greater impact of the disturbance on the
background atmosphere.

4. Discussion and Conclusions

The GPOD loaded on the spherical experimental satellite is designed for the obser-
vation of the precise orbit determination data to invert the in-situ atmospheric density.
The satellite was launched on 14 October 2021, marking the first time China performed
in-situ measurement of atmospheric density from a satellite orbit at an altitude at 520 km.
This paper introduced the spherical experimental satellite for the detection of atmospheric
density, which inverted the in-situ atmospheric density on the polar orbit at an altitude of
520 km based on the drag acceleration calculated by the satellite precise orbit determination
data obtained by GPOD, then analyzed the scientific validity of the atmosphere density
data, and concluded the following major time evolution and global distribution at different
latitudes in 520 km altitude of the dawn and dusk during the severe geomagnetic storm
from 3 November 2021 to 5 November 2021:

1.  The trend of the daily average atmospheric density with solar activity and geo-
magnetic disturbance conformed to the general mechanism of atmospheric density
variation. During the quiet period, the observations were better aligned with the
simulations, indicating the scientific validity of the detected data of the spherical
satellite at an altitude of 520 km. During the severe geomagnetic storm, the relative
variation of the simulations with space environmental disturbances was weaker than
that of the observed data.

2. During the severe geomagnetic storm, the enhancement and recovery of the atmo-
spheric density disturbance at an altitude of 520 km showed a severe correlation with
the geomagnetic Kp index and Dst index. The significant increase in atmospheric
density started simultaneously with Kp >4 and the initial phase of the geomagnetic
storm; the peaking of atmospheric density was almost at the same time with the re-
turning of the Kp index to below 4 and the main phase of the geomagnetic storm. The
recovery of atmospheric density disturbance to the pre-storm level was concurrent
at different latitudes, and synchronized with the recovery of the geomagnetic storm.
Despite continuous small geomagnetic disturbances after the recovery phase, the
atmospheric density remained relatively stable.

3. Around the occurrence of the geomagnetic storm, a seasonal difference in atmospheric
density p between the northern and southern hemispheres was observed by the dawn-
dusk-orbit satellite at an altitude of 520 km. The atmospheric density in the southern
hemisphere in the summer was higher than that in the northern hemisphere.
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4. During the severe geomagnetic storm, the increase in atmospheric density observed
by the dawn-dusk-orbit satellite at an altitude of 520 km started from the high-
latitude of the two hemisphere and then extended to the equatorial low-latitude.
The increasing in the southern hemisphere was greater than that in the northern
hemisphere, and was quicker in propagating to the lower latitudes of the northern
hemisphere, which indicated the presence of cross-equatorial flow in the total wind
field, therefore limiting the equatorial flow in the northern hemisphere. The reason
for this phenomenon is probably that the prevailing summer—winter wind driven by
the solar heating caused the density disturbance in summer hemisphere to propagate
towards the equator and limit the disturbance in the high-latitude of the winter
hemisphere. In addition, Joule heating is more significant in the summer hemisphere
than in the winter hemisphere, exerting even greater effects than particle precipitation,
which led to an asymmetry of the disturbances increasing in the northern and southern
hemispheres.

5. During the severe geomagnetic storm, the dawn-dusk-orbit satellite at an altitude of
520 km observed a nearly symmetrical growth of bimodal structure caused by the
large-scale circulation from the two poles to the equator formed by the expansion
of the polar atmosphere. The overall structure is inclined towards the northern
hemisphere due to the inconsistent propagation velocity of the disturbance in the
northern and southern hemispheres. During the geomagnetic storm, the increase
in atmospheric density at dawn and dusk accounts for a larger proportion in the
mid-latitude, so that the peak of the relative variation is located in the mid-latitude in
both hemispheres; whereas the background of atmospheric density in the northern
hemisphere is relatively low, and the disturbance has a greater impact on the ambient
atmosphere, which led to the appearance of the maximum relative variation in the
northern middle latitude.

As the pioneer for in-situ detection of orbital atmospheric density in a low-orbit mi-
crosatellite network, the spherical experimental satellite for obtaining the atmospheric
density inverted from the GPOD data verified the feasibility of in-situ measurement of
atmospheric density in a constellation network. The atmospheric density data can be
used to analyze the short-term and long-term variations of the thermospheric density, to
study the thermosphere-ionosphere coupling, to evaluate the accuracy of the atmospheric
density models, determine precise orbit and orbit prediction, and to modify or establish
the atmospheric density models, etc. In addition, studies on the detection results showed
that the detection elements of the experimental satellite are insufficient. The research on
the thermosphere-ionosphere coupling and the modeling of high-precision atmospheric
density models require joint analysis and studies on the in-situ wind field of the thermo-
spheric orbital atmosphere, orbital atmospheric temperature, composition, electron and ion
density of the ionosphere, and other observational elements. These detection elements are
expected to be included in the observation payload catalogue of the atmospheric density
detection satellite constellation network in the future.
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