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Using the Thermosphere-Ionosphere-Electrodynamic General Circulation
Model (TIEGCM), a comparison of the ionospheric total electron content
(TEC) between the South Atlantic anomaly (SAA) and the Indian Ocean (IO) at
solar maximum is performed in this study. The results show that the average total
electron content in the SAA is greater than that in the Indian Ocean in general. In
order to further analyze the difference between the two regions, the empirical
orthogonal function (EOF) are used to investigate the temporal and spatial
characteristics of TEC. The empirical orthogonal function method separate
part of the global four-peak structure (an equatorial ionization anomaly
structure, distributed in Southeast Asia, South America, Africa, and central
Pacific) and spatial variations in both regions. Moreover, the first mode of EOF
shows the different distribution of Equatorial ionization anomaly in South America
and central Pacific caused by deviation of geomagnetic field and tides between
two regions, and the enhancement of TEC in SAA region at dusk is emphasized,
but the enhancement of TEC in IO region at dawn is emphasized. The second
mode performs the distribution of EIA in Africa related to solar radiation and E × B
drift. The third mode indicates the similar spatiotemporal variations from the
geomagnetic field. Besides, the correlation between TEC and Dst in two regions
indicate that there are some deficiencies in simulation to the specificity of SAA,
and the deficiencies are likely caused by the model’s inaccurate simulation of the
magnetic field and particle deposition in the SAA region.
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1 Introduction

The ionosphere is greatly affected by solar EUV radiation and geomagnetic activity, and
shows many spatiotemporal variations, such as latitudinal variations, seasonal variations,
diurnal variations, South Atlantic anomaly (SAA) and Weddell Sea anomaly (WSA) [1].
The ionosphere plays an important role in space weather, and there is a strong coupling
process between it and the upper and lower regions. At high altitudes, the particle in
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ionosphere interacts with plasma in the magnetosphere, which
allows high-energy particles and electrodynamic energy to enter
the Earth, while at low altitudes, the ionosphere is regulated by
tropospheric weather and surface topology [2,3]. On either side of
the Earth’s magnetic equator, there is a very important phenomenon
in the ionosphere called Equatorial ionization anomaly (EIA) [4]. In
the past few decades, numerous research had been done on EIA. [5]
theoretically investigated the daily variation of this latitudinal
distribution of EIA, in which production, loss, and transport of
ionization were taken into account. With the Sheffield University
plasmasphere-ionosphere model (SUPIM), [6] researched the
characteristic of ionosphere, and the F region electrodynamic
drift generates the plasma fountain and the anomaly, which was
symmetric with respect to the magnetic equator. Furthermore, by
analyzing the ROCSAT-1 satellite data and SAMI2 model
simulations, [7] investigated the formation of plasma density
structure in the low-latitude F region, and the result showed that
the formation of four-peaks structure can be explained by the
longitudinal variation of the daytime vertical E × B drift.

Meanwhile, empirical orthogonal function (EOF) method has
been widely used in ionospheric studies and achieved fruitful results.
With EOFmethod, [8] developed an empirical model of ionospheric
total electron content (TEC) over Wuhan, some experiments had
been done to improve the external driver of the model, and the EOF
model had higher precision compared with International Reference
Ionosphere 2000 (IRI-2000). [9] constructed an empirical
ionospheric model of the TEC over North America (20°–60°N,
40° to 140°W) from GPS TEC data collected by Massachusetts
Institute of Technology (MIT) Haystack Observatory during the
years 2001–2012, and the temporal variations were expressed
analytically in terms of local time, season, solar activity, and the
spatial variations by cubic-spline functions, and this model could
reflect the majority of the quiet time monthly means and the
characteristic temporal-spatial variations in the North America.
In terms of magnetic storm, [10] performed a TEC model during
storm conditions with the combination of EOF and regression
analyses techniques, and the hour of the day, the day number of
the year, F10.7p and A indices, were chosen as inputs for the
modeling techniques to take into account diurnal and seasonal
variation of TEC, solar, and geomagnetic activities, respectively,
and this model performed well for storms with nonsignificant
ionospheric TEC response and storms that occurred during
period of low solar activity. Besides, [11] used the EOF analysis
technique to construct a parameterized time-varying global Az
model, and their results demonstrated the effectiveness of the
combined data ingestion and EOF modeling technique in
improving the specifications of ionospheric density variations.
[12] investigated spatial and temporal TEC variations in GNSS
observable through EOF model and substantiated their findings
against existing empirical International Reference Ionosphere 2016
(IRI-2016) and NeQuick-2 models, and EOF model had superior
performance compared to other regional and global models in terms
of temporal-spatial composition and percentage deviation and
correlation plots.

The SAA is a magnetic anomaly region on the Earth, the
magnetic field strength of the SAA is 30%–50% weaker compared
to other regions at the same latitude [13], and the larger magnetic
declination here results in an anomaly in the four-peak structure of

EIA [14]. Therefore, in the SAA region, the inner radiation belts are
closer to the Earth, and more particles from outer space arrive closer
to the Earth’s surface [15,16]. The morphology of equatorial F region
irregularity (EFI) in the SAA longitude sector could be affected by
seasonally ionospheric responses to the energetic particle
precipitation in SAA, and sunset equatorial electrodynamics plays
a key role in controlling the seasonal and longitudinal occurrences of
the quiet time EFI [17]. In addition, the ionosphere of SAA has
attracted some attentions. [18] modeled the ionizing effect of
~45 TECU and ~23 TECU in the topside ionosphere at middle
and low latitudes, including a near-equatorial forbidden zone
outside of the SAA, and the important basis of the long duration
and wide latitudinal extension of the positive ionospheric storm was
obtained, and they suggested there was a good correlation between
the increase of TEC and the extension of high-energy electrons. [19]
utilized the Global Self-consistent Model of the Thermosphere,
Ionosphere and Protonosphere (GSM TIP) to predict the main
and recovery phases of ionospheric storms in the SAA region. [20]
made a theoretical study of the upper and lower boundaries of the
ionospheric generator region in the SAA on the basis of the models
of Mass Spectrometer Incoherent Scatter Model (NRLMSISE-00)
and IRI-2016.

In general, there are few works to analyse the regional specificity of
ionosphere TEC in the SAA obtained from TIEGCM. Recently, [21]
used TIEGCM simulations to compare ionosphere TEC distributions
between 2002 and 2008 in the SAA. They focused on the difference of
TEC between solar maximum and minimum conditions, but they did
not mention the difference of model TEC between SAA and other areas.
Therefore, this paper chose another region to compare with SAA to
study the characteristic of TEC in the SAA region, and this study focused
on the spatiotemporal variations of ionospheric TEC in two regions
within 1 year.Meanwhile, it is necessary tomention theMacau Scientific
Satellite-1 (MSS-1), which is the first scientific satellite to use a low
inclination orbit to monitor the geomagnetic field and space
environment in the South Atlantic Anomaly (SAA) near the equator,
and one of the objectives of MSS-1 is to study the specificity of SAA
region. Therefore, this paper is also the preliminary work for the follow-
up study of the measurements obtained from MSS-1. Besides, a
comparison of geomagnetic indices Dst and TEC was performed to
test the response of regional TEC to geomagnetic activities in the SAA
and IO regions. To analyze the differences between TEC in SAA region
and TEC in other regions, this paper compared the distribution
characteristics of ionospheric TEC between SAA region (10°N to
60°S, 100°W to 20°E) and Indian Ocean (IO) region (10°N to 60°S,
20°E to 140°E) in 2002, and the EOF method was used to explain these
differences in detail. In this study, TIEGCMwas used to simulate hourly
TEC value of 2002 in the SAA region and the IO region. In addition, the
EOF analysis was performed to compare the temporal-spatial variations.
Section 2 introduces the TIEGCM and EOF methodology. Section 3
gives themain results and discussion. The summary is given in Section 4.

2 Data and methods

2.1 TIEGCM

TIEGCM is a global 3D time-varying numerical model
developed by the National Center for Atmospheric Research
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(NCAR) [22–24]. By using the finite difference method, the self-
consistent solutions of the dynamics equation, thermodynamic
equation and continuity equation of the neutral component and
some charged particles in the thermosphere atmosphere are
obtained. The input parameters include the solar radiation index
F10.7, the 81-day average F10.7a of F10.7 and the geomagnetic index
Kp. The lower boundary of the model is driven by tidal climatology
based on the Global Scale wave model (SGWM). TIEGCM has been
used to carry out many researches in the field of space weather, and
has achieved numerous results [25–32]. The TIEGCM V2.0 is used
in this work and it has a horizontal resolution of
2.5 longitude ×2.5 latitude, 57 pressure surfaces from ~97km to
~500 km with a vertical resolution of 1/4 scale height.

2.2 EOF analysis method

EOF analysis, also known as principal component analysis
(PCA), is a data decomposition technique in which the original
data is represented by orthogonal basis functions and principal
component sets. The EOF function is determined by the data itself
by calculating the eigenvector of the covariance matrix of the data or
by singular value decomposition. The raw data is divided into several
patterns to fully represent its properties. The key point is to preserve
the changes presented in the data set as much as possible while
reducing the dimension of the data set. It can be summed up as a
spatiotemporal field dimension reduction method [33–35]. From
the perspective of spatial variations, EOF method can be regarded as
the decomposition of main spatial distribution. From the perspective
of temporal variations, EOF method can be understood as an
analysis method to extract the main oscillation signal types of
variable field, and decompose a field sequence with a complex
oscillation system into several relatively single oscillation
component systems [36].

EOF method has been widely used in the research of space
weather [21,37–41]. In this paper, we arrange the TEC grid data
(28 longitude ×49 latitude, time resolution 1 h) simulated by
TIEGCM in the selected area, and got a grid of 1,372 × 8,736.

8,736 is the data of 24 h 1 day in the first 364 days of 2002, and the
EOF method is applied to these data. Besides, the distribution of
space and time is separated and decomposed into time function and
space function, as shown below Eq. 1 (Yu et al., 2023):

TEC θ,φ, t( ) � ∑
n

i�1
EOFi θ,φ( )Ti t( ) (1)

As shown in Figure 1, the first three modes are selected to
explain the spatial (EOFi) and temporal (Ti) distribution of TEC.
The three modes accounts for 65.59%, 25.22% and 3.98% for the
SAA region, and 48.49%, 40.60% and 5.24% for the IO region. The
total percentage of variability are 94.79% in the SAA region and
94.33% in the IO regions, and thus can reflect the contribution of the
mechanism in this mode to the variation of TEC.

3 Results and discussion

In this section, the ionospheric MEAN TEC field and the first
three modes of variability (EOFi, Ti) in the SAA and IO regions
obtained from TIEGCM in 2002 are compared and discussed.
Moreover, the correlation coefficient between TEC and Dst is
performed in the SAA and IO regions.

3.1 MEAN TEC field

Figure 2A shows the plots of the mean TEC in the SAA region.
The MEAN TEC is the result of average treatment to TEC
throughout 1 year in the SAA region, and it is the same
treatment in the IO region. The most obvious is the peak regions
of 100°W to 75W°, which correspond to the peak EIA in South
America. It is one of the four peaks of the global EIA distribution.
From 100°W to 75°W, the mean TEC presents two maximum area,
which are symmetric in general. It can be seen that another
maximum area appears near the equator in 30°W to 20°E.
Furthermore, the TEC decreases as latitude increases in general.
Figure 2B shows the plots of the mean TEC in the IO region. From

FIGURE 1
Percentage of variability explained by the first three EOFs obtained from the TIEGCM simulations in the SAA and IO regions.
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Figure 2B, there is a maximum distribution of TEC at low latitudes.
Besides, TEC shows a change of strength in the latitudinal direction
with two peaks at 25°E and 125°E. The maximum areas in Figures
2A, B located in the South America and the Africa, which are parts of
the global four-peak structure. Figure 2C shows the diurnal and
seasonal variations of TEC in the SAA region in 2002. The
ANNUAL TEC is the result of average treatment to TEC
throughout whole area in the SAA region, and it is the same
treatment in the IO region. From Figure 2C we can see that the
mean TEC has significant diurnal variations. Taking the variations
in April as an example, the TEC rise at about 5:00LT and reached the
maximum at about 14:00LT, and the value of TEC decline at about
16:00LT and reached its minimum at about 3:00LT. In addition,
seasonal variations can also be seen. The seasonal variation presents
a double-peak structure, with a main peak in August to October, the
secondary peak in February to April, a main valley in June and July,
and the secondary valley in November and December. Figure 2D
shows the diurnal and seasonal variations of TEC in the IO region in
2002. As Figure 2D shows, the TEC in the IO region has similar
variations with the SAA region. However, it is noticeable the peaks
duration is shorter and the peak intensity is less in the IO region than
that in the SAA region.

The distributions of MEAN TEC in the SAA and IO regions
shown in Figures 2A, B were similar to the result of Oh et al. [7]. Due
to the presence of magnetic anomaly in the SAA region, the
deviations between geomagnetic and geographic equator

produced longitudinal and hemispheric variations in the neutral
meridional winds, and then affected EIA distribution [42]. Lin et al.
(2017) and [43] suggested that the field-aligned plasma was
transported from the summer to winter hemispheres in the
morning by neutral winds, and this effect became less around
noon. Meanwhile, this created a stronger equatorial fountain
effect in the southern hemisphere than that in the northern
hemisphere, with more E × B drift through longitudinally
dependent dynamo process occurring south of the equator
[44–46]. For the diurnal variations shown in Figures 2C, D, [47]
considered that this variation was the result of the equatorial particle
fountain (EPF) effect during the day and the E × B drift velocity
during the night. The seasonal variations appeared in the SAA and
IO regions, which indicated the TEC was dependent on the seasons.
The characteristics were consistent with the results of [21].

3.2 First mode

Figure 3A presents the EOF1 in the SAA regions. The two
maximum area are distributed around 100°W, 10°N and 26°S, and
the phenomenon of EIA only exists between 100°W and 50°W. The
peak regions of 100°W to 75°W still exist, and they distributed on
both sides of 12°S, which reflects the symmetrical distribution of EIA
in South America. Besides, EOF1 appears to decrease from south to
north between 50°W and 20°E. Figure 3B displays the EOF in the IO

FIGURE 2
(A) TEC time-averaged maps (1/cm2) derived from the TIEGCM simulations of SAA region. (B) TEC time-averaged maps (1/cm2) derived from the
TIEGCM simulations of IO region. (C) The diurnal and seasonal variations of TEC in the SAA region. (D) The diurnal and seasonal variations of TEC in the
IO region.
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region. As Figure 3B shows, there is a peak around 135°E and 10°S.
Moreover, the EOF decreases from north to south between 100°E
and 140°E, and the maximum in the IO region is one peak, which
reflects the distribution of EIA in central Pacific. There is a decrease
in the zonal direction in EOF1 in the SAA and IO region, which is
also consistent with the characteristics in MEAN TEC, and the
combined analysis of the two graphs shows that the minimum
region of EOF1 is between 25°W and 75°E. As shown in Figures 3C,
D, the result of Ti is divided into two dimensions, with the vertical
axis representing 24 h and the horizontal axis representing 364 days.
The maximum of T1 occurs at 18:00LT, and minimum of T1 occurs
at 4:00LT in the SAA region.While the maximum of T1 occurs at 10:
00LT, and minimum occurs at 16:00LT in the IO region. For the
seasonal variation, T1 is less in June, July and December than in
other months in the SAA and IO regions.

Compared with MEAN TEC, EOF1 highlighted the maximums
of four-peak structure, the bimodal structure in the SAA region
accords with the distribution of EIA, as the research of [44]. The
E × B drift produced the EPF effect with particles settling on both
sides of the equator. Besides, this variation in the zonal direction
might be related to the change of the lower tide, namely, the
dynamo effect in region E [48]. Due to the deviation of the
geomagnetic field, the maximum in the SAA region tended to
be south of the equator, while the maximum in the IO region
occurred near the equator. There were zonal variations of EOF1 in
the SAA and IO regions, which had been attributed to variations in
tides. [49] thought the tides would act on variations at E-layer

because of the heat exchange and radiative absorption, which
caused the zonal variation in the SAA and IO regions. In the
research of [50], the thermospheric zonal wind also shows a similar
variation. Furthermore, the seasonal variation shown in Figures
3C, D was consistent with the study by [21]. However, the
T1 maximum occurred at dusk in the SAA region, but at dawn
in the IO region. Annual variations in solar activity affected the
variations in the ionosphere over 1 year, and the intensity of the
EPF effect determines the variation of ionospheric intensity, and
the EOF method highlighted it.

3.3 Second mode

Figures 4A, B present the EOF2 in the SAA and IO regions.
EOF2 focuses on the peak in Africa and ignores the peak located in
South America in the SAA regions, and EOF2 have a single center
rather than a bimodal structure like EOF1. It shows decrease from
north to south in middle latitude in the SAA region. There is a peak
at 10°E around equator in the SAA region, and it exists a decrease
from east to west. Besides, the maximum located at 30°E around
equator in the IO region, and it exist a decrease from west to east and
from north to south. Moreover, the maximum area in the SAA
region is smaller than that in the IO region. Figures 4C, D present
the T2 in the SAA and IO regions. The maximum of T2 occurs at 11:
00LT in the SAA region, and the minimum occurs at 0:00LT, and
T2 is less in June and July in the SAA region. The maximum of

FIGURE 3
(A) EOF1 derived from the TIEGCM simulations in the SAA region. (B) EOF1 derived from the TIEGCM simulations in the IO region. (C) T1 derived from
the TIEGCM simulations in the SAA region. (D) T1 derived from the TIEGCM simulations in the IO region.
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T2 occurs at 18:00LT in the IO region, and the minimum occurs at 6:
00LT, and T2 is also less in June and July.

This EOF mode focused on the peak located in Africa.
Consistent with the first mode, the zonal variation was
influenced by the lower tides. Moreover, [48] made a
comparison between the electron density simulated by TIEGCM
and the electron density observed by IMAGE-FUV, which
explained the four-peaked longitudinal variation by the effects
of an eastward propagating zonal wavenumber-3 diurnal tide
(DE3). Besides, the longitudinal variations were relative with
solar radiation, and as the latitude increases, the particle
deposition decreases. Combined with T1 of the first mode, the
maximum of time distribution was mainly at noon and dusk, while
the daytime E × B drift and nighttime downward drift was
obvious. Furthermore, the various events of the vertical E × B
drift velocity variations at magnetic equator and the resultant
ionospheric featured at low and mid latitudes were researched, [47]
revealed the practical consequences of these E × B events on the
equatorial radio signal propagation and the good agreement found
with the results of SUPIM. In the second mode, the EOF results
showed that the results in the SAA region are more related to the
daytime, while the results in the IO region were more related to the
nighttime. This result was related to the characteristic of EOF
method. When combined with T1, it could be seen that both
daytime and nighttime E × B drift had an impact on Ti in the SAA
and IO regions, but the extent of the effect was different. SAA was
more affected at dawn, and IO was more affected at dusk.

3.4 Third mode

Figures 5A, B present the EOF3 in the SAA and IO regions.
Figure 5A shows EOF3 in the SAA region, and it shows zonal
variation in low and middle latitudes. There are two minimum
areas, which occur around at 45°W,36°S and 50°W,10°N, and the
maximum of EOF3 exist near the low latitudes of 100°W and 20°E.
Besides, EOF3 increases from 50°W to 100°W and from 40°W to
20°E. Figure 5B shows EOF3 in the IO region. The minimum is
around at 85°E and 10°S, and the maximum is around 23°E and
140°E. The decline of EOF3 from north to south can also be seen in
the IO region. Figures 5C, D present the T3 in the SAA and IO
regions. Both figures have distinct seasonal and diurnal features.
The maximum of T3 occurs around 8:00LT in the SAA region, and
the minimum occurs around 18:00LT. The maximum of T3 occurs
around 5:00LT in the IO region, and minimum occurs at 15:00LT.
There is 3-h lag in the SAA region. Moreover, there are similar
characteristic in the SAA and IO regions. The minimum occurs in
June and July in the SAA and IO regions, and the dawn-dusk
variation appears in both regions.

As shown in Figures 5A, B, the zonal variations occurred. The
maximum areas near 23°E in the two figures corresponded to each
other, which could be seen as the four-peak structure is a
prominent feature of EIA structure. Although the third mode in
the EOF method had a small proportion of variability (3.98% and
5.24%), it still had a clear distribution feature. The maximum were
the South America and Africa parts of the four-peak structure.

FIGURE 4
(A) EOF2 derived from the TIEGCM simulations in the SAA region. (B) EOF2 derived from the TIEGCM simulations in the IO region. (C) T2 derived from
the TIEGCM simulations in the SAA. (D) T2 derived from the TIEGCM simulations in the IO region.
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Similar to the first two modes, the solar activity was the main
reason for the seasonal variation, and the low tides determined the
zonal variation.

3.5 Correlation analysis

Figure 6A shows monthly average TEC in two regions. TEC in
the SAA region is higher than that in IO throughout the year
particularly from January to April and October to December This
might be because there is more particle deposition in the SAA
region than that in the IO region [15,16]. Besides, TEC from June
to August in the two regions are similar. TEC differ markedly in
other months, with less values in the IO region. To compare the
influence to ionosphere TEC from geomagnetic field and particle
deposition in two regions, the correlation analysis is performed
between TEC and Dst. Figure 6B show the hourly TEC in the SAA
region and the Dst index during 2002. Figure 6C show the hourly
TEC in the IO region and the Dst index during 2002. The
correlation coefficient between TEC and Dst is −0.0248 in the
SAA region and 0.0534 in the IO region. However, some research
show TEC should be related with geomagnetic activities. [51–53],
and the result is contrary to expectations. Therefore, there is
reason to believe that the TIEGCM is flawed in the impact of
geomagnetic activities, and this flaw may be caused by inadequate
simulations of the geomagnetic field and particle deposition in
the SAA region.

4 Conclusion

In this paper, the ionospheric TEC distribution was simulated by
TIEGCM model in the SAA and IO regions in 2002, and EOF
method is carried out on these data, and the spatiotemporal variables
are separated. The three modes account for 94.7% and 94.3%
respectively in the SAA and IO, which represent the basic
characteristics of the spatial and temporal characteristic of TEC.
In addition, a comparison of TEC between SAA and IO region is
performed. Besides, the correlation coefficient between TEC and Dst
is done in the SAA and IO regions.

According to the MEAN TEC of the SAA and IO regions, the
existence of EIA four-peak structure can be seen. EIA in the SAA
region is distributed on both sides of 12°S, while EIA in IO region
is distributed on both sides of the equator. Both meridional and
zonal variations exist in the MEAN TEC, which may because of
the larger magnetic inclination in the SAA region. The first mode
accounts for 65.59% and 48.49% of the data variability in the SAA
and IO regions respectively. EOF1 reflects the zonal distribution
of TEC and the main part of four-peak structure, which is
considered to be caused by the difference of geomagnetic field
and atmospheric tide, and the enhancement of TEC in SAA
region at dusk is emphasized, but the enhancement of TEC in IO
region at dawn is emphasized in the first mode. The second mode
accounts for 25.22% and 40.60% of the data variability in the SAA
and IO regions. EOF2 reflects the zonal and meridian variations,
which is closely related to solar radiation and EPF effect. In

FIGURE 5
(A) EOF3 derived from the TIEGCM simulations in the SAA region. (B) EOF3 derived from the TIEGCM simulations in the IO region. (C) T3 derived from
the TIEGCM simulations in the SAA region. (D) T3 derived from the TIEGCM simulations in the IO region.
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combination with the two modes, the SAA region is susceptible to
the related physical processes during the day, and the IO region is
susceptible to the processes at night. The third mode accounts for

3.98% and 5.24% of the data variability in the SAA and IO
regions. EOF3 reflects the strong-weak-strong structure of
TEC varying with longitude.

FIGURE 6
(A)Monthly average TEC in the SAA and IO regions in 2002. (B)Hourly TEC in the SAA region and Dst index in 2002. (C) Hourly TEC in the IO region
and Dst index in 2002.
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As for the temporal variations, the variation of ionospheric TEC
shows obvious diurnal and seasonal variations in the SAA and IO
regions. TEC value in spring and autumn are lower than those in
summer and winter in the southern hemisphere, particularly from
January to April and October to December. The EOF methods can
separate the dawn-dust variations of TEC. Besides, by comparing the
correlation of TEC and Dst between SAA and IO region, we found
the difference is not significant. This result indicates that there are
some deficiencies in simulation to the specificity of SAA, and the
deficiencies are likely caused by the model’s inaccurate simulation of
the magnetic field and particle deposition in the SAA region.
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