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Abstract The topside total electron contents (TECs) observed by the MetOp‐A (above 832 km) and
TerraSAR‐X (above 520 km) satellites for multiple local times during 2008–2018 have been used to
develop global topside ionospheric and plasmaspheric TEC models, based on empirical orthogonal function
(EOF) analysis. Gridded TEC maps are first obtained from the original quiet time TECs, and then, they are
decomposed into EOF basis modes and associated amplitude coefficients. The EOF analysis well
captures the latitudinal, longitudinal, and seasonal variations of the topside ionosphere and plasmasphere,
and the associated dependence on solar EUV forcing. The first five EOFs, which can account for more than
98.8% of the total variance, are applied in model construction. The comparison with two empirical
models indicates that the EOF TECmodels can reproduce the observations well, including TEC magnitudes
and longitudinal variations. Moreover, the annual anomaly is obviously seen in the topside TECs. The
global averaged TECs are greatest in December and smallest in June. With increasing solar EUV forcing, the
global averaged TECs always increase, but the winter hemisphere TECs do not change much and even
decrease, especially at night and in the Southern Hemisphere. The overall increasing rate with solar
EUV forcing is larger under higher solar activity conditions. The direct plasma diffusion through
ionosphere‐plasmasphere coupling may not be able to explain some of the features seen in the topside TECs.

1. Introduction

The plasma environment surrounding the Earth varies in different height regions (Kelley, 2009; Prölss,
2004). The F2 region of the ionosphere has the greatest plasma density, and it is controlled predominantly
by chemical and electrodynamic processes. With increasing altitude, the plasma becomes tenuous, and
transport processes are of greater importance. The dominant ion composition is O+ in the ionospheric F2
peak, but it turns to be H+ at higher altitudes. The topside ionosphere is generally from the F2 peak up to
the O+

‐H+ transition height, and the region above is referred to as the plasmasphere (Schunk & Nagy,
2009). The ionospheric F2 region has been investigated extensively, but the topside ionosphere and plasma-
sphere have still been less studied, due to relatively sparse observations in the topside region. Since the top-
side ionosphere and plasmasphere account for a considerable proportion of total electron content (TEC)
(Yizengaw et al., 2008), they have a significant impact on Global Navigation Satellite System (GNSS) high‐
precision measurements and applications, especially for navigation requirements of satellite platforms
(Montenbruck & Gill, 2002). For the improvement of space weather forecasts and the mitigation of propaga-
tion errors in GNSS applications, it is necessary to develop an empirical model of the topside ionosphere
and plasmasphere.

Modeling electron densities of the topside ionosphere and plasmasphere has always been a challenge. Based
on a small amount of data and a lot of assumptions, some empirical models predict global electron density
distribution up to the plasmasphere. The NeQuick ionosphere electron density model uses a simple formu-
lation for the region above the F2 peak, which is essentially a semi‐Epstein layer with a height‐dependent
thickness parameter (Nava et al., 2008). The Global Core Plasma Model (GCPM) is smoothly coupled to
the International Reference Ionosphere (IRI) 2007 model at transition altitudes of 400–600 km and provides
empirically derived plasma density in the plasmasphere (Gallagher et al., 2000). The IRI‐PLAS model repre-
sents empirical global vertical profiles of electron density, gradually fitted to the IRI model at 1,000 km
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altitude and extends toward the plasmapause up to 36,000 km (Gulyaeva & Gallagher, 2007). However, the
plasma density profile above the F2 peak is often reconstructed based on the assumption of O+

‐H+ diffusive
equilibrium with constant scale heights, which could lead to an artificial exponential‐like shape (e.g., Bilitza
et al., 2006; Stankov et al., 2003). In these empirical models, the plasma distribution of the topside iono-
sphere and plasmasphere is obviously affected by the ionospheric peak density, as the topside region is
usually assumed to be an altitudinal extension of the ionospheric F2 region. Whether exponential‐like pro-
files and altitudinal extensions of the F2 region are suitable for modeling the topside ionosphere and plasma-
sphere has not been properly examined.

Recently, the topside TECs obtained by low Earth orbit (LEO) satellites have not only given a global view of
the topside ionospheric and plasmaspheric electron densities during space weather events (e.g., Astafyeva
et al., 2015; Lei et al., 2014; Mannucci et al., 2005; Zhong et al., 2016), but also illustrated climatological fea-
tures of the topside ionospheric and plasmaspheric TEC with longitude, season, and solar activity during
geomagnetically quiet periods (e.g., Lee et al., 2013; Pedatella et al., 2011; Shim et al., 2017; Zhong et al.,
2017). Lee et al. (2013) demonstrated that with increasing solar extreme ultraviolet (EUV) forcing, the top-
side ionospheric and plasmaspheric TEC is enhanced greatly during solar minimum, while it increases
much slowly under solar maximum conditions. Shim et al. (2017) indicated that the topside ionospheric
and plasmaspheric TEC is smallest during the June solstice but greatest around the equinoxes, especially
under solar maximum conditions. Zhong et al. (2017) found that the topside TEC presents a maximum dur-
ing the June solstice and a minimum during the December solstice over the Pacific Ocean, but opposite
behavior occurs over the American sector.

Although many studies using the LEO‐based TEC have been conducted, there is still no comprehensive
empirical model for the TEC. Chen et al. (2017) adopted spherical harmonic functions to model the topside
ionospheric and plasmaspheric TEC above 800 km as a function of latitude and the sun angle, but longitude,
day of year, and solar flux have not been discussed in the model construction. In climatology models, the
empirical orthogonal function (EOF) analysis is generally used as a key algorithm to precisely construct
the ionospheric parameter (e.g., A et al., 2012; Zhao et al., 2005). Though there has been a long‐term data-
base of more than 10‐years continuous observations, the LEO‐based TEC model based on EOF analysis
has still not been developed.

In this study, the upward looking TECs from the MetOp‐A and TerraSAR‐X satellites are used to develop
topside ionospheric and plasmaspheric TEC models, based on EOF decomposition and regression analysis.
The main EOF basis modes and associated amplitude coefficients are evaluated, and the performance of the
models is then assessed. In addition, the EOF TEC models are validated and compared with observations
and two empirical models. Moreover, with the developed EOF TECmodels, we further investigate the clima-
tological features of the topside ionosphere and plasmasphere.

2. Data

In this work, the topside TECs obtained by the MetOp‐A and TerraSAR‐X (TSX) satellites from 2008 to 2018
are used. MetOp‐A is a polar‐orbiting meteorological satellite at 09:30/21:30 LT, its orbital inclination is
98.7° and altitude is 832 km (Edwards et al., 2006). TSX is an imaging radar Earth observation mission, it
is in a near‐polar orbit with 97.44° inclination at 520 km with observed LTs of 06:00/18:00 (Buckreuss
et al., 2003). The altitudes of MetOp‐A and TSX and the solar radio flux at 10.7 cm (F10.7) from 2008 to
2018 were displayed in Figure 1. We can see that this period includes almost a complete ascending and des-
cending phase of the current solar cycle.

The detail of the LEO‐based TEC retrieval is described in Yue et al. (2011) and Zhong et al. (2016). The var-
iations of the differential code bias (Zhong et al., 2016c), as well as the vertical TEC mapping function tech-
niques (Zhong et al., 2016d) for LEO satellites have been examined, which could enhance the reliability of
the topside TEC. We suggest that the accuracy of the LEO‐based slant TECs can be about 1–2 TECU. The
TEC data with elevation angle less than 50° are removed, to minimize the slant‐vertical TEC conversion
error. To further improve the data quality, only TEC observations with continuous arc longer than 5 min
are used. To mitigate the influence of geomagnetic activity on the statistical results, the daily averaged Kp
is selected to be lower than 3.
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3. Methodology

The nearly 11 years of LEO‐based TEC data are utilized to determine the dominant spatial pattern and tem-
poral variability of the topside ionosphere and plasmasphere based on EOF analysis. The EOF analysis
decomposes the original data set into two factors, orthogonal basis modes and associated amplitude coeffi-
cients (Lorenz, 1956). The orthogonal basis mode, which is also referred to as EOF, is defined as a function
of geographic longitude and latitude to represent the spatial pattern in this study. The amplitude coefficient
contains a time‐varying scalar amplitude of the spatial pattern. The temporal resolution of the amplitude
coefficients is 1 day. By preserving the spatial patterns that capture most of the observed variance, the
EOF analysis enables dimensionality reduction of the original data set (Hannachi et al., 2007;
Preisendorfer, 1988).

To achieve a successful EOF decomposition, a uniform global grid with a horizontal resolution of 15° × 5° in
geographic longitude and latitude is set up. The binned results in one day are obtained by using a median
filter with a 9‐day sliding window. To make a complete global coverage, interpolation is applied for the
empty grids. The two‐dimension gridded data with p points on the jth day are arranged as a column vector
xj, then the total gridded data of n days are combined together to create a full data set X as follows:

X ¼ x1; x2;⋯; xnf g (1)

The original aim of EOF is to achieve a decomposition of the continuous space‐time fieldX into space fieldV
and associated time field Y as follows:

X ¼ VY (2)

Here a square matrix A is defined as follows:

A ¼ XX′ (3)

According to the orthogonality constraint of the EOF analysis, the space field V can be obtained from the
eigenvectors of the square matrix A after applying eigen‐decomposition:

V ¼ v1; v2;⋯; vp
� �

(4)

where the column vector vi denotes the i
th eigenvector of A. As the eigenvectors of A are orthogonal, they

can be used to represent the original data set in a new basis; hence, they are referred to as the basis modes
of EOF. The variance is obtained as a percentage of each eigenvalue ofA to the sum of all eigenvalues, which
represents the contribution of the corresponding eigenvector. Then the basis modes are sorted by the
decreasing order of the variance.

Figure 1. Variations of daily mean orbital altitudes for MetOp‐A (blue) and TSX (green) from 2008 to 2018. The solar
F10.7 flux (gray dots) and its 81‐day moving average (red) are also shown. A sketch of a typical electron density profile
(dashed gray line) at noon in the equatorial region during the March equinox and solar medium calculated from the
International Reference Ionosphere 2007 model is also displayed for reference.
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The amplitude coefficient matrix Y of the basis modes can be simply obtained from

Y¼V′X (5)

and it is expressed as follows:

Y ¼ y1; y2;⋯; ynf g (6)

Where the column vector yj contains the amplitudes of all basis modes on the jth day. Note that the matrix V
of EOF basis modes is obtained from the 9‐day sliding gridded data set, since it provides a greater global cov-
erage and produces more accurate spatial patterns. To obtain more actual amplitude coefficients, the 1‐day
gridded data without interpolation are used. On the jth day, the amplitude coefficient vector yj

one of all basis
modes is obtained from the 1‐day gridded data set xj

one as follows:

yonej ¼V′xonej (7)

As a few top EOF basis modes could explain most of the variance, thus we can reduce the large number of
variables of the original data to a few variables, but without compromising much of the variability. In this
study, only the first five EOF basis modes are used, which will be discussed later. Finally, EOF models of
LEO‐based TECs are constructed through regression analysis to fit the amplitude coefficients with day of
year and the solar activity index. To better represent the variation of solar activity, the Mg II index is used
(http://www.iup.uni‐bremen.de/gome/gomemgii.html), since the solar radio flux at 10.7 cm (F10.7) might
not represent the solar EUV radiation well during solar minimum. The Mg II index is scaled to F10.7 in
the same unit of sfu by the formula ofM10.7 = 8083*MgII‐1154, based on a linear relationship between them
from 1978 to 2006 (Ruan et al., 2018). Then, the amplitude coefficients of each basis mode are fitted as the
following form:

y ¼ ∑
1

i¼0
∑
1

j¼0
∑
2

k¼0
Ti
solar1T

j
solar2T

k
season (8)

Ti
solar1 ¼ aiM10:7 (9)

Tj
solar2 ¼ bjMa10:7 (10)

Tk
season ¼ ck sin

2 πkDoy
365:25

� �
þ dk cos

2 πkDoy
365:25

� �
(11)

whereM10.7 andMa10.7 denote the scaled Mg II index and its 81‐day sliding averaged value,Doy denotes day
of year. After the amplitude coefficients are fitted, we can reconstruct the observations using equation (2).

In order to assess the model performance, the root‐mean‐square error (RMSE) and mean absolute error
(MAE) between the observed TEC (TECobs) and modeled TEC (TECmod) are calculated as follows:

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n
∑
n

i¼1
TECmod

i −TECobs
i

� �2s
(12)

MAE ¼ 1
n
∑
n

i¼1
TECmod

i −TECobs
i

		 		 (13)

where n is the total observation number.

4. Results

To demonstrate the dominant spatial pattern and temporal variability of the LEO‐based TEC, the first five
EOF basis modes and the associated amplitude coefficients for the MetOp‐A TEC at 09:30 LT are shown in
Figure 2. For the first EOF basis mode (EOF1), the ratio of its contribution to the total variance was 96.39%,
which suggests that it captures most of the observed variance. Note that EOF1 generally represents the
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averaged TEC distribution and only has a positive sign as displayed in Figure 2a. The global distribution of
EOF1 was symmetric with respect to the dip equator, and it was much greater at low and middle
geomagnetic latitudes, which indicate that the spatial structure of the TEC is closely affected by the
pattern of the geomagnetic field. In addition, the spatial pattern of EOF1 displays a monotonically
decreasing latitudinal gradient from the dip equator to higher latitudes and exhibits a rapid drop at
around 40° geomagnetic latitudes. This latitudinal gradient might be associated with the shape of the
plasmasphere, as the plasmasphere is usually confined by the geomagnetic field lines at L‐shell of 4‐5
(Carpenter & Anderson, 1992), so that the TEC integral path inside the plasmasphere decreases with
increasing latitude (c.f. Figure 1 in Yizengaw et al., 2008).

The associated amplitude coefficients and the fitted results are shown in the right panels of Figure 2. The
obtained amplitudes of EOF1 presented a significant long‐term variation, which generally increased from
2008 to 2014, and then decreased during 2015–2018. This long‐term variation implies that the magnitude
of the averaged TECs was largely controlled by the solar EUV forcing (c.f. Figure 1). On the annual time
scale, the amplitudes mainly illustrated a strong annual variation, with maximal values occurring around
December, and minimal values appearing near June. This annual variation is similar to the annual

Figure 2. Variations of (left) the first five EOFs as a function of longitude and latitude and (right) the time series of the observed (black dots) and fitted (red dots)
EOF amplitudes for MetOp‐A TEC at 09:30 LT. The contour dashed lines of 0° and ±40° geomagnetic latitudes are plotted in the left panels. The green dashed
and black solid vertical lines in the right panels indicate June and December solstices, respectively. The percentage of the total variance captured by each EOF
and the accumulated variance are shown in the subtitle of the left panels. The correlation coefficient (r) between the observed and fitted amplitude time series are
shown in the subtitle of the right panels.
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anomaly of ionospheric NmF2, which is defined as December NmF2 is on average greater than June NmF2
over the entire globe (Rishbeth et al., 2000).

As opposed to EOF1, EOF2 has both positive and negative values. The variance ratio of EOF2 was 2.24%,
which was much less than that of EOF1, but it was still obviously greater than the other EOFs. Note that
more than 98% of the total variance was included in the first two EOFs. It is clear that the spatial pattern
of EOF2 was highly hemispherically asymmetric. It showed two significant peak regions mainly at low
and middle latitudes but with opposite signs. One peak region was located over the central and north
Pacific Ocean at 150°–240° longitudes, while the other one was over South America and the south
Atlantic Ocean region at 300°–360° longitudes and extended to higher latitudes in the Southern
Hemisphere. In the latitudes above 40°, the absolute values in the Southern Hemisphere were greater than
those in the Northern Hemisphere. In addition, the values at middle and high latitudes in the Southern
Hemisphere were relatively low at 180°–270° longitudes. The amplitudes of EOF2 demonstrated a remark-
able annual variation, with maximal andminimal values near the December and June solstices, respectively.
These indicate that the TECs over the Pacific Ocean are much larger during the June solstice and turns to be
much lower during the December solstice and vice versa for the TECs above South America and the Atlantic
Ocean region (Zhong et al., 2017). During the equinoxes, the amplitudes were close to zero, which implies
that the spatial pattern of EOF2 was not imposed around the equinoxes. Overall, EOF2 represents a signifi-
cant summer‐to‐winter annual variation. Additionally, the amplitudes as a function of time became larger
during higher solar activity conditions from 2011 to 2015.

The variance ratio of EOF3 was only 0.26%. In the spatial pattern, the values were mainly positive and large
at high geomagnetic latitudes, especially near theWeddell Sea region at 240°–300° longitudes (Bellchambers
& Piggott, 1958). Additionally, most values at low and middle latitudes were negative. Between middle and
high latitudes, the boundaries around ±40° geomagnetic latitudes clearly distinguished the regions with
positive and negative values. Since the TEC raypath length inside the plasmasphere at lower latitudes is
much longer than that at higher latitudes, the proportion of the plasmaspheric plasma in the TEC at low
and middle latitudes should be much higher, while the plasmaspheric contribution on the TEC in the high
latitude region is relatively small. Thus, the opposite signs of these two latitudinal regions illustrate that the
increasing rates with solar EUV forcing for the plasmasphere and ionospheric F2 region are different. In
Figure 2f, the overall relative variation of the amplitudes was similar to that of the solar activity. The ampli-
tudes were generally negative during solar minimum, while they turned to be nearly positive under solar
maximum conditions. The EOF3 combined with the amplitudes suggest that the increasing rate with solar
EUV forcing for the ionospheric F2 region is much greater than that for the plasmasphere. In addition, the
amplitudes presented maximal (minimal) values around the June (December) solstice during solar mini-
mum. As for high solar activity conditions, the amplitudes exhibited maximal values near both solstices
and minimal values around the equinoxes.

The spatial pattern of EOF4 showed a nearly inverse distribution, as compared with that of EOF2. But the
peak region over the Pacific Ocean extended to the Asian sector. The amplitudes of EOF4 illustrated a strong
annual variation, with maximal values occurring around December and minimal values appearing near
June under lower solar activity conditions, but showed contrasting behavior during solar maximum. The
spatial pattern of EOF5 exhibited some peaks at low and middle latitudes, but the amplitudes showed
large scatter.

The first five EOFs and associated amplitude coefficients for the MetOp‐A TEC at 21:30 LT are shown in
Figure 3. Overall, the first three EOFs are almost the same as those at 09:30 LT (Figure 2), while EOF4
and EOF5 are totally different. The spatial pattern of EOF1 was also symmetric with respect to the dip equa-
tor and was much greater at low and middle geomagnetic latitudes. Compared with those at 09:30 LT, the
amplitudes of EOF1 at 21:30 LT displayed a similar temporal variation but were smaller during solar max-
imum. This indicates that EOF1 at 09:30 LT was more sensitive to the solar EUV forcing, probably due to
the daytime period.

The spatial pattern of EOF2 at 21:30 LT also presented two peak regions at the same locations, though the
peak over the Pacific Ocean was relatively weaker. In addition, the values at middle and high latitudes in
the Southern Hemisphere were relatively small at 30°–90° longitudes, different from those at 09:30 LT.
This longitudinal difference between these two LTs could be related to the combined effects of different
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geomagnetic declinations and thermospheric zonal winds (e.g., Zhang et al., 2012). The amplitudes of EOF2
at these two LTs showed almost the same behavior.

In the spatial pattern of EOF3, there were also more positive values at high latitudes, and mainly negative
ones at low and middle latitudes, though there was a positive peak over the Pacific Ocean at low latitudes.
The longitude/LT difference can be also observed in the Southern Hemisphere. The sign of the amplitudes
of EOF3 was also opposite under low and high solar activity conditions. Under solar maximum conditions,
the maximal values appeared near the equinoxes and the minimal ones occurred around the solstices. The
spatial pattern of EOF4 showed two peaks at middle latitudes around 200° longitude, and displayed some
obvious negative values along the dip equator at other longitudes. The amplitudes of EOF4 illustrated a
strong semiannual variation, with maximal values occurring in the solstices and minimal values appearing
during the equinoxes. EOF5 had large positive values at high latitudes in the Northern Hemisphere and over
the Atlantic Ocean, whereas most of the values over the Pacific Ocean were negative. The amplitudes also
displayed alternatively positive or negative variations, mainly with maximal absolute values around
the solstices.

From the Lomb‐Scargle power spectra of the observed EOF amplitude coefficients (not shown), the domi-
nant periodic terms are the annual and semiannual components; thus, the present fitting formula with equa-
tion (11) should well capture the periodic variations of the TEC. We also found that using fitting formula
with higher fitting orders or with more fitting variables such as geomagnetic activity Ap/Kp index, the

Figure 3. Same as Figure 2 but for MetOp‐A TEC at 21:30 LT.
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model performance did not improve significantly. From the comparisons between the observed and fitted
amplitudes, the fitting performance is much better for the first three EOFs. This suggests that the
variations of the first three EOFs are regular and stable with season and solar EUV forcing. Overall, the
global topside TECs are primarily composed of the patterns of (1) the basic distribution concentrated at
low and middle geomagnetic latitudes controlled by the geomagnetic field, (2) the alternate change of the
two longitudinal peak regions between the solstices, and (3) the contrasting increasing rate with solar
EUV forcing in different latitude regions.

In order to investigate the effect of the number of EOF basis modes on model performance, the RMSE,
MAE, and correlation coefficient between the observed and modeled TECs are examined with different
EOF numbers. In Figure 4, we find that with only the first three EOFs, the models can reach a high fide-
lity, as the first three EOFs can account for the most observed variance. It seems that the accuracy did not
get much better, when the number of EOF was greater than 5. To further demonstrate the model perfor-
mance with the first five EOFs, the comparisons between the observed and modeled TECs are presented
in Figures 5a–5b. The data points are mainly distributed along the diagonal line. The correlation coeffi-
cients between the observed and modeled TECs for these two LTs were 0.924 and 0.906, respectively.
The histograms of the difference between the observed and modeled TECs are shown in Figures 5c–5d.
Most of their differences were less than 1 TECU. The RMSE and MAE were 0.850 and 0.645 TECU for
09:30 LT and 0.862 and 0.655 TECU for 21:30 LT, respectively. Thus, to keep a great balance between
dimensionality reduction and model accuracy, we suggest that the first five EOF basis modes are suffi-
cient for the topside TEC modeling.

The same EOF analysis and modeling are also applied to the TSX TEC. Figure 6 shows the EOF basis modes
and the associated amplitude coefficients for the TSX TEC at 06:00 LT. The first three EOFs are similar to
those of the MetOp‐A TEC. The main difference is that EOF2 and EOF3 of the TSX TEC at 06:00 LT had

Figure 4. The total variance, correlation coefficient (r), root‐mean‐square error, and mean absolute error between the
observed and modeled TECs as a function of EOF number for MetOp‐A TEC.
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much greater absolute values at high latitudes in the Southern Hemisphere from 300° to 100° longitudes,
which might be due to the effect of the Weddell Sea Anomaly (Bellchambers & Piggott, 1958). Note that
the variance ratios were 91.18% for EOF1 and 6.38% for EOF2, which indicates that seasonal/longitudinal
variation might be more important for the TSX TEC at 06:00 LT. In addition, EOF4 and EOF5 had
relatively higher variance, and their amplitudes can be well modeled.

Figure 7 shows the results for the TSX TEC at 18:00 LT. The spatial patterns and amplitude coefficients were
very different from the other cases. The overall amplitudes became much larger, especially under solar max-
imum conditions. For the spatial pattern of EOF1, the values were much larger along the dip equator and
within a smaller latitudinal range. The amplitudes of EOF1 displayed semiannual variation, with maximal
values occurring during the equinoxes and minimal values appearing during the solstices. This variation is
similar to the ionospheric semiannual variation, which is defined as NmF2 is greater during the equinoxes
than during the solstices (Rishbeth et al., 2000). The two peaks of EOF2 were more concentrated at the dip
equator and with larger longitudinal ranges. The spatial pattern of EOF3 behaved differently. It had large
values along the dip equator, accompanied with two negative bands at either side. The amplitudes of
EOF3 had positive values near the equinoxes during solar maximum. The spatial patterns of EOF4 and
EOF5 mainly exhibited some peak values at low geomagnetic latitudes, but their amplitudes were discrete.
The distinct EOF spatial patterns for the TSX TEC at 18:00 LT were probably associated with the uplift of the
ionosphere near dusk by the prereversal enhancement (Zhong et al., 2017). Near dusk, the equatorial ioni-
zation anomaly structure is a common phenomenon in the ionosphere (Balan & Bailey, 1995). Though two
equatorial ionization anomaly crests are obviously separated at the peak height, they generally merge into
one crest near the magnetic dip equator in the topside ionosphere.

Figure 5. Comparison (top) between the observed and modeled TECs and the histogram of their difference (bottom,
model values minus observations) for MetOp‐A TEC. The number of EOF mode is 5. The correlation coefficient (r),
root‐mean‐square error, and mean absolute error are also given in the panels.
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The model performance for the TSX TEC is shown in Figure 8. Overall, the data points are mainly distrib-
uted along the diagonal line (Figures 8a–8b). The correlation coefficients were 0.900 and 0.954 for the
TSX TECs at 06:00 and 18:00 LT, respectively. In addition, the RMSE and MAE were 0.987 and 0.744
TECU at 06:00 LT and 1.682 and 1.037 TECU at 18:00 LT, respectively.

5. Discussion

The EOF TECmodels have been developed by extracting the EOF basis modes and then fitting the associated
amplitude coefficients. To validate the EOF TEC models, two ionospheric and plasmaspheric empirical
models, GCPM (Gallagher et al., 2000) and IRI‐PLAS (Gulyaeva &Gallagher, 2007), have been used for com-
parison. These two empirical models are based on the IRI model (Bilitza & Reinisch, 2008) and include plas-
maspheric extensions. Both empirical models were run for a default case; the date for the model runs was
selected on the June solstice (day 173) in 2016, with F10.7 of 82.9 and daily Kp of 0.64. Figure 9 shows the
TECs from the observations, EOFmodel, GCPM, and IRI‐PLAS, respectively. The TEC observations at these
two LTs have a similar global distribution, although the magnitude of the TEC maximum at 09:30 LT was
greater. The EOF TEC models were able to reconstruct the global TEC distribution very well. Specifically,
the EOF TEC models captured the locations of TEC maxima and minima and accurately illustrated the var-
iations of the latitudinal TEC gradient. The TECs from GCPM and IRI‐PLAS showed significant differences
from the observations and EOF TECmodels, especially for the TECmagnitudes and longitudinal structures.

Figure 6. Same as Figure 2 but for TSX TEC at 06:00 LT.
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The GCPM TECs showed apparently high values at low geomagnetic latitudes of almost all longitudes. This
TEC distribution from GCPM suggests that GCPM cannot reproduce the longitudinal structures of the TEC
and overestimated most of the TEC at low latitudes. The IRI‐PLAS TECs were clearly different for the two
LTs. At 09:30 LT, there was an obvious narrow crest along the dip equator. At 21:30 LT, the TECs in the
Northern Hemisphere were greater than those in the Southern Hemisphere, but the global TEC
magnitude was relatively low. Additionally, it seems that the IRI‐PLAS TECs were overestimated over the
middle and high latitudes, especially at 09:30 LT. Overall, the EOF TEC models could reproduce the
observations much better than the current empirical models.

From the comparison results, as those shown in Figure 9, the current empirical models still have difficulty in
predicting the variations of the topside ionosphere and plasmasphere. The main reason might be that the
data set used in the model development of the topside ionosphere was sparse. Additionally, in the current
empirical models, the electron density in the topside region might be assumed to be in diffusive equilibrium
and strongly driven by the electron density of the F2 region. The altitudinal extension may not be suitable, as
the electron densities in the topside ionosphere are strongly affected by electron temperature and ambipolar
diffusion (Liu et al., 2016). This implies that the model developments for the ionospheric F2 region and top-
side region should be treated carefully, and sometimes separately, and the physical processes working in the
topside ionosphere and plasmasphere need to be taken into account.

Figure 7. Same as Figure 2 but for TSX TEC at 18:00 LT.
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The seasonal/longitudinal variations are prominent in the topside ionosphere and plasmasphere, but they
are still not well understood due to the sparse and discontinuous data set (Su et al., 2016; Zhong et al.,
2017). To further validate the EOF TEC models and investigate the seasonal features in the topside region,
Figure 10 shows the TECs at the dip equator as a function of day of year for different longitudes under solar
medium conditions (F10.7 = 100). The TECs showed apparent seasonal variations. For the MetOp‐A TEC at
09:30 LT (Figure 10a), the annual anomaly was predominant at most of the longitudes, especially for 0°, 60°,
and 300° longitudes, as the TECs in December were greater than those in June. However, the TECs at 180°
longitude were greater near June, showing a nearly inverse annual anomaly. In addition, the semiannual
variation was not evident, since only the TECs at 120° longitude peaked near the equinoxes. The MetOp‐
A TECs at 21:30 LT (Figure 10b) showed similar variations at the dip equator, though the relative magnitude
between the longitudes was different. In addition, the TECs at 60° longitude exhibited a noticeable semiann-
ual variation. Moreover, around the equinoxes, all TECs generally had the same value, indicating much
smaller longitudinal differences. For the TSX TEC at 06:00 LT (Figure 10c), the semiannual variation was
visible at 60°, 120°, and 240° longitudes and even appeared at 0° and 180° longitudes, as the TECs were rela-
tively greater during the equinoxes. Additionally, it is interesting that, in a few days before the March equi-
nox and after the September equinox, the TECs at all longitudes were nearly the same.

The TSX TECs at 18:00 LT (Figure 10d) were different from the other cases. The semiannual and annual var-
iations were obviously seen at almost all longitudes, except at 300° longitude where only the annual anomaly
was observed. For the semiannual variation shown in Figure 10d, it is interesting that one peak was at the
March equinox, whereas the other one was about 50 days after the September equinox. In addition, the
inverse annual anomaly was not visible at 180° longitude. Overall, the annual anomaly is much more
obvious in the topside region than the semiannual variation, while both annual and semiannual variations
are significant in the ionospheric F2 region. The changing neutral composition due to the seasonal

Figure 8. Same as Figure 4 but for TSX TEC.
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Figure 9. Comparison of TECs from observations, EOFmodel, GCPM, and IRI‐PLAS above 832 km at 09:30 and 21:30 LT
on day 173 in 2016.

Figure 10. Variations of the TECs at the dip equator from the EOF models as a function of day of year for different long-
itudes under solar medium condition (F10.7 = 100). The vertical dashed lines indicate the equinoxes and solstices.
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thermospheric circulation is generally proposed to explain the semiannual variation of the ionospheric
NmF2 (Rishbeth et al., 2000), but the composition might not directly affect the plasma in the topside
region. The distinct annual variations of the topside region were always presented near 180° and 300°
longitudes, where the displacement between the geomagnetic and geographic latitudes maximizes.

For the solar activity dependence, Zhong et al. (2017) indicated that with higher solar activity conditions,
the topside ionospheric and plasmaspheric TEC in the winter hemisphere decreases. However, detailed
TEC variations with solar EUV forcing in a specific hemisphere are still not clear. Figure 11 shows the
global and hemispheric averaged TECs from the EOF models as a function of F10.7 in the equinoxes
and solstices. For the global average (Figures 11a–11d), all TECs increased with increasing solar EUV
flux, though there were seasonal differences. For 09:30 LT (Figure 11a), the TECs were greatest during
the December solstice. The TECs in the equinoxes were gradually greater than those during the June sol-
stice with increasing solar activity. For 21:30 LT (Figure 11b), the variations with solar EUV forcing were
similar to those at 09:30 LT, except that the TEC difference between the equinoxes was larger.
Additionally, the overall increasing rates at 09:30 LT were relatively larger than those at 21:30 LT, which
should be associated with the obvious solar EUV radiation forcing effect during the daytime. For 06:00 LT
(Figure 11c), the TECs at all seasons were nearly the same. For 18:00 LT (Figure 11d), all TECs were
about 5 TECU under low solar activity conditions (F10.7 = 80), but the TEC differences between seasons
became much larger with increasing solar activity, due to the different increasing rates. Overall, the global
averaged TECs increased with increasing solar activity. The averaged TECs of the topside region were
greatest during the December solstice and smallest during the June solstice. This is different from the sea-
sonal results in Shim et al. (2017), as they reported that the low‐latitude plasmaspheric density is overall
highest in the equinoxes. In addition, the increasing rate with solar EUV forcing was larger under higher
solar activity conditions, which is contrary to the results in Figure 6 in Lee et al. (2013), since they
showed a greater increasing rate during solar minimum.

Figure 11. Variations of the global (left), north hemispheric (middle), and south hemispheric (right) averaged TECs as a
function of F10.7 for different seasons. The panels from top to bottom show TECs at different LTs and altitudes. The
selected days of year for four seasons are days 81, 174, 267, and 357.
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For the Northern Hemisphere (Figures 11e–11h), an interesting feature is that the TECs at 21:30 LT during
the December solstice (northern winter) decreased with increasing solar EUV flux (Figure 11f), and in other
cases, the TECs were also smallest during the December solstice. The TECs during the June solstice (north-
ern summer) were generally comparable with or greater than those during the equinoxes. But the TSX TECs
at 18:00 LT during the June solstice were still lower than those during the equinoxes under higher solar
activity conditions (Figure 11h). For the Southern Hemisphere (Figures 11i–11l), the TECs showed a
remarkable difference between the summer and winter seasons. The TECs during the June solstice (south-
ern winter) usually did not change with solar EUV flux. At 21:30 LT (Figure 11j), the TECs even showed a
slight decrease. In addition, the TECs were always greatest during the December solstice (southern sum-
mer). Overall, the TECs in the winter hemisphere did not change much and even decreased with increasing
solar activity, especially during the nighttime and in the Southern Hemisphere.

The increases of greenhouse gases cause warming in the troposphere but cooling in the middle and upper
atmosphere in a long‐term scale (e.g., Laštovička et al., 2012; Qian et al., 2011). The cooling and contraction
of the thermosphere lower the ionospheric F1 and E regions and also increase their peak densities. However,
the changes in the ionospheric F2 region are complicated and still controversial, and the long‐term trend in
the topside ionosphere and plasmasphere has never been studied. To determine the trend in the topside
region, the observation‐model residual TECs within ±40° geomagnetic latitudes during 2008–2018 are
obtained as shown in Figure 12. The residual TECs are usually randomly distributed near the zero line. A
linear fitting of the residual TECs suggests that the long‐term trends of the topside ionospheric and plasma-
spheric TECs were−0.061, 0.023, 0.132, and−0.008 TECU (−1.08%, 0.48%, 2.58%, and−0.08%) per decade in

Figure 12. Variations of the daily mean residual TECs (black dots) between the observations and EOFmodels within ±40°
geomagnetic latitudes during 2008–2018. The red lines represent the linear fittings of the residual TECs. The linear trends
per decade are shown in the subtitle of each panel.
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the MetOp‐A TECs at 09:30, 21:30 LT, and TSX TECs at 06:00, 18:00 LT, respectively. During 2014–2016, the
descending phase of the solar cycle, the residual TECs were slightly negative. However, the residual TECs
behaved differently during the two solar minimums. The residual TECs were almost always negative in
2008 but were generally positive during 2018. Overall, the residual TECs did not exhibit a consistent and
monotonic trend. More data are needed to further study whether there is a long‐term trend in the topside
ionosphere and plasmasphere, and if so, what are the direction and magnitude of the trend.

In the future, this EOF modeling method will be applied to TEC data from more LEO satellites, such as the
Swarm and Jason satellites, which would significantly enhance our understanding of the topside ionosphere
and plasmasphere.

6. Conclusions

In this study, we construct global models of the topside ionospheric and plasmaspheric TECs at four local
times based on EOF decomposition and regression analysis using GNSS data from the MetOp‐A and TSX
satellites during 2008–2018. The first three EOF basis modes contain significant global spatial patterns.
EOF1 captures 91%–96% of the total variance; it interprets as a basic global mean distribution controlled
by the structure of the geomagnetic field, and displays monotonically decreasing latitudinal gradient from
the dip equator to higher latitudes. EOF2 represents a summer‐to‐winter annual variation and demonstrates
a hemispherical asymmetric longitudinal structure with two alternating peak regions at low and middle lati-
tudes. EOF3 illustrates contrasting increasing rates with solar EUV forcing at different latitudes, due to dif-
ferent proportions of the plasmaspheric plasma in the TECs in different latitude regions. This analysis
illustrates that the spatial patterns are strongly controlled by the geomagnetic field, while the TEC magni-
tudes are regulated by the solar EUV forcing and seasonal change. Using the first five EOF basis modes,
the TEC models can account for more than 98.8% of the total variance and reconstruct the observed TECs
with correlation coefficients greater than 0.9. In the comparisons with the empirical topside ionosphere
and plasmasphere models, the EOF TEC models perform much better than the empirical models, especially
for TEC magnitudes and longitudinal structures.

Based on the EOF TEC models, the climatological features of the topside ionosphere and plasmasphere
have been further analyzed. The annual anomaly is much more obvious in the topside region than the
semiannual variation. The distinct annual variations in the topside region are always presented near
180° and 300° longitudes, where the displacement between the geomagnetic and geographic latitudes
maximizes. The global averaged TECs are greatest during the December solstice but are smallest during
the June solstice. With increasing solar activity, the global averaged TECs always increase, but the
TECs in the winter hemisphere during the equinoxes do not change much and even decrease, especially
at night and in the Southern Hemisphere. In addition, the overall increasing rate with solar EUV forcing
is larger under higher solar activity conditions. Moreover, the observation‐model residual TECs do not
exhibit a consistent and monotonic trend. Our results imply that the simple and direct plasma diffusion
along the geomagnetic field lines for the ionosphere‐plasmasphere coupling may not be able to explain
some of the features seen in the topside TECs. In other words, plasma diffusion may be significantly
modulated by the configuration of the geomagnetic field and the particular dynamic processes in the top-
side ionosphere and plasmasphere.
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