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Abstract: In this paper, a statistical analysis of the diurnal, seasonal and solar cycle variation in the
TEC longitudinal difference in midlatitudes of East Asia is presented using CODE GIMs data in
2015-2019. Moreover, the empirical neutral wind model HWM-14 and geomagnetic field model
IGRF-2020 were employed to analyze the influence of geomagnetic configuration-neutral wind
mechanism on the TEC longitudinal difference, and the F2 layer peak electron density (NmF2) data
from the Constellation Observing System for Meteorology, Ionosphere and Climate (COSMIC) were
also used to study the role of local electron density in the TEC longitudinal difference. For the high
solar activity year, the results show that east-west TEC longitudinal difference index Remw is negative
in the noon and positive at evening-night. Moreover, the longitudinal difference of daytime TEC is
most evident in summer, less in autumn and least in spring and winter, while the nighttime differ-
ence is most obvious in equinox, followed by summer and winter during nighttime. The model
simulation shows that the TEC longitude difference around noon is mainly caused by the zonal
wind-declination mechanism, and a 4-h time delay seems to be an optimal result for the vertical
drift velocity to cause the longitudinal TEC difference during pre-noon hours. At night, the uplifting
electron flux, which is a product of local electron density and vertical drift velocity, shows a good
correlation with Rew, indicating that the local electron density is also an important factor affecting
the TEC longitudinal difference during the nighttime. Moreover, there was about a 3-h time delay
between the TEC longitudinal variations and the uplifting electron flux at night. For the low solar
activity years, the western TEC is greater than eastern TEC during most of the year except in the
summer nighttime. The TEC diurnal variation in the east and west suggested that the nighttime Re/w
should be related to other physical process, such as the midlatitude summer nighttime anomaly
(MSNA) in the east and the ionospheric nighttime enhancement (INE). The current study provides
evidence for the longitudinal difference of NmF2 in East Asian midlatitudes and geomagnetic con-
figuration-neutral wind mechanism proposed in previous studies and finds some new features
which need further studying to improve our current understanding of ionospheric longitudinal dif-
ference in the low solar activity years. The results provide new insight into TEC longitudinal varia-
tions at midlatitudes, and they can contribute to understanding the ionosphere-thermosphere cou-
pling system.

Keywords: TEC longitudinal difference; geomagnetic configuration; neutral wind; East Asia

1. Introduction

The ionosphere is a system with complex temporal-spatial variations. The time scale
of this highly coupled system varies from a few minutes to a solar cycle (~11 years). In
terms of latitudinal variation, the obvious structures include equatorial ionosphere anom-
aly (EIA), midlatitude trough (MIT) and so on [1-10]. On the other hand, the ionospheric
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longitude variations show different characteristics at different latitudes. There are wave-
4 structures in the equator and low latitudes [11-14], and this structure is related to the
electric fields generated by nonmigrating atmospheric tides in the E-region height that
vary with longitude [15-18]. In addition, longitudinal variations of midlatitude iono-
sphere have been studied for decades. The annual and semi-annual variations of the ion-
osphere at different longitudes can be explained by the differences between the geomag-
netic poles and the solar zenith angle variations [19,20]. Moreover, the nighttime enhance-
ment in NmF2 was believed to be caused by the neutral winds combined with geomag-
netic field configuration based on the low-orbit satellite in situ Ne data [21,22]. A new
class of midlatitudes ionospheric longitudinal difference has been researched in recent
decades [23-34]. The neutral wind would push the plasma up or down along the magnetic
field due to non-zero magnetic declination. As the recombination rates are higher in the
low altitudes, electron densities are decreased. Due to the longitudinal variation of the
magnetic declination angle, the zonal wind would drive the plasma with different vertical
velocities at different longitudes. Therefore, TEC and electron densities would exhibit lon-
gitudinal differences.

In the study of longitudinal variation of ionosphere, previous studies have carried
out investigations using electron density and hmF2 [26,35]. Zhang et al. [23] first discov-
ered the TEC longitudinal difference in the North American middle latitudes based on the
GPS TEC data in the US mainland. That is, during the morning and early afternoon, the
midlatitudes TEC in the western longitude was larger than that in the eastern longitude.
They also suggested the zonal wind-magnetic declination mechanism to explain the phe-
nomenon. Then, Xu et al. [28] verified that the TEC longitudinal differences also exist at
North America, South America and Oceania midlatitudes. Moreover, Zhao et al. [27] used
the NmF2 and COSMIC RO data in the Far Eastern area to identify longitudinal variations
in midlatitudes F-region electron density. Furthermore, Zhang et al. [24] reported that
there is a strong correlation between the Fabry-Perot interferometer (FPI) wind data and
the West-East (92°W-51°W GLon) differences in electron density supporting the zonal
wind-geomagnetic declination mechanism. Besides, Zhang et al. [26] reported a good cor-
relation between spatial variations in the second EOF mode and the vertical plasma drift
caused by the zonal wind over America in their analysis of a 12-year ground-based Amer-
ican longitude sector GPS TEC dataset. They further strongly suggest a causative mecha-
nism involving varying declination with longitude along with varying zonal wind clima-
tology with local time, season and solar cycle. Yao et al. [36] also found a similar correla-
tion based on the TEC dataset over North America and East Asia. Ren et al. [33] suggested
that the zonal wind significantly influences the ionospheric east-west differences in the
mid-latitude of the Far Eastern region using the TIME3D-IGGCAS model. In addition to
the magnetic declination-zonal wind effects described above, Luan and Dou [34] sug-
gested that the magnetic inclination-meridional wind mechanism should also be respon-
sible for the midlatitude variation in the southern hemisphere during the night time.
Wang et al. [30] also demonstrated that the meridional wind, migrating tides from the
lower ionosphere and solar illumination could also affect the longitudinal structure of F-
region Ne at mid-latitudes based on the simulation results of global ionosphere-thermo-
sphere model (GITM) simulation and CHAMP observations. Moreover, there are a num-
ber of studies on the climatology of plasmaspheric TEC for the coupling processes be-
tween the ionosphere and the plasmasphere is known to greatly influence not only the
plasmaspheric density but also the ionospheric density [37,38].

The study of TEC characteristics is crucial to the ionosphere-thermosphere system,
since TEC is the primary factor contributing to the extra time delay in satellite signal prop-
agation [39,40]. In previous studies, Zhang et al. [23] analyzed the US continent TEC dif-
ferences and Xu et al. [28] analyzed South America, North America and Oceania. Until
now, no specific studies have analyzed the climatology of TEC longitudinal difference in
East Asia. Therefore, to investigate the characteristics of TEC longitudinal differences in
the East Asian midlatitude, this paper employed TEC data from the International GNSS
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Service (IGS) database from 2015 to 2019. This work can help to the understanding of ion-
osphere-thermosphere coupling, and it can be used to enhance the current reporting and
forecasting capabilities of the ionospheric model. This paper describes the data, model
and analysis methods used in Section 2. Section 3 presents the dependence of TEC longi-
tudinal difference on solar activity, season and local time. Section 4 discusses the results.
Section 5 provides a summary.

2. Data and Methods of Analysis

Global Ionospheric Maps (GIMs) obtained from the Center for Orbit Determination
in Europe (CODE, [41]) (ftp:/ftp.unibe.ch/aiub/CODE/, accessed on 27 October 2020) were
used in this study. The GIMs are an official product of the IGS obtained from dual-fre-
quency observations performed at GNSS stations ([42]). The TEC in the GIMs were mod-
eled using a spherical harmonic expansion up to degree order 15 and a solar-geomagnetic
reference frame at CODE [43]. Although this technique may exclude some small-scale pat-
terns of the TEC features, our goal here is to estimate the large-scale TEC longitudinal
difference in the midlatitude of East Asia. As a consequence, the eliminations have little
effect on the features of the results. Furthermore, GIM-TEC was confirmed using
TOPEX/Jason TEC data in numerous studies, indicating that, while some inconsistencies
exist, CODE TEC performs well in representing TOPEX/Jason TEC [44]. The CODE GIM
map covers a longitude range of —-180° to 180° and a latitude range of —87.5° to 87.5°, with
longitudinal and latitudinal resolutions of 5° and 2.5°, respectively. The time resolution is
2 h before 2015 and 1 h after 2015. Therefore, we use the CODE GIMs data from 2015 to
2020. Because the focus of this paper is mainly on the midlatitudes of East Asia, consider-
ing the low magnetic latitude of East Asia, the equatorial anomaly may affect the low-mid
latitudes [36], and the middle latitudes in the east of East Asia may be affected by the
midlatitude trough at night [10]. Therefore, the Ionospheric TEC mean of 45°N-50°N was
used to characterize the midlatitude ionospheric TEC in East Asia in this paper.

The COSMIC IRO data were obtained from the COSMIC Data Analysis of Archive
Center (CDAAC, http://cdaac-www.cosmic.ucar.edu/cdaac/products.html, accessed on
28 September 2022), and previous studies have reported that the COSMIC NmF2 revealed
good agreement with the ionosonde data and incoherent scatter radar data [45-47]. Since
geomagnetic activity have an important effect on the ionosphere, we select the date satis-
fying Ap < 22 to analyze the ionospheric longitude difference in the middle latitude of
East Asia and the Ap index is obtained from World Data Center (WDC,
http://wdc.kugi.kyoto-u.acjp/, accessed on 28 September 2022). Figure 1 shows the F10.7
variations obtained from NOAA (National Oceanic and Atmospheric Administration,
ftp://ftp.swpc.noaa.gov/pub/indices/old_indices/, accessed on 28 September 2022) during
2015-2020. The figure demonstrates that 2015 is a high solar activity year, whereas 2018
and 2019 are low solar activity years, and F10.7 of the whole year does not exceed 100.
Therefore, when studying the influence of solar activity on the ionospheric longitude ef-
fect, we used TEC data in 2015 and TEC data in 2018 and 2019, respectively.
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Figure 1. The solar activity index F10.7 during the years 2015-2020.

Figure 2 depicts the variation of TEC in East Asia middle latitude on 10 June 2015
(geomagnetic quiet day). On this day, the maximum geomagnetic ap index is 7, the daily
Ap index is 4 and the solar activity index F10.7 is 136.6. Since the time resolution of GIMs
MAP is 1 h when converting local time in longitudes such as 65°E, the nearest integer local
time (the local time in 60°E) is adopted. It can be seen from the figure that the TEC in
different longitude show different diurnal variation. Specifically, the TEC reaches its max-
imum around noontime in eastern midlatitudes (60°E-110°E), while the maximum of TEC
appeared after sunset in western midlatitudes (110°E-140°E). On the other hand, the TEC
display different longitudinal variation at different local times. The TEC value decreases
as the longitude shifts east during noontime, and it increases as the longitude shifts to east
during nighttime. Therefore, western TEC is significantly larger than the eastern TEC at
noon and a reverse situation applies for nighttime, consistent with previous studies.
Moreover, the longitudinal difference is most prominent in the easternmost and western-
most of East Asia most of the time. According to the calculation of the IGRF2020 model,
the longitude of 0° magnetic declination in the ionospheric height range (60-1000 km) of
the East Asian sector is around 97°. At the same time, considering the local time conver-
sion, we select the 45°N-50°N Ionospheric TEC to mean of 60°E and 135°E, which are
almost symmetrical with 97°E to represent the TEC values in the west and east of the East
Asian sector. Table 1 shows the longitude and latitude and magnetic declination/inclina-
tion of GIMs map grid points used in this paper. Consistent with the parameters used in
the previous study, this paper uses the hourly east-to-west differential index Rew to rep-
resent ionospheric longitude difference. The Rew is calculated through the following for-
mula:

R, =(TEC, -TEC, )/(0.5%(TEC,+TEC,)) (1)

where TEC. and TECw are hourly TEC values in midlatitudes of 135°E and 60°E, respec-
tively. Since geomagnetic activities are not quiet on some days as described above, the Re/w
pattern during the geomagnetic quiet days which satisfying AP <22 are divided into 288
grids according to the month division from January to December and the local time divi-
sion from 0 to 23LT.
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Table 1. Geographic longitude, latitude and magnetic declination/inclination of the chosen GIMs
grid point.

Area Longitude/° Latitude/° Declination/° Inclination/°
Grid Point 1 135 45 -9.57 60.91

East Grid Point 2 135 47.5 -10.22 63.37
Grid Point 3 135 50 -10.85 65.71
Grid Point 1 60 45 6.96 64.3

West Grid Point 2 60 47.5 8.01 66.52
Grid Point 3 60 50 9.16 68.58

TECU

LT/hour

60 75 90 105 120 135
Geog.longitude/degree

Figure 2. Averaged TEC in the East Asian middle latitude (45°N-50°N) on 10 June 2015.

Horizontal wind model HWM-14 was utilized in this work as the wind field model,
and it is mainly based on wind observations obtained from the DE 2 and AE-E satellites
[48-50]. The model describes the wind fields according to the spatial information (longi-
tude, latitude, altitude) and temporal information (day of year, time of day) as well as
geomagnetic daily Ap index, the wind field simulated by HWM-14 thus does not change
with solar activity. Besides, the model has been updated with new observations and for-
mulation changes. These new observations include FPI measurements and the Gravity
Field and Steady State Ocean Circulation Explorer (GOCE) satellite observations [51]. The
update HWM-14 provides an improved specification of thermospheric general circula-
tion. Therefore, we use the HWM-14 model to calculate the atmospheric wind field on the
ionospheric height.

3. Results

Figure 3 presents the diurnal variation of TEC longitude difference index Rew in East
Asia during the high solar activity year 2015. As can be seen from the figure, the western
TEC is greater than the eastern one in the daytime, and this longitude difference is most
significant during the noon period. From the perspective of seasonal variations, the lon-
gitudinal difference of daytime TEC is most evident in summer, less in autumn and least
in spring and winter. At night, the longitude difference of Eastern TEC greater than West-
ern TEC is most significant around midnight, and this difference is most obvious in equi-
nox, followed by summer and winter during the pre-midnight period. On the other hand,
this longitudinal difference after midnight is most significant in spring, and it is weak only
in September in autumn months, indicating a semi-annual asymmetry during this period.
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It is worth noting that the western TEC will be even greater than the eastern TEC after
midnight in late autumn and winter, and this phenomenon seems most obvious in winter.

Dec 0.5
0.4
0.3
Sep 02

0.1

Months

Mar

LT/hour

Figure 3. Diurnal variation of TEC longitude difference index Rew in East Asia in 2015, a high solar
activity year.

Figure 4 presents the diurnal variation of Rew in the East Asian midlatitude in the
low solar activity years (2018/2019), and the Rew index given in the figure is the average
of the Rew index in geomagnetic quiet days in 2018 and 2019. It shows that the western
TEC is greater than eastern TEC almost all year around. Specifically, the longitude differ-
ence of the western daytime TEC greater than the eastern daytime TEC is obvious near
noon, and the seasonal features is most evident in summer and autumn. In the morning
around sunrise, the longitudinal difference of the western daytime TEC greater than the
eastern daytime TEC is also evident in winter. In addition, the longitudinal difference of
the eastern TEC greater than western TEC at night is only shown in the period before
midnight in summer, and it still shows the longitude difference that the western TEC is
greater than the eastern TEC in the rest of the time. The longitude difference of the western
TEC greater than eastern TEC at night is most obvious in winter.

Dec

Sep

Months

LT/hour

Figure 4. Diurnal variation of TEC longitude difference index Rew in East Asia in 2018 and 2019, two
low solar activity years.
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To better compare the longitude difference in different seasons of high and low solar
activity years, Figure 5 takes March, June, September and December as representatives to
display the patterns of Re/w in different seasons in high and low solar activity years. In
general, except for 14LT in spring and 11-13LT in summer, the Rew index in high solar
activity years is higher than that in low solar activity years in any other period. Consider-
ing that the positive and negative values of Reiw represent reverse longitudinal difference,
the solar activity seems not to affect both positive and negative Reiw simultaneously, which
is consistent with previous studies [25,27]. Specifically, the results show that the western
TEC is greater than the eastern TEC during the daytime period 09:00LT-17:00LT, while
the eastern TEC is greater than the western TEC in other periods in spring. In the spring
of low solar activity years, the eastern TEC is smaller than the western TEC. In summer,
the Remw displays similar variation in high and low years of solar activity. During the day-
time, 06:00LT-18:00LT, the western TEC is greater than the eastern TEC, and the opposite
situation is true for the nighttime. However, in the low solar activity years, the western
TEC is greater than that of the eastern within 0-3LT after midnight. In autumn, the west-
ern TEC is larger than the eastern TEC except for the period before midnight in high solar
activity years. In winter, the eastern TEC is greater than the western TEC in the morning
and dusk periods in the high solar activity year. In other periods, the western TEC is
slightly greater than the eastern TEC. Moreover, the western TEC is much larger than the
eastern TEC in all periods in the low solar activity year.

04 Mar 04 Jun

RN
0.2 '!W%%&“

—=— High

0.2

R e/w
S

-0.4 .
0 6 12 18 24 0 6 12 18 24
LT/hour LT/hour
Sep Dec
0.4 0.4
0.2 0.2
z 2
=4 m ~
660
02 W EAVESN
-0.4
0 6 12 18 24 0 6 12 18 24

LT/hour LT/hour

Figure 5. Local time variations of the east—to—west differential index Rew in spring, summer, au-
tumn and winter in high and low solar activity years.

4. Discussion
4.1. Comparsion with Previous Results

In the study of the longitude effect of ionospheric electron density in North America
[25], it is found that the positive difference in the late evening is most obvious in winter
and the negative difference in pre-noon hours is most apparent in early spring and late
summer. Zhao et al. [27] reported that the longitudinal difference (Reaw) of the peak elec-
tron density (NmF2) over the Far East area is basically similar to that in the US continent
(negative Rew in the noon and positive Rew during the nighttime). However, the compar-
ison shows the different seasonal magnitude of Rew: The noontime negative Rew is most
apparent from April to June in the East Asian midlatitude, whereas the nighttime positive
Remw is much less evident than in the US. These new features need further studying; some
of them can also be validated by the results in this paper.
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In this paper, the results show that the diurnal variation of Resw in high solar activity
is also similar to previous studies (negative Rew at noon and positive Rew at nighttime).
Moreover, the negative Rew during the noontime in the East Asian midlatitude seems most
evident in summer, less in autumn, and least in spring and winter, consistent with the
longitudinal difference of NmF2 in East Asia [27]. In the high solar activity years, the pos-
itive Rew seems most evident equinox, followed by summer and winter. In the low solar
activity years, except for a positive Rew from sunset to midnight in summer, negative Resw
prevailed in almost all months, and it is most obvious in winter. Zhao et al. [27] also re-
ported that the longitudinal difference of eastern NmF2 larger than western NmF2 is least
evident in December, contrasting with the most evident positive Rew in winter in the US.
Therefore, the longitudinal difference of TEC in East Asia is basically consistent with the
longitudinal difference of NmF2, providing evidence for the significant difference be-
tween the longitudinal difference of ionosphere in East Asia and the USA. On the other
hand, the western ionosphere is greater than that of the eastern one almost all year round
in low solar activity years, indicating that there are different physical mechanisms driving
the ionospheric longitude difference in high and low solar activity years, especially in
winter. Although Xu et al. [28] did not study the longitude difference of TEC in East Asia,
they also found a similar situation in other regions in some individual years that TEC on
one side of 0° magnetic declination is almost larger than TEC on the other side throughout
the year, confirming that the longitude difference in the low solar activity years is not an
individual phenomenon in East Asia.

4.2. Wind Field Simulation by HWM-14

In previous studies on ionospheric longitudinal differences, the neutral wind was
considered to be one of the primary causes of ionospheric longitudinal differences. The
main physical mechanisms can be summarized as follows. Plasma is either pulled up or
down by the neutral wind projection on the magnetic field line. Additionally, the mag-
netic declination angle and magnetic inclination angle had an impact on the vertical drift
(Vz) of the plasma generated by neutral winds. The relationship may be described as fol-
lows:

V, =—sin/cos! (usinD+vcosD) 2)

where u is the geographic zonal winds, v is the geographic meridional winds, D is
the magnetic declination angle and / is the magnetic inclination angle. Due to magnetic
declination being positive or negative on both sides of zeros magnetic declination longi-
tude, neutral winds would drive the plasma up/down to higher/lower altitudes along the
magnetic field. Since the recombination rates are lower/higher at higher/lower altitudes,
electron densities get enhanced/decreased. As a result, the electron densities and TEC ex-
hibit longitudinal differences on the different sides of zero magnetic declination longi-
tude.

This paper used neutral winds derived from the HWM-14 model and geomagnetic
declination and inclination derived from IGRF-2020 (http://wdc.kugi.kyoto-u.ac.jp/, ac-
cessed on 28 September 2022) to evaluate the role of neutral wind and geomagnetic field
in the ionospheric longitude difference in East Asia and discussed other factors which
might cause ionospheric longitude difference.

Figure 6 presents the variation of vertical drift velocity at the height of 300 km at 60°E,
47.5°N and 135°E, 47.5°N calculated by Equation (2) and the corresponding vertical veloc-
ity difference. It is necessary to mention that the vertical drift velocity calculated by the
HWM-14 model and IGRF 2020 model are almost identical within the height of iono-
spheric F2 peak height (hmF2) (250 km-350 km) in 60°E, 47.5°N and 135°E, 47.5°N, as
shown in Figure Al. In addition, Figure 6 demonstrates that the neutral wind has a similar
lifting or lowering effect on the ionospheric plasma is similar on both sides of the middle
latitude in East Asia, that is, the neutral wind pushes the plasma downward during most
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0 6 12
LT/hour

(a)

of the daytime, while the neutral wind lifts the plasma upward during most of the night.
However, the vertical velocity of plasma driven by neutral wind in the east and west are
different for different seasons. For example, the plasma vertical drift driven by the neutral
wind in the western midlatitude is stronger than that in the eastern midlatitude, and this
phenomenon is most obvious in summer. At night, the neutral wind lifts the plasma faster
in the east than in the west, and this phenomenon is most obvious in winter and least
obvious in summer.

0 6 12 18 0 6 12 18

LThour LT/hour
(b) (c)

Figure 6. (a) Vertical drift velocity in 60°E, 47.5°N; (b) Vertical drift velocity in 135°E, 47.5°N; (c)
Vertical drift velocity difference between them.

4.3. Possible Explanation for the Rero in High Solar Activity Year

By comparing the TEC longitude difference index Re/w and the longitudinal differ-
ence of the vertical drift velocity in high solar activity years, we found that the seasonal
characteristic that the western TEC greater than the eastern one around noontime seems
consistent with the seasonal characteristic of the plasma velocity difference caused by neu-
tral wind during pre-noon hours, indicating that the longitude difference at noon is sig-
nificantly influenced by the neutral wind. As can be seen in Figures 3 and 6, there is a time
delay between the wind change and the TEC response, because neutral densities, temper-
atures and plasma temperatures are related to the local time, season, solar activity, height
as well as other factors. These factors determine the velocity of chemical recombination,
diffusion and the speed of the ions’ drift. The influence of the horizontal wind on the Ne
(and TEC) differential builds up when it continues in the same direction, and its effect can
be canceled when it changes the direction. Consequently, the observed TEC difference
represents a cumulative result over time [24]. Considering the longitudinal difference in
the daytime is most obvious at noon and the change of wind direction at sunrise period,
we calculated the correlation coefficients between the vertical drift velocity difference at
6LT-8LT, 7LT-9LT, 8LT-10LT and the longitudinal index in 11LT-13LT, respectively.

As shown in Figure 7, the correlation coefficients are 0.76, 0.80 and 0.72, respectively.
Moreover, the longitudinal difference of vertical drift velocity caused by neutral wind
during the day seems to have a 4-h time delay for the longitudinal TEC difference in the
noontime for East Asia, consistent with the previous result [32]. Therefore, a 4-h time de-
lay seems to be an optimal result for the vertical drift velocity to cause the longitudinal
TEC difference during pre-noon hours in the East Asian midlatitude in the year with high
solar activity.
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Figure 7. (a) Correlation between the TEC longitudinal differences index Rew in 11LT-13LT and the
vertical drift velocity difference in 8LT-10LT in high solar activity years. (b) Correlation between
the TEC longitudinal difference index Rew in 11LT-13LT and the vertical drift velocity difference in
7LT-9LT in high solar activity years. (c) Correlation between the TEC longitudinal difference index
Repw in 11LT-13LT and the vertical drift velocity difference in 6LT-8LT in high solar activity years.

To further explore the contribution of meridional wind and zonal wind to the iono-
spheric longitude difference caused by the neutral wind velocity difference in East Asian
daytime, using Equation (2), we calculated the ratio of the vertical drift velocity difference
caused by meridional wind A(-sin/cos/*UsinD) to the total drift velocity difference
AV, and the ratio of the vertical drift velocity difference A(—sin/cos/#*V cosD) caused
by zonal wind to the total drift velocity difference AV, in 7LT-9LT. As shown in Figure
8, the ratio of zonal wind vertical velocity difference to total drift velocity difference is
greater than 1 in most cases, while the ratio of meridional wind vertical velocity to total
drift velocity difference is less than 0 in most cases. During some periods, the zonal wind
contribution is less than 1, but the ratio is still more than 0.8. These results indicate that
the zonal wind-geomagnetic declination mechanism is the dominating cause for the day-
time TEC longitudinal difference in the East Asian midlatitude, and meridional wind
makes a small contribution and can even reduce the vertical velocity difference. In addi-
tion, we calculated the correlation coefficient between the vertical drift velocity difference
caused by 7LT-9LT zonal wind and the TEC longitude index Resw during 11LT-13LT. It is
found that the correlation coefficient is 0.846, which is higher than that between the overall
neutral wind velocity difference and the ionospheric longitude index Rew, confirming that
the ionospheric longitude difference around noon is mainly caused by the zonal wind-
geomagnetic declination mechanism in the East Asian midlatitude.
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Figure 3 also shows that the TEC longitude difference in East Asia (eastern TEC is
greater than western TEC) is the most obvious around midnight, and this feature is most
pronounced in equinox, followed by summer and winter in high solar activity years. Zhao
et al. [27] also found similar features for the Rew of NmF2. However, the difference of
plasma vertical drift velocity caused by neutral wind in the region is the strongest in win-
ter, followed by equinox and summer in the East Asian midlatitude. Therefore, the sea-
sonal distribution of the TEC longitudinal difference is completely different from the dif-
ference in plasma vertical drift velocity at night. The difference between them might be
related to the seasonal characteristics of ionospheric electron density Ne, as mentioned by
previous studies [27,29]. Zhao et al. [27] proposed that the climatology changes in east-
west asymmetry should be associated with the seasonal variations of the F region at mid-
latitude, and Wang et al. [29] also suggested the background electron density is crucial to
the midlatitude longitudinal difference of AN, . Because the amount of plasma lifted by

the neutral wind depends on the lifting speed and electron density at the same time, it can
be described as follows:

Neli/i =V, *N, 3)

where Ne,, is the electron flux lifted by the neutral wind per second, V. is the vertical
drift velocity and N, is the local electron density.

In order to test this hypothesis, we calculated the mean NmF2 in summer, winter and
equinox in the eastern midlatitude (125°E-145°E, 45°N-50°N) and western midlatitude
(50°E-70°E, 45°N-50°N) of East Asia from 2012 to 2015 based on COSMIC RO data on
these two regions. It is worth noting that the vertical drift velocity is almost identical
within the height of ionospheric F2 peak height (hmF2) in 60°E, 47.5°N and 135°E, 47.5°N,
as shown in Figure A1, and the ionospheric electrons are mainly concentrated near the
height of hmF2. Therefore, it is appropriate to use NmF2 to calculate the electron flux lifted
by the neutral wind when studying the TEC longitude difference. Then, we multiply the
NmF2 of 17LT-23LT, 18LT-24LT and 19LT-01LT in summer, winter and equinox by the
plasma vertical drift velocity in the same season in these two regions to obtain the electron
flux raised by neutral wind, and compare the difference between them with longitudinal
difference index Rew, as shown in Figure 9. The result shows that the uplifting electron
flux is the largest in equinox, followed by summer and winter, consistent with the sea-
sonal characteristics of TEC longitudinal difference index Rew at night. Additionally, the
largest correlation coefficient is 0.89, suggesting that the seasonal characteristic of local
electron density is also an important factor affecting the seasonal characteristic of iono-
spheric longitudinal difference. Additionally, it appears that a 3-h time delay, which is
comparable to the time delays of Rew and eastward zonal winds for US nighttime, will
produce the highest correlation coefficient among other delay times [24]. According to the
research of Zhang et al. [24], the average time delay for the response of electron density
differences to zonal winds is 3 h, while the ideal delay hour corresponding to the highest
correlation is about 2 h. The discrepancy in data and methods may contribute to the dif-
ference between this paper and their results. The data they used are electron density at
400 km and the FPI eastward winds over Millstone Hill, while the data in this paper are
CODE TEC, peak electron density NmF2 derived from COSMIC and neutral winds de-
rived from the HWM-14 model. Moreover, the correlation coefficient for 3-h time delay is
almost the same as the correlation coefficient for 2-h time delay at high solar activity year
in their studies and this paper. Therefore, a 3-h time delay seems to be an optimal result
for vertical drift velocity and electron density to cause the longitudinal TEC difference
during nighttime in the East Asian midlatitude in high solar activity year. In addition, we
calculated the correlation coefficients between the difference of lifting electron flux in
18LT-24LT and Rew in 21LT-03LT, and they are 0.77, 0.88 and 0.91 for winter, summer
and equinox, respectively (not shown here).
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Figure 9. (a) Correlation between the TEC longitudinal difference index Rew in 21LT-03LT and the
difference of uplifting electron flux per second in 19LT-01LT in high solar activity years. (b) Corre-
lation between the TEC longitudinal difference index Rew in 21LT-03LT and the difference of up-
lifting electron flux per second in 18LT-24LT in high solar activity years. (c) Correlation between
the TEC longitudinal difference index Remw in 21LT-03LT and difference of uplifting electron flux
per second in 17LT-23LT in high solar activity years.

The difference of time delay for daytime and nighttime (4 h for daytime and 3 h for
nighttime) might result from the different ionospheric background. The higher electron
density during the daytime could result in a stronger ion-drag effect, which decrease the
neutral wind effect on plasma. Therefore, it might take a longer time for daytime neutral
wind to cause the accumulating TEC longitudinal difference.

In the seasonal variation of longitude difference index Rew, Figure 3 also shows that
the eastern TEC seems greater than the western TEC after midnight is more obvious in
spring and rather weak in autumn. Figure 6 demonstrates that the vertical drift velocity
is almost the same during the spring and autumn after midnight. Based on Equation (2),
the electron density difference might contribute to this semi-annual asymmetry. Then, we
calculated the mean NmF2 of the eastern midlatitude (50°E-70°E, 45°N-50°N) and western
midlatitude (125°E-145°E, 45°N-50°N) in spring and autumn using COSMIC RO data,
respectively. It is important to note that one-month data are not enough to support the
statistical results, and the data from February to April and August to October were taken
as statistical samples to calculate spring and autumn means, respectively. Table A2 lists
the mean NmF2, vertical drift velocity, uplifting electron flux in 21LT-OLT and corre-
sponding Rew in OLT-3LT. It can be seen from the table that the difference of uplifting
electron flux in spring is significantly greater than that in autumn for the reason that the
NmF2 in spring is larger than that in autumn, and the correlation coefficient between the
difference in uplifting electron flux and TEC longitudinal difference index Rew reaches
0.72, indicating that the difference of electron density in spring and autumn evening is
also an important cause for the semi-annual equinox asymmetry of the TEC longitudinal
difference.

Considering that the local electron density contributes significantly to the TEC lon-
gitudinal difference at night and Equation (3) is applicable to both day and night, we also
studied the correlation between the lifting electron flux caused by daytime electron den-
sity and vertical drift velocity in 7LT-9LT and TEC longitudinal difference index Rew in
11LT-13LT. The correlation coefficient between them is 0.69 (not shown here), smaller
than the correlation coefficient (0.80) between the difference in vertical velocity and Resw
in the same period. By comparison, the correlation between the lifting electron flux and
corresponding TEC longitudinal difference index Renw is far better than the correlation be-
tween the vertical velocity and Rew at night. Therefore, ionospheric electron density might
play a different role in the formation of TEC longitudinal differences in daytime and
nighttime, and it might be due to the different ionospheric backgrounds. During the day-
time, solar radiation can continuously ionize the neutral gases to produce electrons to
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compensate for the electrons transported to higher (lower) altitudes. In the nighttime, the
solar radiation is absent, the local electron density is therefore playing a more important
role in the formation of TEC longitudinal difference. Besides, the electron density at night
is relatively lower than that during the day, other physical factors will also have a greater
impact on the ionospheric longitude difference, such as the upward atmospheric tide and
the plasma transport process in the summer-winter hemisphere at night. To further un-
derstand the detail of local electron density on the TEC longitudinal effect, more observa-
tions and simulations will conduct in the future to offer a statistical picture and investigate
the physical mechanism.

4.4. Discussion for the Rew in Low Solar Activity Year

The longitude difference in low solar activity years shows a complex pattern, but the
common feature is that the western TEC is greater than that eastern TEC in almost all
periods. The daytime longitude difference can be partially explained by the plasma verti-
cal drift velocity difference caused by neutral wind as in the high solar activity years. Fig-
ure 10 shows the correlation between the vertical drift velocity difference at 6LT-8LT,
7LT-9LT, 8LT-10LT and the longitudinal difference index Rew in 11LT-13LT. The result
shows that the correlation coefficients between them are 0.62, 0.66 and 0.61, indicating that
a 4-h time delay seems also to be the optimal result for the vertical drift velocity to cause
the longitudinal TEC difference during pre-noon hours in the East Asian midlatitude in
low solar activity years.
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Figure 10. (a) Correlation between the TEC longitudinal difference index Resw in 11LT-13LT and the
corresponding vertical drift velocity difference in SLT-10LT in low solar activity years. (b) Correla-
tion between the TEC longitudinal difference index Rew in 11LT-13LT and the corresponding verti-
cal drift velocity difference in 7LT-9LT in low solar activity years. (c) Correlation between the TEC
longitudinal difference index Rew in 11LT-13LT and the corresponding vertical drift velocity differ-
ence in 6LT-8LT in low solar activity years.

Figure 11 shows the TEC diurnal variations in East Asia middle latitude (60°E, 45°N-
50°N; 135°E, 45°N-50°N) in summer, winter and equinox in the geomagnetic quiet condi-
tion. As it shows, the eastern and western TEC show a different diurnal variation in sum-
mer, the TEC in eastern middle latitude of East Asia shows an evident summer evening
enhancement. The Weddell Sea anomaly (WSA) is a diurnal cycle anomaly that is distin-
guished by a higher ionosphere density at night than during the day [21,52-56]. Midlati-
tude Summer Nighttime Anomaly (MSNA), which occurs in the middle latitudes of North
America and East Asia, is comparable but somewhat weaker [57-59]. Therefore, the TEC
evening enhancement in the eastern middle latitude of East Asia should be related to the
mechanisms which contribute to the MSNA. It was proposed that the formation of MSNA
may be explained by the interaction of the long-lasting photoionization in the ionosphere
after sunset with the ionospheric uplifting generated by equatorward neutral winds. It
can be seen from Table 1 that the magnetic inclination in the eastern middle latitudes is
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larger than that in the western middle latitudes; therefore, the magnetic meridional winds
can drag more electrons along the magnetic field line in the western regions to some ex-
tent, according to Equation (2). On the other hand, the summer evening enhancement
should also be influenced by magnetic declination and zonal wind. However, the maxi-
mum positive longitudinal TEC difference index Rew is lower than 0.05 in the summer
evening, as shown in Figure 4, in contrast with the positive vertical drift velocity differ-
ence and the positive uplifting electron flux difference (not shown here). Therefore, in
addition to the neutral wind-magnetic inclination/declination mechanism and local elec-
tron density, there are other physical drivers in eastern and western East Asia which result
in the TEC longitudinal difference in summer evening.

Figure 11b shows that there are winter nighttime increases in TEC in both eastern
and western middle latitudes of East Asia and the enhancement occurred after sunset.
This type of ionospheric nighttime enhancement has been known to occur when solar
photoionization is completely absent from the ionosphere and it mainly appears in winter
[60-65]. The primary driver for the enhancements was believed to be the plasma transfer
between the conjugated hemispheres and the downward diffusion from the topside ion-
osphere or plasmasphere [66—69]. Therefore, the winter nighttime negative Rew is not only
related to the neutral wind-geomagnetic configuration and local electron density but also
to the downward plasma influxes, as suggested by Yao et al. [36]. Note that the western
TEC is even greater than the eastern TEC after midnight in winter, and the correlation
coefficients between the difference of lifting electron flux in 18LT-24LT and Rew in 21LT-
03LT during different seasons are lowest in winter (0.77) of high solar activity as described
above. These findings suggest that the TEC longitudinal difference during the high solar
activity winter should also be significantly influenced by the downward plasma influxes,
although this kind of nighttime enhancement has a negative correlation with solar activ-
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Figure 11. The diurnal variations of mean and standard deviation of TEC in the East Asian midlati-
tudes (60°E, 45°N-50°N; 135°E, 45°N-50°N) in (a) summer, (b) winter and (c) equinox in the geo-
magnetic quiet condition.

Figure 11c also shows that the TEC in eastern and western middle latitudes of East
Asia have a similar diurnal variation in the equinox, and the western TEC is always larger
than eastern one in years of low solar activity. It seems that even under the influence of
neutral wind-geomagnetic configuration and local electron density, there are still system-
atic difference between them in the low solar activity year. There is almost no ionospheric
nighttime enhancement in equinox, so what physical mechanisms drive this systematic
difference in the low solar activity year? Considering that the ionosphere-thermosphere
is a highly coupled system, longitudinal variation of background atmospheric mass den-
sity might modulate the Rew. Since the solar EUV irradiance decreased significantly dur-
ing the solar minimum, the net production rate of electrons in the F region was reduced
to a low level. Additionally, the decreased EUV flux led to reduced thermospheric heat-
ing, which predicted greater reactant concentrations of N2 and O, resulting in enhanced
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loss rates of O+ at the F2 peak. Therefore, the longitudinal difference in atmosphere mass
density should have an effect on the systematic differences between eastern and western
middle latitudes of TEC in East Asia, as suggested by previous studies [27,30]. In addition,
the different tilts of the geomagnetic field in these two regions might also contribute to
the stable differences as the nighttime downward plasma fluxes are related to the tilt of
the magnetic field. Moreover, geomagnetic latitude might also contribute to the iono-
spheric longitudinal difference. Previous studies have found that the annual and semi-
annual variations of the ionosphere at different longitudes are related to different geo-
magnetic latitudes at the same geographic latitude [19,20]. Specifically, the geomagnetic
latitudes of chosen eastern grid point (135°E, 45°N/135°E, 47.5°N/135°E, 50°N) are
36.34°N/38.83°N/41.32°N, while the geomagnetic latitudes of chosen western grid point
(60°E, 45°N/60°E, 47.5°N/60°E, 50° N) are 38.07°N/40.54°N/43.01°N, respectively. There-
fore, at each comparative conjugate point, the geomagnetic latitude in the east middle
latitude is only slightly higher than that in the west middle latitude (within 2°), and the
difference in geomagnetic latitude might not be the main contributor for the TEC longitu-
dinal difference in this paper. To further understand the physical process underlying the
longitudinal TEC difference in midlatitudes of East Asia during years of low solar activity,
more observations and modeling are required.

5. Conclusions

This paper presents the climatology of TEC longitudinal difference in the East Asian
midlatitudes based on the CODE GIMs TEC data during the year 20152019, and empiri-
cal model HWM-14 and IGRF-2020 were also employed to explore the association be-
tween vertical drift velocity difference driven by the geomagnetic configuration-neutral
wind mechanism and the TEC difference index Rew. Moreover, the NmF2 data obtained
from COSMIC were also used to study the role of local electron density in the formation
of TEC longitudinal differences. A brief review of observations and physical mechanisms
proposed by other researchers has also been presented and the following results in this
paper confirm the results from similar studies:

(1) The east-west TEC longitudinal difference index Rew over East Asia is negative at
noon and positive at evening-night in the high solar activity year, consistent with
local time variations of Rew in previous studies.

(2) The longitudinal difference in daytime TEC is most evident in summer, less in au-
tumn and least in spring and winter, while the nighttime difference is most obvious
in equinox, followed by summer and winter during the pre-midnight period. It is
noteworthy that the longitudinal difference after midnight is most significant in
spring, and it is weak in autumn months, indicating a semi-annual asymmetry dur-
ing this period. The seasonal features are basically consistent with the previous stud-
ies of longitudinal differences in NmF2 in East Asia.

(3) The TEC longitudinal difference around noon in high solar activity year is mainly
caused by the zonal wind-declination mechanism proposed by previous studies.
Moreover, a 4-h time delay seems to be an optimal result for the vertical drift velocity
to cause the longitudinal TEC difference during pre-noon hours, consistent with the
result of previous modeling studies.

(4) The solar activity does not seem to affect both positive and negative Rew simultane-
ously, which is consistent with previous studies for the electron density longitudinal
difference in East Asian and North American mid-latitudes.

Additionally, we obtained some novel findings that shed an interesting light on the
TEC longitudinal difference in this area:
(1) Inaddition to the vertical drift velocity difference caused by the geomagnetic config-

uration-neutral wind mechanism, the local electron density is also an important fac-
tor influencing the TEC longitudinal difference at high solar activity year night.
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(2) There was about a 3 h time delay between the TEC longitudinal variations and the
uplifting electron flux at high solar activity year night. The difference in time delay
for daytime (~4 h) and nighttime (~3 h) might result from the higher electron density,
which could result in a stronger ion-drag effect during the daytime.

(3) The western TEC is greater than the eastern TEC during most periods of the low solar
activity years except in summer evening, and the positive summer evening Rew might
have a relationship with the midlatitude summer nighttime anomaly (MSNA) in the
northeast region of East Asia.

(4) The ionospheric nighttime enhancement seems also could modulate the Rew, espe-
cially in the low solar activity year winter when this phenomenon occurred most fre-
quently.

(5) The Rew in the low solar activity year nighttime could not explain only by the geo-
magnetic configuration-neutral wind mechanism and local electron density, and
there are systematic differences in TEC diurnal variation between east and west of
East Asia in winter and equinox.

This paper presents a statistical analysis of the diurnal, seasonal and solar cycle var-
iation in the TEC longitudinal difference in midlatitudes of East Asia. The results can con-
tribute to the understanding of ionosphere-thermosphere coupling, and it can be applica-
ble to improving the ionospheric model. In future work, more observations and modeling
are needed to study other possible physical drivers of the TEC longitudinal difference in
midlatitudes of East Asia, especially the longitudinal differences in low solar activity
years.
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Figure A1. The difference in east (60°E, 47.5°N) and west (135°E, 47.5°N) vertical drift velocity at (a)
250 km, (b) 300 km and (c) 350 km heights calculated by the HWM-14 model and IGRF-2020 model.
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Table Al. Statistics of the difference in the east region (125°E-145°E, 45°N-50°N)-west region (50°E—
70°E, 45°N-50°N) uplifting electron flux obtained from the COSMIC NmF2 data and vertical drift
velocity calculated from the HWM-14 model. he red color represents the NmF2 in winter, the blue
color represents the NmF2 in summer, the yellow color represents the NmF2 in equinox.

cres Uplifting  Uplifting
NmF2in Vzin Uplifting NmF2in Vzin Electron Flux Electron

LT 60°E,  60°E, I}iicst:;g:;ii 135°E, 135°E, perSecond  Flux <o inLT+
47.5°N  475°N 60°E. 475N 47.5°N 475°N  in135°E, Difference
T 47.5°N Per Second
Unit Hour 100 el/m3 m/s 10 el/m2 100 el/m® m/s 107 el/m? 1070 el/m?
18.00 -26.12 -796.09 -11.26 -414.34 0.06
19.00 -21.29 -541.60 -3.44 -94.27 0.03
20.00 -16.76 -241.61 2.96 65.80 -0.02
winter 21.00 -13.30 -210.41 6.69 100.29 -0.07
22.00 -10.73 -121.97 7.94 89.73 -0.09
23.00 -8.09 -156.61 8.23 145.57 -0.11
24.00 -4.30 -81.65 947 158.87 -0.07
18.00 0.30 16.94 11.46 630.06 0.08
19.00 -0.08 -4.78 13.62 799.67 0.09
20.00 0.27 15.85 13.95 899.09 0.09
summer 21.00 3.11 174.49 14.37 929.70 0.07
22.00 9.16 509.69 16.83 1165.89 0.04
23.00 17.74 725.14 22.28 1200.52 0.02
24.00 27.01 1192.46 30.07 1597.46 0.02
18.00 7525  -12.17 -915.90 71.27 294 209.52 1125.42 0.15
19.00 69.21 -8.70 -602.06 77.69 10.19 791.73 1393.80 0.17
20.00 57.32 -5.59 -320.67 71.28 15.02 1070.94 1391.61 0.15
equinox 21.00 49.91 -3.04 -151.78 60.54 17.12 1036.67 1188.45 0.12
22.00 35.09 -0.66 -23.16 52.83 17.70 935.25 958.41 0.08
23.00 28.12 2.18 61.24 34.40 18.77 645.54 584.30 0.06
24.00 28.63 5.85 167.42 43.62 21.83 952.33 784.91 0.05
Table A2. Statistics of the difference in the east region (125°E-145°E, 45°N-50°N)-west region (50°E—
70°E, 45°N-50°N) uplifting electron flux in spring and autumn in the high solar activity year.
. Uplifting . Uplifting Uplifting
. Vzin Electron . Vzin Electron .
NmF2 in NmF2 in Electron Flux Rew in LT +
LT goep  O0E  FluxPer ooy B5°E o erence Per _ L1UX 3
47.5°N Second in 47.5°N Second Difference
60°E, 47.5°N Per Second
Unit Hour 100 el/m3 m/s 101 el/m2 109 el/m3 m/s 107 el/m? 107 el/m?
21.00 -1.63 -94.77 15.40 975.35 0.13
spring 22.00 1.20 47.28 15.73 1308.29 0.12
23.00 3.90 121.71 15.03 567.88 0.11
24.00 7.44 227.20 15.49 855.04 0.12
21.00 2.79 101.37 16.01 833.58 0.05
autumn 22.00 7.48 173.59 18.07 560.64 0.00
23.00 13.93 356.85 21.68 460.36 -0.03
24.00 21.41 394.59 27.28 826.44 -0.05
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