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Key Points:

e The wavenumber 4 longitudinal structures of EIA still exist after midnight and are more
obvious at equinoxes

e The wavenumber 4 component of EIA after midnight is positively correlated with the
solar activity level

e The origin of the wavenumber 4 longitudinal structures of EIA after midnight is the
modulation of the transequatorial neutral wind
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Abstract

In this study, based on the O1135.6 nm night airglow data of the FY-3D lonospheric Photometer
(IPM) during the 2018-2021 geomagnetically quiet period, the global wavenumber 4 longitudinal
structure of the equatorial ionization anomaly (EIA) at 2:00 local time was discovered, and the
component of the wavenumber 4 was extracted from these structures. Compared with the
0I1135.6 nm night airglow data of the Special Sensor Ultraviolet Spectrographic Imager (SSUSI)
F18 during 2011-2014, there were significant differences in the variation pattern of the relative
amplitude of the two versus solar activity and the seasonal variation in the proportion of the
component of the wavenumber 4. Based on the neutral wind speed observation results of Global
High-Resolution Thermospheric Imaging (MIGHTI) on board the lonospheric Connection
Explorer (ICON) from 2020-2021, the longitudinal structures of the 4 ionospheric waves after
midnight are related to the cross-equatorial meridional wind. We believe that the wavenumber 4
longitudinal structures after midnight originate from the eastward nonmigrating tidal semidiurnal
wave (SE2) with a wavenumber of 2 in the cross-equatorial neutral wind rather than the eastward
nonmigrating tidal semidiurnal wave (DE3) with a wavenumber of 3 in from the zonal wind,
which modulates the daytime wavenumber 4 longitudinal structures.

Plain Language Summary

The longitudinal structures of EIA has been extensively studied by using satellite data. However,
there are few observations and studies, due to the weak ionosphere near midnight. In this paper,
we studied the longitudinal structures of EIA at 02:00 local time during geomagnetically quiet
period, benefitted from the satellite orbits and high sensitivity of FY-3D IPM. We found that the
wavenumber 4 longitudinal structures of EIA still exist at 02:00 local time and are obvious at
equinoxes. Compared with SSUSI F18 data, FY-3D IPM data showed different characteristics of
wavenumber 4 component of EIA longitudinal structures.Since the different local time of data
between SSUSI F18 and FY-3D IPM, we consider that the longitudinal wavenumber 4 structures
of EIA after midnight originated from the cross-equatorial neutral wind rather than the electric
field modulated by zonal neutral wind in daytime.

1.Introduction

EIA in the low-latitude F region ionosphere has been studied extensively. EIA is generally
considered to be the result of the fountain effect, which is driven by the upward vertical ExB
plasma drift caused by the eastward electric field E near the magnetic equator. As the plasma
moves to a higher altitude, due to the pressure gradient force and gravity, it disperses along the
geomagnetic field lines on both sides of the magnetic equator(Anderson, 1973; Duncan, 1960;
Rishbeth, n.d.). Eventually, these processes generate a plasma density trough around the
magnetic equator and two EIA peaks on both sides of the magnetic equator(Martyn, n.d.; Croom
etal., 1959).

At night, the ionosphere O+ recombines with electrons or O- to generate excited-state atomic
oxygen (O%*); the 5S-3P transition of O* generates radiation at 135.6 nm, and the radiation
intensity is proportional to the square of the oxygen ion O+ density(Meier, n.d.). Since the
oxygen ion O+ is the most important component of the ionosphere, it can be approximated as
n,+ = n,_ ; thus, the radiation intensity of the 135.6 nm band is proportional to the square of the
electron density. Therefore, 135.6 nm airglow detection in the nighttime ionosphere is an
important means for studying the nighttime ionosphere.
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z0

lor135.6(20) J ng_dz
0
Where z, is the altitude of the satellite, I;135 ¢(2,) is the radiation intensity of the Ol 135.6 nm
and n,_ is the electron density at altitude z.

Observations of the ionosphere by space-based optical remote sensing have good spatiotemporal
continuity and can compensate for the shortcomings of the lack of ground-based stations for the
ground surface and ocean. In the past few decades, the observation of Ol 135.6 nm radiation
intensity through remote sensing has become the main and most widely used optical means for
the observation and quantification of ionospheric plasma parameters(Barth & Schaffner, 1970;
Christensen, 2003; DeMajistre, 2004; Dymond et al., 1997; Jiang, Mao, Zhang, Wang, Hu, et al.,
2020; Kamalabadi et al., 1999, 2002; Kil et al., 2004; Meier et al., 2015; Paxton et al., 1999).

For the first time, Sagawa used the FUV payload on IMAGE to detect Ol 135.6 nm radiation
intensity data and discovered the wavenumber 4 longitudinal structure of EIA at night(Sagawa
et al., 2003). Several studies have summarized the pattern and explained the causes of the EIA
wavenumber 4 longitudinal structure. Later, it was found that ionospheric parameters, including
electron temperature, electron density, ion density, drift velocity, and F2-layer peak height, also
have a wavenumber 4 longitudinal structure(Pacheco & Yizengaw, 2013; Pancheva &
Mukhtarov, 2010; Ren et al., 2008, 2009; Scherliess et al., 2008b). Further study by Immel
revealed that the EIA wavenumber 4 longitudinal structure can be explained by the interaction
between daytime tidal waves and the E-layer dynamo; that is, the longitudinal variation in the
EIA is caused by the tidal forcing of the lower atmosphere tides on the upper atmosphere(Immel
et al., 2006). England used the IMAGE/FUV and TIMED/GUVI after-sunset EIA observation
data for comparison with the noontime equatorial electrojet (EEJ) observations by CHAMP,
@rsted, and SAC-C and revealed that there was a geomagnetically quiet period around the vernal
equinox. The EIA and EEJ showed very similar wavenumber 4 longitudinal structures, indicating
strong vertical coupling between the ionosphere and troposphere because the longitudinal
structure of the wavenumber 4 is driven by the troposphere(England et al., 2006). Lasker used
the data of the GOLD satellite to study the early morning ionospheric EIA phenomenon in the
Americas and combined with the simulation results of the WACCMX model, the results showed
that the early morning EIA phenomenon had similar characteristics to the longitudinal structure
of the wavenumber 4. They considered that the early morning EIA phenomenon was driven by
low atmospheric waves(Laskar et al., 2020). Using SUSSI F18 data, Guo obtained the seasonal
variation pattern of the amplitude and phase of the EIA wavenumber 1-4 components at 20:00
local time(Guo et al., 2020). Lin used the radio occultation observation data of FORMOSAT-3 to
statistically study the local time pattern of the generation, continuation, and disappearance of the
EIA longitudinal structure of the wavenumber 4 (Lin et al., 2007); however, an explanation of its
origin is lacking. For the ionosphere between midnight and early morning, satellite observation
data are lacking, and there are relatively few studies on the longitudinal structure and driving
sources of EIAs. In this study, the longitudinal structure of the EIA after midnight was analyzed,
and the fluctuation component was extracted. Then, the fluctuations in the current EIA in
different areas were analyzed and explained based on the optical remote sensing data of the
SSUSI F18 satellite and the neutral wind speed data of ICON.
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2.Data Processing

The ionospheric photometer (IPM) onboard on the FY-3D meteorological satellite is an optical
remote sensing payload that detects airglow radiation in the far-UV band of the
thermosphere/ionosphere. By in-orbit monitoring of the O1135.6 nm and N2LBH (145.0-180.0
nm) radiation spectra, physical parameters, such as ionospheric total content (TEC), peak
electron density (NmF2) and ionospheric O/N2, are retrieved at night(Jiang, Mao, Zhang, Wang,
Fu, et al., 2020; Jiang, Mao, Zhang, Wang, Hu, et al., 2020; Wang D. et al., 2021; Y. Wang et al.,
2021). On November 14, 2017, the FY-3D satellite was launched at an altitude of 830 km in a
sun-synchronous orbit, and the ascending node local time of the satellite was 14:00. The load
performance indicators of the ionospheric photometer are shown in Table 1[29]:
Table 1. The performance of FY-3D IPM.

Parameter value
Wavelength 135.6 nm (night mode)
135.6 nm and 145-180 nm (day mode)
Field of view ~3.5° (along orbit) x 1.6° (cross orbit)
Sensitivity day mode: = 1 counts/s/Rayleigh at 135.6 nm

night mode: = 150 counts/s/Rayleigh at 135.6 nm

Spatial resolution  ~ 30 km at ionosphere (300 km)

Time resolution 25 (day mode)
10 s (night mode)

The lonospheric Connection Explorer (ICON) was launched on October 10, 2019. The MIGHTI
instrument was used on the satellite to measure the temperature and neutral wind of the upper
atmosphere (Englert et al., 2023; Harlander et al., 2017). The MIGHTI wind speed observation is
based on the Doppler frequency shift in the atomic oxygen red line at 630.0 nm (O(1D—3P) and
the green line at 557.7 nm (O(1S—1D)). The height range of the red line is approximately 150-
310 km. The height of the green line is in the range of 90 to 310 km, with a step size of 3 km. In
this paper, the emission data of the Green Line with a larger height range and better vertical
resolution, i.e., MIGHTI-green level 2.2 version 5, were used.

Special Sensor Ultraviolet Spectrographic Imager (SSUSI) is onboard the Defense
Meteorological Satellite Program (DMSP) F18 satellite and was launched on October 18, 2009.
The satellite has a sun-synchronous orbit with an altitude of nearly 840 km, an inclination of
98.7°, and a period of approximately 104 minutes (with an average of 14 revolutions/day). The
time required to reach the equator is basically fixed at 08:00/20:00. SSUSI is an optical remote
sensing instrument that measures UV radiation and visible light (airglow and surface albedo)
from the atmosphere and ionosphere. The instrument regularly provides maps of the composition
of the ionosphere and upper atmosphere, as well as images of the aurora borealis(Paxton et al.,
1992, 2002). The local time difference between the SSUSI F18 and FY-3D IPM can be used to
compare the characteristics of the ionospheric wavenumber 4 longitudinal structure at different
local times.

For the FY-3D IPM and SSUSI F18 data, the nighttime data collected during the
geomagnetically quiet period were chosen in this study. Summing the 8 K, values for each day
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yields ¥ K, , ¥ K, <20 and each K, of the remaining days (<5) were considered as
geomagnetically quiet days. The OI135.6 nm radiation intensity distribution at 2 a.m. during the
quite period was obtained by plotting the data for one month.

The areas covering -180°~180° longitudes and -40°~40° latitudes were divided into a 4°x4° grid,
and then, the IPM data of each monthly geomagnetic quiet period FY-3D were averaged in the
grid. The mesh distribution diagram of the OI1135.6 nm radiation intensity for the corresponding
month was obtained(Zhang et al., 2022).

2021.09-2021.11 log10(01135.6)/Rayleigh
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Figure 1. Schematic diagram of the Ol 135.6 nm radiation intensity near 2:00 local time from

September to November 2021

In Fig. 1, the abscissa represents the longitude, the vertical axis represents the latitude, the color
represents the Ol 135.6 nm radiation intensity, and the unit is Rayleigh. The black line is the
geomagnetic equator. Figure 1 shows the gridded OI1135.6 nm radiation intensity distribution
during the geomagnetic quiet period from September to November 2021. The figure shows that
the EIA is symmetric on both sides of the geomagnetic equator, and there is a significant
variation in the EIA intensity versus the wavenumber 4 longitudinal structure. The position of
the EIA peak is usually limited to within £(10°-20°) geomagnetic latitudes, and most are at
approximately £15° geomagnetic latitude (Luhr et al., 2007; Scherliess et al., 2008a; Sunda &
Vyas, 2013). Fig. 1 shows that the magnetic latitude of the EIA is lower after midnight.
Therefore, in the present study, the £10° magnetic latitude was taken as the latitudinal area of the
EIA peak to obtain the distribution of the strength versus longitude of the EIA peak and perform
the smoothing processing. The EIA peak intensity was fitted by the sum of triangular functions,
and the fitting function is shown as follows:

4

2T

lhi13s6 = ZAi Ccos 360
i=1

lyi1356 1S the OI135.6 nm radiation intensity, and k is the residual term. A; and f; are the
amplitude and initial phase of the fluctuation component i (Guo et al., 2020), respectively. The
data used in this paper included four years of data from January 2018 to December 2021. EIA-N
is the northern EIA crest, and EIA-S is the southern EIA crest.

*i*(x—fi)>+k
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169  3.Results and Discussion

170  The FY-3D IPM nighttime airglow data on geomagnetically quiet days were selected and
171 gridded to obtain the global monthly variation map of the airglow intensity at mid-to-low-
172 latitudes. Wavenumber 1-4 components were extracted from the EIA area, and the amplitudes of
173 wavenumber 1-4 components and the F10.7 index were plotted monthly. The results are shown
174  in Figure 2.
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Figure 2a, b Schematic diagrams of the seasonal variations in the amplitude of wavenumber 1-4
versus the F10.7 index in the Northern Hemisphere (a) and Southern Hemisphere (b) during
2018-2021.

In Fig. 2, the black line, yellow line, blue line, and green line are the seasonal variation curves of
the amplitudes of wavenumber 1-4; the red line is the seasonal variation curve of the F10.7
index. Figure 2a shows the Northern Hemisphere, and Figure 2b shows the Southern
Hemisphere. The figure shows that the amplitudes of wavenumber 1-4 in the Northern and
Southern Hemispheres all have a period of approximately 6 months, the peak values are located
near the equinoxes (April and October), and the amplitudes increase with increasing F10.7 (solar
activity). Especially from November to December 2020, the F10.7 index temporarily increased,
and the amplitudes of wavenumber 1-4 during this period were also stronger than those during
the same period in previous years. Moreover, the amplitude in November was greater than that in
October.

The ionosphere level is strongly modulated by solar activity. Higher solar activity will cause a
stronger ionospheric level, which in turn will affect the amplitude of fluctuations in the EIA.
Therefore, we use the relative amplitude to remove the effect of the ionospheric background
strength, which is defined as the ratio of the amplitude to the background strength, that is, A4;/k.
Consider the seasonal variation in the relative amplitude A, /k of the wavenumber 4, as shown in
Figure 3 below:
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Figure 3. Variation of the F10.7 index (the upper) and relative amplitude of the EIA
wavenumber 4 component (the bottom) during 2018 to 2021.

Figure 3 shows the variation diagram of the F10.7 exponential intensity. The horizontal axis
represents the time in months, and the vertical axis represents the F10.7 radiation intensity.
Figure 3b is the seasonal variation diagram of the relative amplitude of the EIA wavenumber 4
component, with the horizontal axis showing the unit of month. The vertical axis is the relative
amplitude of the EIA wavenumber 4 component.

Figure 3 shows that after conversion to relative amplitude, the EIA wavenumber 4 component
still has a period of approximately half a year, with peak values occurring near the equinoxes
(April and October), and the relative amplitude of the peak near October is greater than that
around April. The F10.7 index in November 2020 and October 2021 was greater than that in the
same period in previous years. During these two-month periods, the relative amplitude of the
EIA wavenumber 4 component was also the highest in the same period in previous years.

In the following section, we include a paragraph about the relationship with longitude.

northem hemisphere wavenumber 4 variation during 2018 to 2021 05

2021

2020

2019

2018

-180 -150 -120 80 60 -30 0 30 60 90 120 150 180
longtitude/”



216

217

218

219
220

221

222
223
224
225
226
227

manuscript submitted to replace this text with name of AGU journal

(@)
southern hemisphere wavenumber 4 variation during 2018 to 2021 05
0.4
N
(]
[}
0.3
0.2
&
S 0.1
0
2] 0.1
=
[a]
0.2
-0.3
=]
b=
o]
0.4
05
-150 =100 -50 0 50 100 150
longtitude/”
(b)

Figure 4. Seasonal-longitude variation diagram of the relative amplitude of the EIA
wavenumber 4 component in the Northern Hemisphere (a) and Southern Hemisphere (b).

Figure 4 shows the season-longitude distribution diagram of the relative amplitude of the EIA
wavenumber 4 component. The horizontal axis is the geographic longitude, and the vertical axis
is the time in months. The color represents the relative amplitude of the EIA wavenumber 4
component. The black line indicates the seasonal variation curve of the peak position of the EIA
wavenumber 4 component. Fig. 4a shows the results for the Northern Hemisphere, and Fig. 4b
shows the results for the Southern Hemisphere.
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Fig. 4 shows that since October 2020, the relative amplitude of the EIA wavenumber 4
component has significantly increased compared to that of the previous component, and the solar
activity level modulates the intensity of the wavenumber 4 component in the EIA. The above
characteristics were consistent in the Northern and Southern Hemispheres. The difference is that
in the Northern Hemisphere, the position of the wave crest varies seasonally: from January to
July, the wave crest moves westward and then moves eastward from July to December. In the
Southern Hemisphere, in most months, the position of the wave crest remains relatively stable.

To study the temporal wavenumber 4 longitudinal distribution at different locations, we analyzed
the nighttime 135.6 nm airglow data from the SSUSI F18 in the same way, in addition to data
was divided into 1°x1° grid. We chose the night data from 2011 to 2014 for this payload rather
than the data of the same year as FY-3D because between 2018 and 2021, the local time of the
equator of the DMSP F18 drifts every year. At different local times, the fluctuation structure in
the EIA varies (Pacheco & Yizengaw, 2013). Therefore, we chose the data from 2011 to 2014,
when the solar activity level was also in the rising stage and local time drift did not occur.
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northem hemisphere wavenumber 4 variation during 2011 to 2014
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Figure 4a. Variation of the F10.7 index (the upper) and relative amplitude of the EIA
wavenumber 4 component (the bottom) during 2011 to 2014. Figure 4b. Seasonal-longitude
variation in the relative amplitude of the EIA wavenumber 4 component for the Northern
Hemisphere during 2011-2014

In Fig. 4, based on the OI135.6 nm airglow data of the SSUSI F18 from 2011 to 2014, the
relative amplitude of the EIA wavenumber 4 component was extracted using the same
processing method as that used with the FY-3D IPM data described above.

Figure 4a shows that the F10.7 indices of November 2011 and November 2014 were similar.
However, the relative amplitudes of the EIA wavenumber 4 component extracted from the
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SSUSI data differ significantly. In 2014, the F10.7 index increased significantly, reaching the
highest level in all four years. However, the relative amplitude of the EIA wavenumber 4
component at the equinox was the lowest over the 4 years. Due to the presence of the South
Atlantic anomalous area in the Southern Hemisphere, the data quality of the SSUSI F18 is
severely affected, so only the results for the Northern Hemisphere are shown in Fig. 4b. As
shown in Fig. 4b, for the position of the peak in the wavenumber 4 component, during the period
from 2011 to 2013, the peak moved eastward from April to July and westward from July to
October, and the peak position in other months basically remained unchanged.

There were consistencies and differences between the FY-3D IPM and SSUSI F18 results. The
consistencies are reflected in the fact that the relative amplitudes of the wavenumber 4
component all have a semiannual period, and they all reach their peaks at approximately 2
minutes. The differences are reflected in the relationship between the relative amplitude of the
EIA wavenumber 4 component and solar activity and the seasonal variations in the wave crest
positions in the Northern Hemisphere.

As shown in Fig. 1, after the FY-3D OI135.6 nm airglow data from September to November
2021 were gridded, the wavenumber 4 longitudinal structure of the EIA was very obvious. The
four peaks were located in the Pacific Ocean region, the Americas region, the African region,
and the Southeast Asian region. It is rare to obtain such a clear observation of the wavenumber 4
longitudinal structure of EIA around the world. For example, the significant EIA wavenumber 4
longitudinal structure cannot be directly observed in the gridded SSUSI F18 data. The main
reason is that for the FY-3D IPM nighttime, the sensitivity is high, reaching 260 counts/s/R in
the 135.6 nm band, and the local time is fixed; therefore, the distribution characteristics of weak
airglow around midnight can be clearly displayed. Based on the 135.6 nm airglow data from the
FY-3D IPM and the 135.6 nm night airglow data from the DMSP F18 SSUSI, we investigated
the proportion of each EIA component and thus determined the reason why the EIA near October
2021 exhibited a clear wavenumber 4 longitudinal structure. The calculation formula is w; =

A7

yrrvEryEwTe where =1, 2, 3, 4. w; is the proportion of the i-th component, and4; is the
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Figure 5a. Seasonal variations in the proportion of the EIA wavenumber 1-4 component based
on FY-3D IPM data extraction. Figure 5b. Seasonal variation diagram of the proportion of the
EIA wavenumber 1-4 components based on SSUSI F18 data extraction.
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In Figures 5a and 5b, the horizontal axis represents the time in months, and the vertical axis
represents the proportion. From top to bottom, they are wavenumber 1, wavenumber 2,
wavenumber 3, and wavenumber 4. The FY-3D IPM and SSUSI F18 results showed both
consistencies and differences. The consistencies were reflected in that in most months,
wavenumber 1 and wavenumber 2 were the largest components, and wavenumber 3 was the
smallest component. The differences are reflected in the fact that the proportion of wavenumber
4 in the FY-3D IPM results increases significantly, reaching approximately 50% near the vernal
equinox and more than 70% near the autumnal equinox, becoming the largest proportion among
the four components. At this time, the longitudinal structure of wavenumber 4 of the EIA was the
most obvious, and the seasonal variation in the wavenumber 4 proportion showed a semiannual
cycle. On the other hand, in the SSUSI F18 results, the seasonal variation in the wavenumber 4
proportion was irregular and always less than 50%.

The longitudinal structure of the wavenumber 4 of the ionosphere has been extensively studied.
Eastward nonmigrating tidal waves with a wavenumber of 3 (DE3) from the thermospheric
atmosphere are considered as the cause of the longitudinal structure of the wavenumber 4. In
addition, for east nonmigrating tidal semicircular waves (SE2) with a wavenumber of 2, the
stationary planetary wavenumber 4 SPW4 may also generate a longitudinal structure of
wavenumber 4 in the ionosphere(He et al., 2011; Li et al., 2019, 2020; Lihr et al., 2007;
Pancheva & Mukhtarov, 2010; Pedatella et al., 2008; Wan et al., 2010). In response to the
difference between the FY-3D IPM and SSUSI F18 results, we studied the neutral wind
conditions after midnight local time.

zonal wind

Jan Mar May Jul Sep Nov Jan Mar May Jul Sep Nov

meridional wind

Jan Mar May Jul Sep Nov Jan Mar May Jul Sep Nov
2020 2021

Figure 6. Seasonal variation diagram of the proportion of the wavenumber 4 component of the
neutral wind at the geographic equator at 0-2:00 local time at an altitude of 300 km based on the
ICON MIGHTI data.

Figure 6 is based on the ICON MIGHT]I seasonal variation map of the wavenumber 4 component
proportions extracted from the geographic equatorial neutral wind for the data from 0-2:00
during the 2020-2021 period. The first row is the seasonal variation map of the wavenumber 4
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component proportion of the zonal component of the neutral wind, and the second row is the
seasonal variation map of the wavenumber 4 component proportion of the neutral wind.

Fig. 6 shows that the proportion of the wavenumber 4 component in the zonal wind after
midnight is very low, approximately 20%, and the maximum is less than 40%, while the
wavenumber 4 component in the meridional wind account for a very high proportion. During the
two-point period, it could reach more than 50%. The peak proportion in November 2020 was due
to the sudden increase in solar activity that month. These results are close to the results of the
wavenumber 4 component of the 5.6 nm airglow radiation of the Ol observed with the FY-3D
IPM.

Since Sagawa discovered the longitudinal structure of the wavenumber 4 of the ionosphere,
many studies have attempted to explain its origin. The most common explanation is that the
eastward nonmigrating tidal wave DE3 with wavenumber of 3 from the lower atmosphere
propagates upward and modulates the E-region dynamo through the zonal wind, thereby
affecting the fountain effect to form the longitudinal structure of the wavenumber 4 in the
ionosphere. The electric field in Area E turns westward at night. Even if sunset inversion
enhancement (PRE) at approximately 19 local times is considered, the eastward electric field in
Area E after midnight inevitably disappears, and the fountain effect cannot be maintained.
Therefore, the fluctuation structure in the zonal wind will not be transferred to the ionosphere.
However, based on the FY-3D IPM observations, a clear longitudinal structure of the
wavenumber 4 is found in the EIA after midnight. In addition, the relationships between the
relative amplitude and solar activity, as well as the seasonal variations in the proportions of the
wavenumber 4, are different from the results observed at SSUSI F18. The local time of the
SSUSI F18 data is approximately 20:00, and its fluctuation structure is considered as the residual
of the modulation of the generator in Area E by the zonal wind during the daytime after sunset.
Therefore, we suspect that there are differences in the origin of the ionospheric longitudinal
structure of the wavenumber 4 at 2:00 local time and the longitudinal structure of the
wavenumber 4 of the ionosphere during the day. Based on the GOLD observations, the early
morning ionospheric equatorial anomaly (EM-EIA) phenomenon was discovered in the early
morning, and their simulations showed that under the conditions of a low solar year and
geomagnetic quiet period, EM-EIA can occur worldwide, and its expression exhibits
characteristics similar with those of the longitudinal structure of the wavenumber 4. These
researchers believe that the EM-EIA is driven by dynamic changes related to lower atmospheric
waves (Laskar et al., 2020b). He et al. (2011) studied the symmetry and anti-symmetry of the
wavenumber 4 component of the peak electron concentration (Nmax) and peak electron height
(HmF2) at different times based on the COSMIC dataset and reported that the wavenumber 4
component of the ionosphere near midnight can be explained by easterly nonmigrating tidal
semicircular waves (SE2) with a wavenumber of 2 in cross-equatorial neutral winds (Ren et al.,
2009). Based on the results shown in Figs. 3, 4, 5, and 6, the longitudinal structure of the
wavenumber 4 of the ionosphere after midnight is significantly different from that during the
day. The seasonal variation in the proportion of the wavenumber 4 component in the equatorial
wind observed by ICON MIGHTI and the FY-3D IPM OI1135.6 nm airglow observations are
similar with each other, which supports the fact that the longitudinal structure of the
wavenumber 4 of the ionosphere after midnight is modulated by the trans-equatorial neutral
wind.
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4. Conclusions

This paper used OI135.6 nm night airglow observation data collected during the 2018-2021
geomagnetically quiet period using the FY-3D IPM. We found that there was a clear longitudinal
structure of wavenumber 4 in the EIA after midnight (2:00 local time), and we compared this
finding with the observational results of the O1135.6 nm night airglow of the SSUSI F18. Based
on the 2020-2021 neutral wind speed data of ICON MIGHTI, we made the following
conclusions:

1. The longitudinal structures of the wavenumber 4 of the ionosphere may still exist
after midnight and are more obvious at equinoxes.

2. After midnight, the wavenumber 4 component of the ionosphere are affected by
solar activity, and the relative amplitude is positively correlated with the solar
activity level.

3. The longitudinal structure of the wavenumber 4 of the ionosphere after midnight
is caused by the modulation of the neutral wind across the equator rather than the
modulation of the zonal wind during the day.

Since FY-3D satellite IPM data were released to the public in 2018, the data have not yet
covered the entire solar activity cycle, and the statistical period between the ionospheric
wavenumber 4 components and the solar activity level is relatively short. Currently, the IPM
load is still operating normally, and the data will be further developed in the future. Relevant
data should be analyzed to improve follow-up studies.
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