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Abstract

:

The OI135.6 nm radiation intensity and the associated change with solar activity are very complex, and this is particularly the case during November 2020. In this paper, we investigated the OI135.6 nm radiation intensity in the low-latitude ionosphere during a quiet geomagnetic period. The Ionospheric Photometer (IPM) instrument onboard the FY-3(D) meteorological satellite was employed to measure the OI135.6 nm night airglow at 02:00 LT (local time) and its response to the solar activity. The results showed there is a statistically significant correlation between the intensity of the equatorial ionospheric anomaly (EIA) and solar activity after midnight. The EIA at 02:00 LT and before midnight shared the same climatological characteristics—strong in equinoxes and weak in solstices. In November 2020, when the F10.7 flux significantly increased, the OI135.6 nm radiation intensity in the EIA region recorded a 100–200% increase compared to the previous month, which was much higher than in the same period in the preceding two years. A similar phenomenon was observed at the same time by the Global-scale Observations of Limb and Disk (GOLD), which makes continuous observations of ionospheric structure variation in global patterns. Data analysis suggests that the EIA at 02:00 LT was due to the attenuation of the EIA before midnight after the disappearance of the eastward electric field. The magnetic latitude of the EIA crest (hereafter denoted by    θ  m l   F 2  ) indicates a range-and-seasonal rule of hemispherical asymmetry: closer to the geomagnetic equator in equinoxes and farther away from the geomagnetic equator in solstices. Further studies are needed.
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1. Introduction


The equatorial ionization anomaly (EIA) in the ionospheric F-region has been extensively studied. The EIA is commonly believed to result from the fountain effect driven by the upward vertical E × B plasma drift caused by the eastward zonal electric field E and the northward magnetic field B near the magnetic equator. As the plasma rises to higher altitudes, it spreads along the geomagnetic field lines on both sides of the magnetic equator due to pressure and gravity [1,2,3]. Finally, this plasma accumulates to form double crests on both sides of the magnetic equator and creates a plasma density valley around the magnetic equator [4,5]. At night, ionospheric O+ recombines with electrons or O− producing excited atomic oxygen (OI). The 5s-3p transition of OI produces light with a wavelength of 135.6 nm, whose intensity is proportional to the square of the O+ concentration of oxygen ions [6]. Since oxygen ion O+ is the main component of the ionosphere, it can be approximated that the 135.6-nm band intensity is proportional to the square of the electron density. The OI135.6-nm intensity obtained by optical detection can be used to study the ionospheric conditions at night.



Ionospheric EIA observation by optical instruments on satellites has good spatiotemporal continuity, compensating for the lack of ground-based stations on the ground and ocean. In the past few decades, the OI 135.6 nm emission observed by remote sensing has developed into the most widely used optical means for observing and quantifying ionospheric plasma parameters [7,8,9,10,11,12,13,14,15,16,17,18]. So far, the OI135.6 nm wavelength ionospheric emission has been used to study EIA features for many years [19,20,21]. In 2005, the four-wave longitudinal structure of the EIA crests was first reported by Sagawa [22]. Liu et al. used CHAllenging Mini-satellite Payload (CHAMP) data to study the correlation between the EIA after midnight incidence and date, local time, solar activity, and longitude [23]. Kil et al. investigated the seasonal, longitudinal, and altitudinal variations of the F-region morphology at 21:00 to 23:00 LT in the low and middle latitudes using the Special Sensor Ultraviolet Spectrographic Imager (SSUSI) instrument on board the Defense Meteorological Satellite Program (DMSP) F15 and the Global Ultraviolet Imager (GUVI) on board the Thermosphere, Ionosphere, Mesosphere Energetics and Dynamics (TIMED) satellite data collected in August, September, and November of 2003. They inferred that the hemispheric asymmetry of the topside ionosphere is created primarily by the retardation of the downward plasma diffusion in one hemisphere through the field-aligned equatorward winds [24]. Henderson et al. found that, for all longitudes, the crest-to-trough ratio (CTR) was well correlated with the equatorial plasma bubble (EPB) rate, using GUVI 135.6 nm radiation from the 20:30 to 21:30 Magnetic Local Time [25]. Lin et al. used the Formosa Satellite 3 and Constellation Observing System for Meteorology, Ionosphere, and Climate (FORMOSAT-3/COSMIC or F3/C in short) satellite constellation radio occultation observations to monitor the development and subsidence of the four-wave longitudinal structure of the equatorial ionosphere during a 24 h local time period [26]. Lin et al. studied the EIA structures and evolutions using the radio occultation observation of the F3/C, which suggested that, in addition to the asymmetric neutral composition effect, interactions between the summer-to-winter (transequatorial) neutral winds and strength of the equatorial plasma fountain effect play important roles in producing the asymmetric development of the EIA crests [27].



Laskar et al. utilized the GOLD OI 135.6 nm data to study the morning EIA over the American continents. They attributed it to the four-wave structure in the early morning based on Whole Atmosphere Community Climate Model-eXtended (WACCM-X) simulations [28]. Cai et al. found an extra electron density (Ne) peak after sunset at approximately 30° S near 40° W on 4 November 2019, which is poleward and immediately next to the southern EIA crest. The Whole Atmosphere Community Climate Model-eXtended diagnostic analysis revealed that the decrease of Ne and hmF2 between 15° and 25° S made Ne near 30° S appear as an extra density peak relative to the southern EIA crest [29]. Cai et al. found a distinct post-sunset, hemispherically asymmetric evolution of the equatorial ionization anomaly between 40° and 50° W on 19 November 2018, with the southern crest shifting poleward but the northern crest remaining in the same latitude region, which was due to the hemispheric asymmetry in the plasma transport due to E × B drifts and neutral winds [30].



Most studies about the ionosphere after midnight used data from ground-based observations, which are severely limited by the spatial distribution of ground-based stations. The optical remote sensing payload can observe the ionosphere after midnight at the middle and low latitudes in satellites, such as the FY-3(D) IPM and GOLD ultraviolet imaging spectrographs. Since the GOLD is located in a geostationary orbit, it can only observe half of the Earth because of the curvature of the Earth’s surface. Jee used TOPEX/Poseidon radar data to study the climatological patterns of the TEC in solar cycles, geomagnetic activity, seasons, etc. They show strong TEC variations with solar activity but relatively weak variations with geomagnetic activity [31]. However, the TOPEX/Poseidon data only included the ocean and lacked land data. Most EIA studies, such as those on longitudinal four-wave structure, focus on the daytime and before midnight since the EIA is too weak [32,33]. Few EIA studies have used ground-based data after midnight and do not cover the globe. In satellite remote sensing observation, the ionosphere is weak and difficult to detect after midnight. In this paper, we studied the EIA structure after midnight based on the Feng Yun 3-D (FY−3D) Ionospheric Photometer (IPM) data.




2. Data and Methods


The compact and high−sensitivity nadir−viewing FUV Ionospheric Photometer (IPM) is one of 10 scientific payloads aboard the Feng Yun 3-D (FY−3D) meteorological satellite [34]. The orbit altitude of the FY−3D is 831 km, the inclination is 98.753°, the quasi-repeat time is 4–10 days, and the local time of the ascending node is 02:00/14:00. Moreover, with high optical sensitivity and spatial resolution, the IPM can effectively detect the weak ionosphere after midnight.



The IPM monitors nadir 135.6-nm emissions in the nightside thermosphere and 135.6 nm and N2 LBH emissions in the dayside thermosphere, and then the total ionospheric electron density (TEC), peak ionospheric electron density of the F2 layer (NmF2), and thermospheric column density ratio of atomic oxygen to molecular nitrogen (O/N2) were retrieved [13,35,36]. The IPM parameters are shown in Table 1:



Since the ionospheric photometer has a high sensitivity of about 226 counts/s/R at night, it is important to observe very weak ionospheric airglow at midnight and compensate for the lack of less global 135.6-nm airglow at midnight, especially for the middle and low latitude regions.



The GOLD ultraviolet imaging spectrograph is the payload of the SES-14 satellite in the geostationary orbit at the 47.5° W longitude. It observes approximately 18 h per day, including disk, limb, and stellar occultation observations, covering a variety of local times over the Americas. The GOLD has two identical imaging spectrometers covering bands of 132–162 nm with spectral resolutions of 0.2 nm for the daytime observation and 0.4 nm for the nighttime observation. For daytime scanning, the spatial grid is divided into 125 × 125 km. Channel A observation is mainly used for daytime disk scanning, whereas channel B observation is used for night observation. From 20:10 to 22:55 universal time (UT), channel B images the hemisphere alternatively in 30 min periods (for example, 20:10 northern, 20:25 southern, 20:40 northern). Then, from 23:10 to 00:25 UT, both channel A and B work, each scanning one hemisphere in a temporal resolution of 15 min. The GOLD does not operate from approximately 00:30 to 06:10 UT. This paper includes more technical details on the GOLD instrument, operating schedule, and observations [37,38].



Due to its solar sun-synchronous orbit characteristics, the FY-3(D) IPM can continuously observe the ionospheric structure’s variation with the longitude under the same local time. On the other hand, the GOLD is in geosynchronous orbit, which can continuously observe the same location and study the variation of the ionospheric structure over time. Both were launched in recent years, and the data are new and of high quality. When studying the ionosphere at night, the data can corroborate one another.




3. Results


The FY-3(D) IPM nighttime data used in this paper are in the geomagnetic quiet period. We added all the 8 Kp values per day to obtain ∑Kp if ∑Kp < 20 and every Kp < 5.; these data were used for the geomagnetic quiet period. The distribution of the OI135.6 nm radiation intensity at 02:00 LT in the geomagnetic quiet period was obtained using data from March 2019, as shown in Figure 1:



Figure 1a shows the global distribution of the OI135.6-nm nightglow intensity at 02:00 LT during the geomagnetic quiet period in March 2019. The horizontal axis is the longitude, the vertical axis is the latitude, and the color indicates the intensity. The black contour straddling in the middle of Figure 1a is the world map. The black line is the geomagnetic equator. In Figure 1a, two symmetrical high-intensity regions can be seen near 10° north and south of the geomagnetic equator, which embody the EIA in the intensity of the OI135.6 nm radiation band. The higher intensity in the high latitude is from auroras. There are four intensity peaks at about −150° W, −60° W, 30° E, and 120° E in Figure 1b, and the EIA four-wave structure can still be clearly observed at 02:00 LT.



Figure 2 shows the global 135.6-nm nightglow at 2:00 LT in 2019.



In Figure 2, the EIA after midnight exists in many months, being the strongest in March, April, October, and November and weakest in June, July, and August, which has the same seasonal pattern as the EIA before midnight, being strong in equinoxes and weak in solstices.



Figure 3 shows the EIA variation in October and November from 2018 to 2020. Figure 3a,b show the EIA in October/November from 2018 to 2020. Figure 3c shows the variation between these two months. Figure 3d shows the monthly variation of the F10.7 index and EIA crest intensity from 2018 to 2020.



The upward plasma drift from the eastward electric and magnetic fields causes daytime EIA. Then, the plasma sinks along the magnetic field line to enhance the plasma concentration on both sides of the geomagnetic equator. After the disappearance of pre-reversal enhancement (PRE), the eastward electric field disappears, the upward drift ends, and the fountain effect cannot be maintained [39]. Related studies have shown that the EIA four-wave structure begins to form from 08:00 to 10:00 LT, becoming most significant from 12:00 to 16:00 LT, and decaying from 00:00 to 02:00 LT [26]. The EIA four-wave structure is visible in Figure 1 and Figure 3a. Therefore, it can be assumed that the EIA after midnight is the residue of the EIA after the eastward electric field disappearance, and its intensity depends on the ionospheric activity before midnight. The F10.7 flux characterizes the solar EUV radiation level. The TEC intensity at the equator and low latitudes depends on the solar cycle, and the EIA is more obvious for F10.7 ≥ 120, especially in the evening [31]. Therefore, studying the relationship between the EIA intensity and F10.7 flux after midnight can help us understand the existence of the EIA four-wave structure observed after midnight.



The region of −180°to 180° longitude and −40° to 40° latitude was divided into a grid of 4 × 4°. Then, the FY-3(D) IPM data in the geomagnetic quiet period from October to November 2018, 2019, and 2020 were averaged in the grid separately. We obtained the distribution map of the OI135.6 nm radiation intensity in the grid for corresponding months. Figure 3a shows the intensity in October from 2018 to 2020. Figure 3b shows the intensity in November from 2018 to 2020. The high intensity at 40° N and 70° W, as shown in Figure 3b, is due to the influence of the aurora edge. Figure 3c shows the relative rate of the change in intensity, which is obtained from the following formula:


  d i f f =    I  N o v   −  I  O c t      I  O c t     × 100 %  



(1)




where    I  O c t   ,  I  N o v       is the OI135.6 nm radiation intensity in October and November.



In Figure 3b,c, the OI135.6 nm radiation intensity observed by the FY-3(D) in November 2020 was significantly enhanced compared to last month and the same month of previous years.



Figure 3c shows that, within the EIA structure, the OI135.6 nm radiation intensity in November 2018 and 2019 has a relative increase and decrease. However, in November 2020, the OI135.6 nm radiant intensity increased with a relative change rate of about 100–200%. The relative change rate of the OI135.6 nm radiation intensity in November 2020 was significantly enhanced compared with November 2018 and 2019.



The red line in Figure 3d shows the F10.7 index variation from 2018 to 2021. The electron density has a peak region between the magnetic latitudes 10°–15° in the daytime due to the ionospheric fountain effect. In the nighttime, the high-density region in the low latitudes moves equatorward. Therefore, the peaked structure along the magnetic latitude will be smaller after midnight [40]. Li et al. found that the location of the EIA crests moved poleward during high solar activity periods relative to that during low solar activity, because of the enhanced E × B force [41]. The years of data we used in this paper are in the comparatively low solar activity periods. Therefore, we selected the geomagnetic latitude ± 10° as the location of the north or south EIA crest, and the averaged EIA crest intensity per month was obtained by averaging along the longitude. The blue and gray lines in Figure 3d show the north and south EIA intensity, respectively. The solar cycle has entered an ascending phase since November 2020 (actually F10.7 totally increased after September 2021), and the averaged north and south EIA crest intensity have also increased with the gradual increase in the solar activity. During the month of the F10.7 enhancement, the ionosphere becomes more active and the EIA becomes stronger during the daytime, resulting in a strong EIA in the ionosphere at 02:00 LT. As shown in the ellipse in Figure 3d, the extreme value of the EIA crest occurred in October from 2018 to 2019. However, in 2020, the extreme value of the EIA crest occurred in November, indicating that the EIA crest intensity after midnight positively responded to the solar activity.



Figure 4 shows the averaged EIA in October and November from 2018 to 2020 using the GOLD data. Our results show nearly the same variation as the data from the IPM.



The averaged 135.6 nm nightglow intensity of the GOLD at 06:10 UT (scanning the northern hemisphere), and 06:22 UT (scanning the southern hemisphere) in October and November from 2018 to 2020 was also obtained, as shown in Figure 3d. The red line on the left is the longitude line corresponding to 01:00 LT and the red line on the right is the longitude line corresponding to 03:00 LT. In Figure 4, the OI135.6 nm averaged radiation intensity observed by the GOLD in November 2020 from 01:00 to 03:00 LT was also significantly enhanced compared to last month and the same period of the previous year. The FY-3(D) IPM and the GOLD showed a positive correlation between the ionospheric response and the solar activity enhancement after midnight. Figure 3c and Figure 4 both show that the spatial distribution pattern of the region with a significant relative change rate of the OI135.6 nm radiation intensity is consistent with the spatial distribution pattern of the EIA. In regions outside the EIA, the intensity did not change.



Some studies found that the latitudes of the EIA crest moved poleward with the enhancement of the solar activity [41,42,43]. However, no study focuses on the monthly variation of the    θ  m l   F 2   at the same local time after midnight. Figure 5 shows the    θ  m l   F 2   monthly variation in both the northern and southern hemisphere from 2018 to 2021.



The magnetic latitude of the peak OI135.6 nm intensity was selected in the north and south of the geomagnetic equator, and the monthly average value was obtained. The blue line is the monthly change curve of the    θ  m l   F 2   in the northern hemisphere and the brown line is the monthly change curve of the    θ  m l   F 2   in the southern hemisphere. For some reason, satellite data in June 2020 are missing.



The figure shows that the    θ  m l   F 2   in the northern and southern hemispheres has an annual cycle. The EIA crests are closer to the geomagnetic equator in equinoxes, while they are farther away from that in solstices. The    θ  m l   F 2     reach the maximum peak in the hemisphere summer and the secondary peak in the hemisphere winter. In addition, the    θ  m l   F 2   in the northern hemisphere has a greater annual variation, ranging from about 5° to 20°, while that ranges from about −20° to −10° in the southern hemisphere.



Previous research mainly studied the influence of the solar activity on the    θ  m l   F 2  , without focusing on the monthly variation [41]. Our results are not consistent with the findings of Huang et al. [43]. On the one hand, it is because they studied the daytime    θ  m l   F 2  , and we studied the nighttime    θ  m l   F 2  . On the other hand, they were not fixed on the local time, and the    θ  m l   F 2   itself will change with the local time, which will cause errors in their results. Furthermore, the hemispherically asymmetric range of the    θ  m l   F 2   within a year is shown in this article.




4. Conclusions


Based on the OI135.6 nm intensity data detected by the Ionospheric Photometer (IPM) on the FY-3(D) satellite, we studied the seasonal variation of the EIA in the low latitudes around 02:00 LT in the geomagnetic quiet period. The EIA still exists at 02:00 LT after midnight in low solar activity years, and the four-wave structure can still be observed in certain months (especially in March and October). We also found a positive correlation between the EIA four-wave structure at 02:00 LT and the solar activity. The EIA at 02:00 LT has the same seasonal pattern as the EIA before midnight: strong in equinoxes and weak in solstices. In 2020, the F10.7 index increased from 75 sfu in October to 90 sfu in November. At the same time, the OI135.6 nm intensity in the EIA region increased by 100–200% compared with last month, which was higher than the same period in the previous two years. Meanwhile, we used the GOLD data and found a stronger EIA from 01:00 to 03:00 LT as the solar activity increased, which had a good consistency with the FY-3(D) IPM data. Considering that the F10.7 enhancement represents the increase in the solar radiation level, the plasma density of the whole ionosphere increases during the daytime, and the EIA is enhanced. The E × B drift could not be maintained to transport plasma to higher altitudes due to the disappearance of the eastward electric field, and the EIA began to decay at local time. The enhanced ionospheric plasma density during the daytime could maintain a stronger EIA after midnight. Therefore, the EIA at 02:00 LT after midnight can be considered the residue of the EIA before the midnight attenuation.



We also studied the    θ  m l   F 2   monthly variation in both the northern and southern hemispheres at 02:00 LT during 2018 to 2021 and found that the hemispherically asymmetric range of the    θ  m l   F 2  , which is wider in the southern hemisphere and narrower in the southern hemisphere. Within a year, the EIA crest is closer to the geomagnetic equator in equinoxes and farther away from the geomagnetic equator in solstices. The principle behind these results still needs further studies.
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Figure 1. (a) FY-3(D) IPM observation of OI135.6 nm radiation intensity at 02:00 LT in March 2019. (b) FY-3(D) IPM observation of OI135.6 nm radiation intensity in low latitude at 02:00 LT in October 2020. 
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Figure 2. Distribution of FY-3(D) IPMOI135.6 nm monthly radiation intensity at 02:00 LT in 2019 in low latitude. 






Figure 2. Distribution of FY-3(D) IPMOI135.6 nm monthly radiation intensity at 02:00 LT in 2019 in low latitude.



[image: Atmosphere 13 02068 g002a][image: Atmosphere 13 02068 g002b][image: Atmosphere 13 02068 g002c][image: Atmosphere 13 02068 g002d]







[image: Atmosphere 13 02068 g003a 550][image: Atmosphere 13 02068 g003b 550] 





Figure 3. (a) FY-3(D) IPM OI135.6 nm radiation intensity in middle and low latitude at 02:00 LT in October from 2018 to 2020. (b) FY-3(D) IPM OI135.6 nm radiation intensity in middle and low latitude at 02:00 LT in November from 2018 to 2020. (c) The relative change of FY-3(D) IPM OI135.6 nm radiation intensity in middle and low latitude in November versus October from 2018 to 2020. (d) The F10.7 index and EIA crest intensity monthly variation from 2018 to 2020. The red line is the F10.7 index monthly variation. The blue line and gray line show the monthly variation of the north and south EIA crest intensity, respectively. 
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Figure 4. The GOLD averaged radiation intensity at OI135.6 nm in October and November at midnight from 2018 to 2020. The two red lines in the figure are the longitude lines corresponding to 01:00 and 03:00 LT from left to right, respectively. 
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Figure 5. Monthly variation of    θ  m l   F 2   from 2018 to 2021. 
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Table 1. FY−(3D) IPM instrument parameters.
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Parameter

	
Value






	
Field of view

	
∼3.5°(along orbit) × 1.6°(cross orbit)




	
Band of detection

	
night mode: 135.6 nm




	
day mode: 135.6 nm and N2LBH




	
Sensitivity

	
day mode: N2LBH channel: 11 counts/s/Rayleigh




	
135.6 nm channel: 8 counts/s/Rayleigh night mode:




	
135.6-nm channel: 226 counts/s/Ray leigh




	
Bandwidth

	
135.6nm@day mode: FWHM = 7.5-nm




	
N2LBH@day mode: FWHM = 25 nm
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