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Abstract

:

The center path of the 21 June 2020 solar eclipse, which passed through Guam (13.62°N, 144.86°E, 94.6% obscuration), United States, at the end of its journey, provides a peculiar opportunity to study the ionospheric changes as the moon shadow moves into the nightside. In this study, remote-sensing observations of the ionosphere taken from the ionosonde, and total electron content from the International GNSS Service over Guam were analyzed to examine the related ionospheric changes. Independent in situ observations of electron density (Ne), electron (Te) and ion temperatures (Ti) from DMSP-F17 at ~850 km, and Ne and Te from Swarm-B at ~540 km were also studied. With a significant enhancement of the critical frequency and downward movement of F2-layer, the ionosphere was compressed as the moon shadow swept over Guam near its sunset hours. Neutral wind observations from the Ionospheric Connection Explorer (ICON) showed the westward reversed wind occurring in the F-region near sunset. The westward wind disturbance and downward press over the Western Pacific suggest changes in the electrodynamics in the ionosphere and thermosphere near sunset at the end of the solar eclipse, which further contributes to ~85% decrease of Ne and 157% enhancement of Te at ~540 km near midnight.
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1. Introduction


Solar eclipses can cause a transient sunset and sunrise process in the Earth’s atmosphere, which occurs when the moon moves directly between the Sun and the Earth. Most studies have shown that the moon shadow can not only disturb the thermosphere and ionosphere during the obscuration [1,2,3,4,5], but can also cause thermospheric and ionospheric perturbations near and after sunset [6,7,8,9,10,11,12].



Yeh et al. showed the decreased electron density near sunset at low latitudes on the day of the 24 October 1995 solar eclipse [7]. They suggested that the reduced ionospheric conductivity as well as the weakened pre-reversal enhancement (PRE) near sunset are the main cause of the electron density depression. Tsai and Liu showed that the total electron content (TEC) observed by the global positioning system (GPS) experienced sunset ascension and secondary depression before/around and after local sunset during solar eclipses on 24 October 1995 and 9 March 1997. They suggested that the enhanced PRE induced by the two solar eclipses near sunset plays an important role in this phenomenon [8]. Liu et al. studied the eclipse on 20 August 2017 and their results revealed that the lunar tide can be a factor in the ionospheric disturbance after an eclipse at night [9]. Harding et al. showed that the 21 August 2017 total solar eclipse caused the thermospheric neutral wind disturbances to behave as a large-scale thermospheric wave that propagated from the sunset terminator and emphasized the night side [12]. Aryal et al. presented the first global-scale synoptic observations of the eclipse’s effect on the thermosphere during the 2 July 2019 solar eclipse and showed that the ΣO/N2 column density ratio within the totality path was enhanced during and after the eclipse [5]. Sun et al. studied the Global Navigation Satellite System (GNSS) TEC behaviors during and after the 21 June 2020 annular solar eclipse and showed that the eclipse could disturb the electrodynamics process near sunset and cause the nighttime TEC perturbations to behave as a large-scale thermospheric terminator wave propagating after sunset [10]. Wang et al. suggested that the solar eclipse-induced convergence effects disturbed the ionosphere from the obscuration to near midnight and caused long-lasting ionospheric perturbations near the center path of the moon shadow during the solar eclipse of 21 June 2020 [11].



Numerous studies, as mentioned above, have analyzed the ground-based GNSS TEC observations and showed the ionospheric disturbances after the eclipse near sunset. The TEC is an efficient and economical data set to study an ionospheric weather phenomenon, but it is an integration value. The ionosondes can observe the altitudinal profiles of the plasma density structure of the ionosphere [6,11,13], which can reveal the mechanism contributing to the ionospheric changes. However, ionosonde observations for analyzing the ionospheric changes at the end of the solar eclipse are rare [14,15]. Sridharan et al. studied the ionospheric changes over Trivandrum, India with ~69% obscuration during the 11 August 1999 total solar eclipse that occurred near sunset, and showed that the partial solar eclipse could increase the post-sunset F-layer [14]. Chen et al. showed that the 15 January 2010 annular solar eclipse moving into the sunset terminator at middle latitudes in Eastern China could enhance the PRE, as well as the critical frequency of the F2-layer (foF2) in the area, with ~20-82% obscuration [15]. Note that the ionospheric responses to the solar eclipses near sunset, as shown in all the studies, either have a time difference between the last contact of the moon shadow over the locations of the ionospheric instruments and the local sunset [7,8,9,10,11], or are beyond the center path of the moon shadow [14,15].



Fortunately, an annular solar eclipse occurring on 21 June 2020 ended over Guam, (13.62°N, 144.86°E) in the Western Pacific Ocean, with 94.8% obscuration (near the center path) near its local sunset hours. The remote-sensing observations of the ionosphere based on the local ground observations from ionosonde and GNSS TEC exist there, which is rare and provides a precious opportunity to investigate the ionospheric changes near the center path of the solar eclipse as the moon shadow meets the sunset terminator over the Western Pacific Ocean. Moreover, the in situ satellite observations from Defense Meteorological Satellite Program (DMSP) F17 spacecraft and Swarm-B satellite pass nearby, which allows us to show a comparison with the remote sensing results. The neutral wind data derived from the remote observations of red 630.0 nm airglow emissions from the Michelson Interferometer for Global High-resolution Thermospheric Imaging (MIGHTI) instrument onboard the Ionospheric Connection Explorer (ICON) satellite [16] were also analyzed to explore the corresponding mechanism.



Figure 1 shows the geomagnetic and solar activity on the day of the 21 June solar eclipse and the three days before. The geomagnetic condition was stable with Kp ≤ 1+ and Auroral Electrojet (AE) index ≤ 280 nT, and the solar activity was quiet with F10.7 = 69.9 s.f.u on the eclipse day. The day before the solar eclipse day was disturbed by a substorm (Figure 1b); therefore, the days 18–19 June 2020 were chosen as the reference days.




2. Data


Figure 2 illustrates the location of the ionosonde, and the ground track of the DMSP F17 spacecraft and Swarm-B satellite on the solar eclipse day and the reference days. The ionogram data recorded by Guam ionosonde (13.62°N, 144.86°E) were manually scaled to obtain foF2, the peak height of the F2-layer (hmF2), and the plasma density profiles, by employing the SAO Explorer [17]. The TEC data over Guam was derived from the binary file [10], which is available at the International GNSS Service (IGS). The data with elevation angle ≥ 40° were analyzed here to avoid the possible tropospheric and multipath effects. The DMSP F17 spacecraft passed through the moon penumbra near the local sunset over Guam and recorded the ionospheric electron density (Ne), electron temperature (Te), and ion temperature (Ti) behaviors at ~850 km. The Swarm-B satellite orbits the earth at ~540 km and can record the Ne and Te.




3. Results


Figure 3 shows a height-time-amplitude (HTA) plot of the echoes recorded by the Guam ionosonde on the 21 June 2020 solar eclipse and compares the foF2 and hmF2 behaviors on the solar eclipse day and the reference days. The HTA is the integration of the echo amplitude over the sounding frequencies from 1.0 to 15.0 MHz at each altitude [10]. The echoes exhibit an obvious downward movement after the local sunset at sea level (08:50 UT, 18:30 LT, LT = UT + 9.66) over Guam, and reach their minimum height at ~200 km near 11:00 UT (20:40 LT). During the downward movement process, the foF2 increases from 6.1 to 11.63 MHz (Figure 3b) and the hmF2 moves downward from 312.5 to 204.1 km (Figure 3c) at 09:00–10:45 UT (18:40–20:25 LT). The downward velocity is ~17.2 m/s (the hmF2 deviation/time interval). Note that the foF2 weakens during the solar eclipse period, which is expected due to the moon obscuration.



Figure 4 shows the evolution of the plasma density profiles derived from the Guam ionogram using the SAO explorer software 3.6.1 and compares the TEC behaviors near Guam on the solar eclipse day and the reference days. With a decreased plasma density at higher altitudes and increased plasma density at lower altitudes (Figure 4a), the plasma density profile over Guam narrows gradually during the period of 09:15–10:45 UT. The decrease in TEC since the beginning of the solar eclipse is expected due to the obscuration of moon shadow on the solar eclipse day (Figure 4b). However, the TEC stops its decreasing trend near 09:30 UT (~19:10 LT), maintains the values till ~10:50 UT (~20:30 LT), and decreases quickly after then. This tendency differs from the typical TEC behaviors that decline all the way after ~09:00 UT (~18:40 LT, near sunset) on the reference days. The maintaining of the TEC value occurs during the period of the ionospheric downward process (Figure 4a) on the solar eclipse day. Note that the TEC on the solar eclipse day remains extremely low after ~11:20 UT (~21:00 LT) in the nighttime.



Figure 5 shows the DMSP F17-observed Ne, Te, and Ti behaviors at ~850 km to show the ionospheric changes at high altitudes near sunset over Guam. Figure 5a shows that notable Ne decrease occurs at high altitude near sunset on the solar eclipse day. The Ne over the latitude of Guam weakens by ~20% (reduced from ~2.5 × 1010 to ~2.0 × 1010) compared with the reference days. The decreased Ne phenomenon covers a much wider latitudinal belt (~20°S–46°N geomagnetic latitude), which agrees with the TEC decease near the western coast of Pacific during the obscuration [10,18]. The Te and Ti also exhibit obvious perturbations on the solar eclipse day (Figure 5b–c). The Te enhances at ~10–50°N geomagnetic latitudes, while it slightly decreases near the magnetic equator (Figure 5b). The Ti is much enhanced within 0–17.1°N geomagnetic latitudes (Figure 5c). The maximum increase of Ti is up to ~565 K (from 1310 K to 1875 K) near 10°N geomagnetic latitude.



Since the TEC remains extremely low after 21:00 LT (Figure 4b), the changes in Ne and Te observed by Swarm-B (Figure 6) at ~540 km near midnight were examined to further investigate the nighttime ionospheric behaviors at high altitude. The Ne and Te near midnight also show significant perturbations, which mainly occur near the magnetic equator on the solar eclipse day. The Ne largely decreases within ~12.4°S–7.8°N latitude (Figure 6a), while the Te shows a remarkable enhancement (up to ~2000 K) within the same latitudes (Figure 6b). Compared with the reference days, the Ne decreases by ~85% (from ~3.753 × 104 to ~0.53 × 104) and the Te increases by 157% (from ~1626 K to ~4186 K) near the magnetic equator. The behaviors of Ne and Te show an obvious anti-correlation.




4. Discussion


The enhanced foF2 behavior over Guam (Figure 3b) as the moon shadow moves into the sunset terminator on the solar eclipse of 21 June 2020 agrees with the observations of Chen et al. [15]. However, the mechanism responsible for the enhancement should be different between the different eclipse events. Chen et al. suggested that the enhanced PRE with a rapid upward movement of the F2-layer near sunset and the following westward electric field contributed to the enhanced foF2 at mid-latitudes near sunset during the 15 January 2010 annular solar eclipse period [13]. The upward movement of the post-sunset F-layer over Trivandrum, India following the 11 August 1999 solar eclipse was also observed by Sridharan et al. [14]. However, in this study, the ionosonde of Guam shows no upward movement of the F-layer and the foF2 increases with a significant downward movement of hmF2 as the moon shadow moves into the night side at low latitudes. The results suggest that the enhanced foF2 has little relationship with the PRE during this solar eclipse. In addition, the stable geomagnetic and solar condition on the solar eclipse day (Figure 1) would also have little contribution to the phenomena near sunset [10,19].



It is known that the ionospheric behavior near sunset at low latitudes is mainly dominated by the electrodynamics process, and the winds and conductivity are the main factors [20,21]. The PRE driven by the electrodynamics process should be weak at the summer solstice under solar minimum [22,23,24]. When the moon shadow moves toward and approaches the sunset terminator, the shadow can spread over the curved surface quickly due to the occultation geometry of the obscuration [25], and cools the ionosphere in the end of a solar eclipse. The earlier cooling of the ionosphere caused the local sunset to happen earlier over Guam, which would keep the temperature low and suppress the zonal gradients as well as the conductivity gradients that exist near the sunset terminator. Moreover, the temperature gradients near the edge of the shadow can cause disturbances in neutral wind near sunset.



The evidence for the disturbances in zonal wind was clearly recorded by the ICON-MIGHTI instrument (Figure 7). Contrary to the typically eastward-blowing wind near sunset on the reference days, a westward reversed wind occurred in the F-layer (160–240 km) near sunset (~18:05 LT) on the solar eclipse day. The onset of the westward disturbed wind (Figure 7b) near sunset reveals the reverse of the convection vortex that leads to the disappearing of PRE, and even contributes to the downward press (Figure 3a). These results suggest that the ionospheric wind dynamo was changed [20,26,27].



On the other hand, the eclipse geometry is different at various ionospheric heights [28]. The early cooling of the E-region and lower altitudes due to the approach of the moon shadow may cause an contraction effect in the vertical direction (white arrow in Figure 8), which can lead to a westward electric field due to E = −U × B (yellow arrow). The U and B represent the thermospheric winds and the magnetic field, respectively. The ionospheric contraction and westward electric field then cause the convergence of the plasma flux near the end of the obscuration (brown arrow), which results in the ionospheric compression as the density increases at low altitudes and the density decreases at high altitudes (Figure 4a).



The results are similar to the observations of Liu et al. [29,30] during the non-eclipse period. They suggested that the occurrence of plasma flux convergence could cause foF2 to increase with a downward movement of the F2-layer at low latitudes (Sanya (18.3°N, 109.6°E) and Qujing (25.6°N, 103.8°E)) near sunset during a geomagnetically quiet period. The exact reason for the convergence is unknown. In this study, the compression (Figure 3 and Figure 4) caused by a westward wind disturbance and eclipse-induced contraction gave the ionosphere a downward press near sunset, which may originate a large-scale wave following the terminator [10].



Typically, the electron temperature yields the anti-correlation with the electron density in the topside ionosphere [31,32,33,34]. The decreased Ne at ~850 km (Figure 5a) shows an anti-correlation with the enhanced Te (Figure 5b) within ~10-45°N geomagnetic latitude due to the weakened cooling through the collision with ions [33]. However, both Te and Ne are reduced near the magnetic equator, which may result from the moon shadow, with 70.8% obscuration at ~850 km there. On the other hand, the enhanced Ti (Figure 5c) near Guam may relate to the ionospheric compression due to the convergence effect, which brings hot plasma to lower altitudes and latitudes from higher places and causes the enhanced Ti around the equator [35].



The prominent Ne depletion agrees with the extremely low TEC after 21:00 LT (Figure 4b), which yields an anti-correlation with the remarkable Te enhancement. The downward press of the ionosphere (Figure 3c and Figure 4a) brings the plasma to lower altitude where the losing rate is high, which caused the long-lasting depression. The extreme Te enhancement near the magnetic equator and near midnight may result from the decreased heat conduction along the magnetic field lines from the equatorial topside ionosphere with the prominent Ne depletion [33] and the ionospheric compression [35,36], which should be further investigated for future eclipse events.




5. Conclusions


This study takes advantage of the ground-based ionosonde and GNSS-TEC observations over Guam (13.62°N, 144.86°E, 94.6% obscuration), which was well located at the end of the annular solar eclipse to examine what happened as the moon shadow met the sunset on 21 June 2020. The foF2 increased significantly along with an obvious downward movement of hmF2, while the TEC remained nearly unchanged near the local sunset hours. The independent space-based observations from DMSP-F17 near sunset also recorded the disturbed ionosphere at high altitude (~850 km) with the decreased electron density (Ne) and enhanced ion temperature there nearly during the same period. The westward wind in the F-layer near sunset observed by ICON-MIGHTI reveals that the convection vortex was reversed and the electrodynamics process was changed as the moon shadow coincided with the sunset. The changed electrodynamics caused the downward press of the ionosphere, which led to the enhancement of peak density but reduced the ionospheric layer height near the sunset. The reduced ionospheric layer height as well as the early sunset further led to the long-lasting extremely low density over the entire night, and then contributed to the remarkable Ne and Te perturbations observed by Swarm-B at ~540 km near midnight. The results suggest that the occultation geometry of the moon shadow near sunset can play a significant role in the electrodynamics process at low latitudes, which should be considered in the ionospheric response to the solar eclipse in future studies.
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Figure 1. Geomagnetic and solar condition on the 21 June 2020 solar eclipse and three days before. (a) Kp, (b) Auroral Electrojet (AE) and (c) F10.7 index. 
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Figure 2. Locations of the ionosonde (brown circle), the ground-track of Swarm-B satellite (dotted lines), and DMSP F17 spacecraft (solid lines) paths. The red indicates the satellite tracks on the solar eclipse day (21 June 2020). The black and blue indicate the satellite tracks on 18 and 19 June 2020, respectively. The magenta line represents the magnetic equator. The gray and black curves indicate the eclipse path. The GNSS receiver at Guam used in this study is not displayed in Figure 2, because it is near the location of ionosonde. 
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Figure 3. Evolution of the height-time-amplitude (HTA) and the critical frequency (foF2) and peak height (hmF2) of the F2 layer on the solar eclipse day (red line) and the reference days (18–19 June). (a) The HTA plot on the solar eclipse day. (b) The foF2 and (c) hmF2 plot on the solar eclipse day (red) and reference days. The solid vertical lines represent the beginning, maximum obscuration of the solar eclipse, and the sunset time at sea level (~0 km). The dotted vertical lines represent the beginning, maximum, and end of the obscuration at ionospheric height (~200 km). 
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Figure 4. The plasma density profiles and total electron density content (TEC) recorded over Guam. (a) The plasma density profile derived from the ionogram recorded by Guam ionosonde on the solar eclipse day. The black dotted line represents the evolution of hmF2. (b) The comparison of TEC on the solar eclipse day (red line) and the reference days. 






Figure 4. The plasma density profiles and total electron density content (TEC) recorded over Guam. (a) The plasma density profile derived from the ionogram recorded by Guam ionosonde on the solar eclipse day. The black dotted line represents the evolution of hmF2. (b) The comparison of TEC on the solar eclipse day (red line) and the reference days.



[image: Remotesensing 15 01389 g004]







[image: Remotesensing 15 01389 g005 550] 





Figure 5. DMSP F17-observed (a) electron density (Ne), (b) electron temperature (Te) and (c) ion temperature (Ti) behaviors near local sunset (~18:30 LT) on the solar eclipse day and reference days. 
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Figure 6. Swarm-B observed (a) Ne and (b) Te in the nighttime on the solar eclipse day and reference days. 
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Figure 7. Zonal wind profiles observed by ICON-MIGHTI on the solar eclipse day (red) and reference days. (a) Locations of the ICON-MIGHTI wind. (b) Zonal wind profiles. 
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Figure 8. Illustration of the possible mechanism that contributes to the related ionospheric changes as the moon shadow meets the sunset terminator. The white arrow indicates the convergence that contains the downward press over Guam and westward wind disturbance over the western Pacific. 
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