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Abstract

:

This paper investigates ionospheric response characteristics from multiple perspectives based on globally distributed GNSS data and products, ionosonde data, FORMOSAT-7/COSMIC-2 occultation data, and Swarm satellite observations caused by the total solar eclipse of 8 April 2024 across North and Central America. The results show that both GNSS-derived TEC products have detected the ionospheric TEC degradation triggered by the total solar eclipse, with the maximum degradation exceeding 10 TECU. The TEC data from nine GNSS stations in the path of the maximum eclipse reveal that the intensity of ionospheric TEC degradation is related to the spatial location, with the maximum degradation value of the ionospheric TEC being about 14~23 min behind the moment of the maximum eclipse. Additionally, a negative anomaly of foF2 with a maximum of more than 2.7 MHz is detected by ionosonde. In the eclipse region, NmF2 and hmF2 show trends of decrease and increase, with percentages of variation of 40~70% and 4~16%, respectively. The Ne profile of the Swarm-A satellite is significantly lower than the reference value during the eclipse period, with the maximum negative anomaly value reaching 11.2 × 105 el/cm3, and it failed to show the equatorial ionization anomaly.
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1. Introduction


A solar eclipse is a phenomenon that occurs when the Moon moves between the Earth and the Sun, completely or partially blocking the Sun. This astronomical event can only occur during a new moon, and an eclipse is visible to observers when the Moon’s shadow falls on the Earth. Due to the tilt of the Moon’s orbit relative to the Earth’s orbit, solar eclipses do not occur during every new moon. In fact, solar eclipses are relatively rare at any given location, with an average of only one eclipse observed at the same location every 1.5 years. Each particular eclipse event serves as a unique natural experiment, providing a valuable opportunity to explore the atmospheric effects in Earth’s space during eclipses.



It is well known that solar radiation is the primary factor affecting the Earth’s space atmosphere, especially for the ionosphere, which contains a large number of free electrons and ions. Consequently, the ionosphere also exhibits a variety of different cycle characteristics such as diurnal variations, quasi-27-day variations, semiannual variations, annual variations, and 11-year cycle variations under the modulation of the solar activity cycle [1]. Solar eclipse events, which are similar to diurnal variations (rapid sunset and sunrise phenomena), provide an excellent opportunity to study ionospheric response mechanisms and complex dynamical processes. During solar eclipses, the obscuration caused by the Moon’s shadow leads to a rapid decrease in solar radiation, thereby weakening the photo-chemical and thermodynamic reactions in the ionosphere and reducing the electron density [2].



In recent decades, significant progress has been made in the study of the eclipse–ionosphere effect. In terms of data sources, observations and simulations are carried out in parallel. Since information about solar eclipse events can be obtained in advance, there is ample time to simulate them numerically. For example, simulated prediction of eclipse–ionosphere effects was carried out for the 11 August 1999 solar eclipse event [3,4,5]. Huba and Drob [6] quantitatively predicted the impacts of the 21 August 2017 solar eclipse on the ionosphere and plasma layer based on the SAMI3 model (SAMI3 is also a model of the ionosphere). The simulation results of TIEGCM (thermosphere ionosphere electrodynamics general circulation model) showed that the solar eclipse event triggered large-scale traveling atmospheric disturbances [7]. Martínez-Ledesma et al. [8] and Bravo et al. [9] evaluated the ionospheric response to the 14 December 2020 total solar eclipse using the SUPIM (the Sheffield University plasmasphere ionosphere model) predictions.



Unlike numerical simulations, direct observations using various instruments can visualize the ionospheric response to the eclipse, such as by observing the Faraday rotation measurement of the polarization of lunar radio waves [10], ionosonde measurements for vertical sounding [11,12,13,14,15,16,17], very low frequency (VLF) signal measurements [18,19,20,21,22,23], Doppler measurements [24,25], in situ measurements with rockets and satellites [26,27,28], incoherent scattering radar measurements [29,30,31,32], and ionosphere total electron content (TEC) from GNSS inversions [33,34,35,36,37,38]. Based on the above direct measurements, data assimilation and ionospheric tomography have also become significant technical approaches [32,39,40,41,42,43].



The variations in the ionosphere caused by solar eclipses mainly include a decrease in electron density, a change in the rate of chemical reactions, decreases in the temperatures of electrons and ions, a disturbance in ionosphere–plasma coupling, the emergence of dynamical processes, the generation of ionospheric perturbations and other effects [38]. In terms of mechanism exploration, the physical effects of the ionosphere caused by the solar eclipse are very complex, and all the above changes show diverse variations at different altitudes and latitudes and longitudes. For example, photo-chemical processes below the F2 layer and transport processes above the F2 layer produce different variations in ionospheric electron density during an eclipse [41]. In Chen et al. [13], the downward plasma flux has been adopted to explain the night-time ionospheric density variations triggered by the solar eclipse event across Asia on 15 January 2010. Chen et al. [44] showed that wind perturbations of tidal winds and a decrease in photo-chemical processes during the solar eclipse of 21 August 2017 resulted in a decrease in fbEs, and the enhanced electron density gradient in the E layer may be attributed to the gravity wave rupture in the mesosphere/hypotherm. Zhang et al. [45] proposed the eclipse-induced plasma pressure gradient reduction mechanism to explain the phenomenon of TEC changes in the conjugate hemisphere during a solar eclipse.



In addition to the exploration of physical mechanisms, practical applications related to the impact of the eclipse–ionosphere effect should also be in focus. For example, ionospheric correction information is applied to GNSS navigation and positioning, and sudden ionospheric variations during solar eclipses may lead to the degradation of navigation and positioning performance for GNSS single-frequency users [22,23]. However, the ionospheric response due to each eclipse event varies dramatically. Therefore, investigating the eclipse–ionosphere effect remains an urgent geophysical task. Observations of each new eclipse provide new understanding of eclipse-induced ionospheric changes and their intrinsic mechanisms, while being able to provide new information on ionospheric corrections for GNSS navigation and positioning applications under the influence of the eclipse–ionosphere effect.



The scope of the total solar eclipse event on 8 April 2024 across North and Central America and the eclipse path through both low latitudes and mid-latitudes provide new opportunities to investigate eclipse–ionosphere effects in different regions. Therefore, this paper comprehensively analyzes the characteristics of ionospheric variations during the eclipse based on globally distributed GNSS data and products, ionosonde data, FORMOSAT-7/COSMIC-2 occultation data, and Swarm satellite observation data, and it gives preliminary observation results for the eclipse–ionosphere effect.




2. Data and Methods


2.1. Data Sources


The Massachusetts Institute of Technology (MIT) Haystack Observatory automatically processes raw observational data from about 6000 GNSS receivers around the world every day and generates a global ionospheric TEC product with a spatial resolution of 1° × 1° (geographic latitude × geographic longitude) every 5 min [46], and the product data are stored in the Madrigal database. Figure 1 shows the MIT TEC distribution for 8 April 2024 at 19:00 UT, and the orange dots represent the nine GNSS stations selected for this paper that are located in the path of the maximum eclipse. In addition to the MIT TEC product, the Center for Orbit Determination in Europe’s (CODE) global ionospheric map (GIM) product was used to study large-scale ionospheric variations during solar eclipses. Since the establishment of the ionospheric working group at IGS in 1998, GIM has provided strong data support for global ionospheric research and applications. Among them, the GIM product provided by the CODE of the University of Bern is of high accuracy and is widely used. The product is calculated from a spherical harmonic function of 15 orders, with a spatial resolution of 2.5° × 5° (geographic latitude × geographic longitude).



As the most widely used instrument for ground-based detection of the ionosphere, the ionosonde measured the correspondence between the acquired frequency and the elevation of the echo (ionospheric frequency-height diagram) and then used POLAN and other methods to invert to obtain the characteristic parameters of the ionosphere, for example, the O-wave critical frequency in the F2 layer (foF2), the height at which the maximum value of the electron density is located in the ionosphere in the F2 layer (hmF2), and highest available frequency for oblique propagation at a distance of D kilometers apart (MUF(D)). The six ionosonde data used in this study were obtained from the Global Ionospheric Radio Observatory (GIRO) (see the magenta dots in Figure 1). GIRO provides ionosonde soundings from more than a hundred ionosonde stations around the globe and also provides near-real-time access to ionospheric plasma measurements from 42 stations, which facilitates the study of ionospheric response to space weather events [47].



The FORMOSAT-7/COSMIC-2 (F7/C2) radio occultation mission satellite, jointly developed by the United States and Taiwan, China. The mission carries the advanced Tri-GNSS Radio Occultation System (TGRS) instrument, which receives GPS and GLONASS signals and has the capability to receive Galileo and BDS signals, as well as provides about 5000 occultation events per day, including TEC data arcs and electron density vertical profiles. These contribute to a better understanding of the structure and electrodynamics of the equatorial and low-latitude ionosphere [48,49]. The NmF2 and hmF2 data used in this paper are from ionPrf, a secondary product of F7/C2.



Swarm is the first constellation mission of the European Space Agency (ESA) for Earth environmental observations, whose main scientific objectives are to study the geomagnetic field, the currents in the magnetosphere and ionosphere, and the effects of the solar wind on the dynamics of the upper atmosphere. The Swarm mission consists of three satellites: Swarm-A and Swarm-C with an initial flight altitude of approximately 460 km and Swarm-B with an initial flight altitude of approximately 530 km [50]. The Langmuir probe on board the Swarm satellite can be used to probe the ionospheric plasma coefficients, allowing for direct observations of the ionosphere. The data used in this study were the extended Swarm EFI Langmuir probe data, which contain ionospheric electron density information derived from the faceplate current at 16 Hz [51].




2.2. Methods and Statistical Indicators


In this paper, carrier-to-code leveling (CCL) was utilized to obtain the ionospheric TEC of a GNSS station [52]. Since the delays produced by the ionosphere on the pseudorange and phase observations are equal in size and opposite in sign, the ionospheric TEC can be obtained by averaging the sum of the pseudorange and phase ionospheres in a consecutive arc segment in order to determine the information of the pseudorange differential code bias and phase ambiguity parameter, which is given in the following formulas:


  <  P  i , j   +  L  i , j   > = −   (  λ i   N i  −  λ j   N j  ) + 2 c ⋅ ( D C  B  r , i , j   + D C  B  s , i , j   )    



(1)






  T E C =    L  i , j   − <  P  i , j   +  L  i , j   > − c ⋅ ( D C  B  r , i , j   + D C  B  s , i , j   )   40.28 ⋅ (  f i  − 2   −  f j  − 2   )    



(2)




where r and s denote receiver and satellite, respectively; i and j denote signals at different frequencies (   f i    and    f j   );    P  i , j     denotes a combination of pseudorange observations;    L  i , j     denotes a combination of carrier-phase observations; <•> denotes the average value of a continuous arc segment; and    λ i   N i  −  λ j   N j    denotes a combination of integer ambiguity.   D C  B  r , i , j     and   D C  B  s , i , j     are the differential code biases of receivers and satellites, respectively.



CODE GIM and single-station GNSS TEC data were processed using the sliding interquartile range method [53]. Compared with the traditional method, this method can calculate the background value more accurately and then calculate the upper and lower limits of the ionospheric TEC based on the background value to detect the presence of outliers. First, a suitable sliding time window was chosen (the window chosen in this paper was 7 days), and the TEC values under the window were arranged from smallest to largest and divided into four equal parts. Taking 20 days of data as an example, the data were arranged from smallest to largest as follows:    x 1  ,  x 2  , ⋯ ,  x  20    . The tie line is denoted as    Q 1  = 0.5 × (  x 5  +  x 6  )  ,    Q 2  = 0.5 × (  x  10   +  x  11   )  , and    Q 3  = 0.5 × (  x  15   +  x  16   )   in turn, and the quartile values are denoted as   I Q R =  Q 3  −  Q 1   . The upper bound of TEC anomaly is denoted as   U B =  Q 2  + 1.5 I Q R  , and the lower bound is denoted as   L B =  Q 2  − 1.5 I Q R  .



The spherical harmonic function model is a commonly used function model in ionospheric TEC modeling [54], and it has the following mathematical expression:


  χ =   ∑   n = 0   N     ∑  m = 0  n     P ˜   n m   ( sin β )     · [   C ˜   n m   cos ( m s ) +   S ˜   n m   sin ( m s ) ]  



(3)




where  χ  is NmF2 or hmF2,  β  is the latitude of the ionospheric piercing point,  s  is the longitude of the ionospheric piercing point, N is the maximum order of expansion of the spherical harmonic function,     P ˜   n m   ( sin β )   is the normalized Legendre function of order n of degree m, and     C ˜   n m     and     S ˜   n m     are the unknown coefficients of the spherical harmonic function.



A spherical harmonic function model with an eighth-order was applied to model the NmF2 and hmF2 data of F7/C2. After modeling NmF2 and hmF2 using the spherical harmonic function, the root mean square (RMS) was used to evaluate the model accuracy. Also, based on the model to the difference values of NmF2 and hmF2 (dNmF2 and dhmF2) and their percentage variations (PVs) were determined as follows:


  P V =    χ  t r u e   −  χ  m o d e l      χ  m o d e l     × 100 %  



(4)









3. Results


The MIT TEC product has a resolution of 5 min. After testing, we found that the 5 min TEC map covers a limited area, and in order to more comprehensively show how the ionosphere is affected by the solar eclipse, we resampled the 5 min TEC map, taking into account the rate of variation in local time, and generated a TEC map with a resolution of 15 min, as shown in Figure 1. It is well known that space weather events (e.g., geomagnetic storms) affect the ionosphere, which, in turn, generates ionospheric disturbances. Therefore, the corresponding space weather conditions need to be analyzed before conducting this study in order to exclude the interference of other events causing ionospheric perturbations. The variations in solar activity and geomagnetic activity parameters from 27 March to 10 April 2024 are given in Figure 2. As can be seen from Figure 2, the Bz component of the interplanetary magnetic field (IMF) is in the range of −5 nT to 5 nT, indicating a weak north–south variation in the IMF. The solar wind plasma speed has no obvious sudden increase in this time period, and the solar radiation flux of 10.7 cm (F10.7) has no sharp ups and downs fluctuations as well. The maximum value of the Kp index, which characterizes the intensity of geomagnetic activity, is within 4, and the minimum value of the Dst index is around −25 nT, so the geomagnetic activity is relatively calm. Therefore, the ionospheric data for this period used in the subsequent experiments are considered to be the reference values in the quiet state.



To focus on the attenuation of the ionospheric TEC during the solar eclipse, we obtained the average value of each moment of the two days based on the TEC maps of 7 April and 9 April, which were used as the background value in the quiet state and then used as the background value to arrive at the residual ionospheric TEC (dTEC) on April 8, as shown in Figure 3. It can be seen in Figure 3 that at 18:00 UT, the Sun’s position is near the west coast of North America, at which time the ionospheric TEC was observed to start showing a decreasing trend, with an attenuation value of about 10 TECU. With the variation in the Sun’s position, the spatial trend of the ionospheric TEC attenuation gradually spread eastward, and the positive dTEC is gradually replaced by a negative value. By 18:45 UT, the spatial extent of the ionospheric TEC attenuation extends to the central part of North America, and at the same time, it can be found that the weakening of the ionospheric TEC also begins to occur along the east coast of North America, with a reduction value near 5 TECU. At 19:00 UT, the range of ionospheric TEC attenuation is distributed near the line of maximum solar eclipse, and the minimum dTEC value is less than −10 TECU. After 15 min, the range of TEC attenuation further expands toward the region far away from the line of maximum solar eclipse, and the average attenuated TEC value is about 8 TECU. During the period from 19:30 UT to 20:00 UT, when the Sun’s position is gradually moving away from North America, the range of negative dTEC values is still gradually expanding and the maximum attenuation value increases to close to 15 TECU. The dTEC distribution from 20:15 UT to 20:45 UT also clearly shows that the attenuation of the ionospheric TEC is lagging behind the moment of the solar eclipse.



Then, we processed the GIM data for 8 April using the sliding interquartile range method based on the CODE GIM data products for the 12 days prior to the day of the solar eclipse to obtain the distribution of global ionospheric TEC anomaly variations, as shown in Figure 4. In Figure 4, it can be clearly seen that no anomalies appear in the North American region when there is no solar eclipse in the region, and at 19:00 UT, negative anomalies appear in most of the North American region (red dashed circle), with the maximum negative anomaly being close to 10 TECU. The range of the ionospheric TEC anomalies is gradually enlarged at 20:00 UT, and in particular, the range of the negative anomalies is larger near the east coast of North America, with the average negative anomaly value being about 8 TECU. The range of negative ionospheric TEC anomalies remains near the east coast of North America near sunset (i.e., 21:00 UT and 22:00 UT), but the range and negative anomalies gradually decrease. In contrast to the MIT TEC product, even though CODE used only a few hundred stations around the world to generate the GIM product, it still shows similar variations in the distribution of global ionospheric TEC anomalies as the residual TEC variations in MIT, which can be used to monitor the trend of ionospheric decay during the solar eclipse. It is worth noting that the GIM product has some limitations for ionospheric perturbation variations over a short period of time because of its temporal resolution of 1 h.



Ionospheric TEC is more closely related to local time and latitude, so it is of great significance to explore the variation in ionospheric TEC in different longitude sectors (different latitudes). The latitude–time variation in CODE GIM in different longitude sectors on 8 April is given in Figure 5, and its data processing method is consistent with that of Figure 3. In Figure 5, it can be seen that in the 120°W sector, there is no obvious ionospheric TEC loss in the solar eclipse path, but there is a TEC loss of more than 20 TECU in the equatorial anomalous peak region during the time period from 17:00 UT to 24:00 UT, and this phenomenon is also reflected in Figure 4. The phenomenon of ionospheric TEC depletion due to the solar eclipse is observed in the 100°W, 80°W and 60°W sectors and clearly shows a lag phenomenon, which is consistent with the variation in MIT TEC. Among them, the 100°W sector shows the region of ionospheric TEC weakening near 20°N, with a loss value of about 12 TECU, and the 60°W sector observes the widest coverage of ionospheric TEC loss, with a loss value close to that of the 100°W sector. In addition, since there are no GNSS stations (or fewer GNSS stations) within the eclipse path in the ocean region, neither the MIT TEC maps nor the CODE TEC maps adequately represent the ionospheric variations within the ocean region.



The ionospheric TEC maps provide large-scale data support for detecting ionospheric disturbances under solar eclipse events. However, based on the fact that a single GNSS station can study the influence of ionospheric disturbance on a small range of temporal and spatial effects in detail, we selected nine GNSS stations in the path of the maximum solar eclipse to analyze the eclipse–ionosphere effects over the stations using the sliding interquartile range method. Figure 6 shows the trend of TEC variation over the 9 GNSS stations on 8 April and the upper and lower boundaries calculated by the sliding interquartile range method. In Figure 6, it can be seen that all nine GNSS stations showed the phenomenon of post-eclipse ionospheric TEC depletion, among which the ionospheric TEC of stations txle, p807, and txcr decayed more significantly, exceeding 7 TECU. Smaller negative ionospheric anomalies were detected at stations mojk, inln, and ohhu, and it is noteworthy that stations mojk and inln detected positive anomalies ranging from 0.8 to 1.8 TECU prior to the occurrence of ionospheric TEC depletion, and none of the other stations showed similar phenomena. The negative TEC anomalies of 3 to 5 TECU were detected at the bfny, nywt, and vtsa stations, in addition to the negative anomalies close to 2 TECU again at the three stations after the ionospheric loss directly caused by the eclipse. The time between the moment of maximum solar eclipse and the moment of TEC decay to the maximum value at the nine GNSS stations ranged from 14 to 23 min, and the time from the moment of maximum TEC loss to the return to a quiet state was about 1 h.



We then selected data from six ionosondes located in the United States to study the variation in foF2. Since GIRO uses a program to automatically calibrate the parameters of the ionosonde, some calibration errors can occur. Therefore, we manually corrected the results of the six ionosondes on the ionogram, as shown in Figure 7. We can see in Figure 7 that AL945, IF843, MHJ45, and WP937 ionosondes all detected the phenomenon of reduced foF2 associated with the solar eclipse (see the position of the red arrows), with negative anomalies around 1.6 MHz at station AL945, 0.4 MHz at station IF843, and 1.8 MHz at station WP937, as well as the largest negative foF2 anomaly at station MHJ45, which is more than 2.7 MHz. Ionospheric disturbances at the other two ionosonde stations were not significant.



The ionospheric TEC maps of MIT and CODE fail to capture the eclipse-induced ionospheric effects in the ocean region, which is compensated by space-based GNSS observations. We established NmF2 and hmF2 models based on the F7/C2 occultation data between 17:00 UT and 19:00 UT from 27 March to 7 April, combined with the eighth-order spherical harmonic function model, respectively. Since the occultation data only cover the low and middle latitude range, the latitude range of the modeled region is from 32.5°N to 32.5°S with a resolution of longitude 5° × latitude 2.5°. The NmF2 model and its modeled RMS are shown in Figure 8. From the NmF2 model, the modeling results are basically consistent with the variation rule of the ionosphere, showing obvious equatorial ionization anomaly (EIA), and the modeling RMS is lower than 0.5 × 105 el/cm3 in most regions, which is highly reliable. The NmF2 model is used as the background value under space weather and geomagnetic quietness, and dNmF2 and its PV are obtained based on the occultation NmF2 data in the same time period on 8 April, as shown in Figure 9. It can be seen in Figure 9 that the values of dNmF2 in the red dashed ellipse are significantly smaller than those in other regions, and the ionospheric NmF2 loss is between 4 × 105 el/cm3 and 7 × 105 el/cm3. Combined with the PV, the percentage variation in ionospheric NmF2 in this region is between 40% and 70%. Based on the above results, the ionospheric depletion effect induced by the eclipse path in the ocean region can be significantly detected.



An approach consistent with the NmF2 model was used to model hmF2 and detect anomalous variations in hmF2, as shown in Figure 10 and Figure 11. The modeling RMS of hmF2 is below 6 km in most of the region. The variation in dhmF2 in the solar eclipse region is the opposite of that of the foF2, showing an increasing trend, with an increase ranging from about 4 to 55 km, and the PV of the ionospheric hmF2 in the region ranges from between 4% and 16%. This also indicates that the ionospheric effect caused by the solar eclipse not only reduces NmF2 but also has an impact on the hmF2.



The ionospheric Ne variation for Swarm satellite is also involved in this paper. Since Swarm satellite is a polar-orbiting satellite, its trajectory can be approximated as a straight line at low and middle latitudes, i.e., the direction of the longitude line, so it can directly detect the variation in the ionospheric latitude on the sector of the same longitude to make up for the insufficient observation of CODE data in the oceanic region. The variations in the satellite trajectory of Swarm-A (flying at ~450 km) and its Ne measurements using the Langmuir probe at 17:00 UT and 18:20 UT on April 8 are given in Figure 12 and Figure 13, respectively. In this case, the average value calculated from the Ne values of the satellite’s approximate trajectory on April 7 and April 9 is used as the reference background value for 8 April. In Figure 12, it can be seen that the profile of the Ne of Swarm-A along the latitude shows a significant equatorial anomaly, and since the position of the Sun is before the satellite track at this time, Figure 12 can also be regarded as the value of the state of the ionosphere before the solar eclipse. The satellite track given in Figure 13 is after the solar eclipse and can be taken as the ionospheric state affected by the solar eclipse. It is obvious in Figure 13 (right) that the Ne profile is significantly lower than the reference value, with a maximum negative anomaly of 11.2 × 105 el/cm3, and fails to show the EIA, the EIA double-wave peak disappears, and the equatorial trough is similarly affected with a negative anomaly of 4.8 × 105 el/cm3.




4. Discussion


The eclipse-induced anomalies in ionospheric electron density and TEC are roughly divided into two periods, i.e., during and after the solar eclipse. At the beginning of the solar eclipse, the reduction in EUV radiation led to a decrease in photo-chemical and thermodynamic reactions and, consequently, to a gradual decrease in the plasma density of the ionosphere. At the same time, the lunar shadow leads to a contraction of the neutral atmosphere and a decrease in atmospheric temperature, which alters the neutral components such as O/N2 [14,55], and the neutral winds converge toward the center of the eclipse, where the temperature is lower, and modulate the E × B drift process [56]. During the eclipse, the downward diffusion of plasma from the plasmasphere will slow down the decrease in plasma in the F2 region of the ionosphere. After the lunar shadow, ionospheric plasma will increase due to the recovery of the solar ionization rate. Based on the TEC products of MIT and CODE, we observed the eclipse-induced depletion phenomenon of ionospheric TEC, as shown in Figure 3 and Figure 4, which is consistent with the variation pattern of the ionosphere during the eclipse. In addition, we have also explored the different behaviors of the eclipse–ionosphere effect in different latitude and longitude regions, where the attenuation of the ionospheric TEC lags behind the moment of the eclipse.



The end of this solar eclipse event in the U.S. sector was roughly before sunset, and in addition to showing the ionospheric TEC loss during the eclipse, Figure 6 shows that the bfny, nywt, and vtsa stations once again had negative anomalies close to 2 TECU after 23:00 UT (18:00 local time). Taking into account the fact that the anomaly appeared after 23:00 UT (18:00 local time), after the end of the eclipse, the solar radiation increased, promoting the photo-chemical process and a slow increase in electron density. However, the solar radiation did not return to the normal level at this time near sunset, and the sunset again led to a decrease in solar radiation, which inhibited the photo-chemical processes and slowly decreased the electron density, thus leading to the second negative TEC anomaly.



The response of the low-latitude ionosphere to solar eclipses is mainly affected by the geyser effect and equatorial ionization anomalies. Low-pressure systems induced by solar eclipses can trigger localized generators that significantly weaken the equatorial electrojet (EEJ) as it approaches the magnetic equator, leading to a decrease in electron density at the equator and in the EIA region [57]. In this paper, the Ne measured by Swarm-A satellite in Figure 13 shows significant attenuation in the equatorial anomaly region, especially at the EIA double-peak location, where the EIA northern peak is more attenuated than the southern peak because the path of the maximum eclipse is north of the equator. The EEJs obtained from Swarm-A measurements are given in Figure 14, with the blue line showing the measurements at 16:49 UT on 8 April 2024, corresponding to the results of Figure 12, and the orange line showing the measurements at 18:23 UT on 8 April 2024, corresponding to the results of Figure 13. It can be found that the peak EEJ of the orange line is significantly smaller than that of the blue line, indicating that the intensity of the EEJ decreases significantly after the eclipse. Combining the results of Figure 12 and Figure 13 further illustrates that the eclipse-triggered local dynamo attenuates the EEJ, which, in turn, affects the equatorial anomaly double wave peak.




5. Conclusions


In this paper, we comprehensively investigate the ionospheric response characteristics due to the 8 April 2024 total solar eclipse across North and Central America based on multi-instrument observational data. The main results are summarized below:



Both GNSS-derived MIT and CODE TEC products have detected total solar eclipse-induced ionospheric TEC losses, with maximum losses exceeding 10 TECU. The TEC data from nine GNSS stations in the path largest eclipses show that the intensity of eclipse-induced ionospheric TEC losses is spatially dependent, with the moment of maximum loss lagging behind the moment of the largest eclipse by about 14 to 23 min, and the ionosonde has detected negative foF2 anomalies with a maximum of more than 2.7 MHz.



The combination of F7/C2 ionospheric NmF2 and hmF2 modeling results reveals that the NmF2 in the eclipse region shows an attenuation trend, with the PV of differential NmF2 ranging from 40% to 70%, and the hmF2 is slightly increasing, with the PV of differential hmF2 ranging from 4% to 16%. The Ne profile of Swarm-A satellite is significantly lower than the reference value at the eclipse time, with a maximum negative anomaly value of 11.2 × 105 el/cm3, and fails to show EIA phenomenon.



In this paper, we give an example of the variation in the eclipse–ionosphere effect and the influence mechanism. It should be noted that the ionospheric response triggered by each eclipse event is different. Therefore, we will statistically analyze the ionospheric response of the existing solar eclipse events in future studies and increase the work conducted on the physical mechanism, as well as investigate the impact of the eclipse–ionosphere effect on GNSS navigation and positioning.
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Figure 1. Distribution of ionospheric TEC at 19:00 UT on 8 April 2024 and the eclipse region; orange dots indicate the nine selected GNSS stations, and magenta dots indicate the locations of ionosondes. The black line region of represents the path of the maximum magnitude of the eclipse, and the gray lines mark the region where the partial eclipse is experienced, with the magnitude of partiality. 
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Figure 2. Variation in solar and geomagnetic activity parameters from 27 March to 10 April 2024, with gray shading denoting the eclipse time period. 
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Figure 3. Variation in the residuals of the global ionospheric TEC from 18:00 UT to 20:45 UT on 8 April 2024, with the path of the maximum solar eclipse indicated by the dark gray line, the position of the Sun indicated by the red circle, and the magnetic equator indicated by the solid black line. 
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Figure 4. Distribution of global ionospheric TEC anomaly variation for CODE from 17:00 UT to 22:00 UT on 8 April 2024, with the solid black line indicating the magnetic equator. 
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Figure 5. Latitude–time variation in global ionospheric TEC for CODE in different longitude sectors on 8 April 2024, with the white dashed lines indicating 20°N, 0°, and 20°S from top to bottom and the red circle representing the position of the Sun. 
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Figure 6. Variations in TEC at GNSS stations on 8 April 2024 (red line): black dashed and blue dotted lines indicate the upper and lower bounds of the sliding interquartile range method calculations, respectively; red and blue bars indicate positive and negative anomalies of the TEC, respectively (indicated by the right vertical axis); and the gray vertical line indicates the moment of maximum solar eclipse. 
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Figure 7. Variation in foF2 at the ionosonde station on 8 April 2024 (orange dots): black dots indicate the mean value of the day before and after; red and blue bars indicate positive and negative anomalies of foF2, respectively (indicated by the vertical axis on the right); and grey shading indicates the time of the solar eclipse. 
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Figure 8. Regional distribution of the NmF2 model (top) and its RMS error (bottom) established with F7/C2 NmF2 data and the eighth-order spherical harmonic function. 
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Figure 9. The difference between the F7/C2 occultation point NmF2 and the model (top) and its PV (bottom) from 17:00 UT to 19:00 UT on 8 April 2024, with the path of the maximum solar eclipse indicated by the dark gray line and the magnetic equator indicated by the black line. 
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Figure 10. Regional distribution of the hmF2 model (top) and its RMS error (bottom) established with F7/C2 hmF2 data and the eighth-order spherical harmonic function. 
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Figure 11. The difference between the F7/C2 occultation point hmF2 and the model (top) and its PV (bottom) from 17:00 UT to 19:00 UT on 8 April 2024, with the path of the maximum solar eclipse indicated by the dark gray line and the magnetic equator indicated by the black line. 
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Figure 12. Satellite trajectory of Swarm-A (left) and its Ne variation (right) at 17:00 UT on 8 April 2024, with the orange line indicating Swarm-A measurements, the black line indicating the average of the approximate trajectories for the day before and after, and the red and blue bars indicating positive and negative anomalies of Ne, respectively. 
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Figure 13. Satellite trajectory of Swarm-A (left) and its Ne variation (right) at 18:20 UT on 8 April 2024, with the orange line indicating Swarm-A measurements, the black line indicating the average of the approximate trajectories for the day before and after, and the red and blue bars indicating positive and negative anomalies of Ne, respectively. 
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Figure 14. Height-integrated east current profile in quasi-dipole latitude (EEJ) measured using Swarm-A. 
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