

  remotesensing-14-04780




remotesensing-14-04780







Remote Sens. 2022, 14(19), 4780; doi:10.3390/rs14194780




Article



Analysis of the Ionospheric Irregularities and Phase Scintillation at Low and Middle Latitudes Based on Swarm Observations



Jiawei Kuai 1[image: Orcid], Kang Wang 1, Jiahao Zhong 2,3,*[image: Orcid], Xin Wan 2,3,4[image: Orcid], Fuqing Huang 4,5[image: Orcid], Hao Sun 1, Jiawen Chen 2, Xingyan Song 2 and Hao Han 2





1



College of Astronautics, Nanjing University of Aeronautics and Astronautics, Nanjing 210016, China






2



Planetary Environmental and Astrobiological Research Laboratory (PEARL), School of Atmospheric Sciences, Sun Yat-sen University, Zhuhai 519082, China






3



Key Laboratory of Tropical Atmosphere-Ocean System, Ministry of Education, Zhuhai 519082, China






4



Mengcheng National Geophysical Observatory, University of Science and Technology of China, Hefei 230026, China






5



CAS Key Laboratory of Geospace Environment, School of Earth and Space Sciences, University of Science and Technology of China, Hefei 230026, China









*



Correspondence: zhongjh55@mail.sysu.edu.cn







Academic Editors: Chunhua Jiang, Huijun Le, Ercha Aa and Zheng Li



Received: 24 August 2022 / Accepted: 21 September 2022 / Published: 24 September 2022



Abstract

:

This study presents a statistical analysis of the ionospheric irregularities and topside ionospheric scintillation at low and middle latitudes by using in situ electron density and upward-looking total electron content data measured by the Swarm constellation during 2014–2021. The main purpose of this study is to determine whether the phase scintillation could present similar seasonal, longitudinal, latitudinal, local time, and solar activity features as the in situ ionospheric irregularities do at low and middle latitudes, and how the irregularities affect the phase scintillation. The results are summarized as follows: (1) At low latitudes, the occurrence rate of equatorial plasma irregularities (EPIs) at the equinoxes and December solstice peaks before midnight, but during the June solstice, the EPIs mainly occur after midnight. The occurrence rate of EPIs has a positive correlation with solar activity. The distribution of topside scintillation occurrence is relatively consistent with EPIs, but during the June solstice, the scintillation occurrence rate remains at a very low level. (2) The midlatitude irregularities mainly occur after midnight, and their occurrence rate is negatively correlated with solar activity. Midlatitude irregularities mainly occur during the solstices, concentrated over the Pacific region during the June solstice and over the Pacific American sector during the December solstice. Especially, the distribution of midlatitude irregularities has hemispheric asymmetry, with a higher occurrence rate in the winter hemisphere. However, the occurrence of midlatitude scintillation is comparable in both hemispheres during the June solstice, and it concentrates in the southern hemisphere during the December solstice. (3) The EPIs concentrate more at the altitudes of Swarm A, while the midlatitude irregularities mainly occur at the altitudes of Swarm B.






Keywords:


ionospheric irregularities; phase scintillation; low and middle latitudes; seasonal variations












1. Introduction


In the past decades, the global navigation satellite system (GNSS) has been widely used around the world, and countless works have been conducted to improve the positioning accuracy and signal reliability of the GNSS. The ionosphere, which has served as a key medium for the GNSS radio signal transmission, would show a great impact on the reliability of the GNSS applications. Specifically, the drastic changes in the ionosphere, which are normally referred to as plasma density irregularities, would directly result in signal attenuation or interruption. Therefore, ionospheric research is an essential aspect of mitigating GNSS error.



The presence of plasma density irregularities in the ionosphere would cause rapid random fluctuations in the amplitude and phase of transionospheric radio waves [1,2]. This phenomenon is called scintillation, which would lead to the reduction of signal quality, and even cause the GNSS satellite’s signal tracking failure for receivers. This process is usually called “loss of lock”, which may lead to an increase in navigation inaccuracies or even failures [3]. When the fading depth of the signal caused by amplitude scintillation exceeds the fade margin of the receiver, the signal could be covered by background noise; or the shift in frequency caused by phase scintillation exceeds the phase lock loop bandwidth, cycle slips could occur, and the signal could even be lost [4]. The scintillations occur most commonly near the geomagnetic equator at night during solar maximum and at high latitudes [5].



The generation and development of ionospheric density irregularities in different regions correspond to different plasma physical processes and mechanisms. At low latitudes, the most common ionospheric irregularities include equatorial plasma depletion (EPD) and plasma blob. EPD is also referred to as equatorial plasma bubble (EPB) or equatorial spread F (ESF), which characterizes the decrease in plasma density relative to ambient plasma. EPB is the result of Rayleigh–Taylor (R–T) instability at the bottom-side F layer, and it can penetrate through the topside ionosphere [6]. Another low-latitude irregularity is the plasma blob, a high-density structure compared with the surrounding region, but its generation is still unclear [7]. In addition to the above irregularities, there are also sporadic E layers (Es layers) and F region irregularities generated through the Perkins instability at low latitudes [8]. Although the variations of low-latitude irregularities (mainly EPBs) with season, longitude, latitude, local time (LT), and solar activity have been studied, whether the phase scintillation could present similar characteristics and how the low-latitude irregularities modify the phase scintillation are still not clear.



Due to the low occurrence rate of scintillation at middle latitudes, previous studies of ionospheric irregularities have been less concentrated at middle latitudes. However, the medium-scale traveling ionospheric disturbances (MSTIDs) can be observed frequently at nighttime in the midlatitude ionosphere, whose horizontal wavelength is 100–300 km and whose phase velocity is 50–300 m/s. The generation of MSTIDs was originally explained by the Perkins instability. Previous studies have shown that atmospheric gravity waves (AGWs) and sporadic E layer (Es) instability induce the development of the Perkins instability, which in turn drives the formation of nighttime MSTIDs [9,10,11]. Besides, at middle latitudes, there is a band structure with plasma density enhancement at the nighttime ionosphere, which is often observed around ±40° geomagnetic latitudes from 23 to 05 LT at the topside ionosphere. The middle-latitudinal band structure at the topside ionosphere may be mainly derived from the ambipolar diffusion of the plasmasphere and the upward plasma drift caused by the equatorward neutral wind along the geomagnetic field line [12]. Whereas research on the general characteristics of the middle-latitudinal band structure has been investigated [3,13], whether the middle-latitudinal band structure includes irregularities and the related characteristics of the irregularities are not clear.



The topside ionospheric irregularities at low latitudes are thought to be the origination of the vertical extension from the bottom ionospheric irregularities. However, recent studies indicate that the topside ionospheric irregularities present particular variations [14,15,16,17]. As a polar-orbiting satellite constellation, Swarm had gathered long-term in situ electron density data along the satellite tracks and the topside total electron content (TEC) data for more than 8 years up to now, which provides an opportunity to study the climatological features of global ionospheric irregularities and the corresponding ionospheric scintillation at different local times, latitudes, longitudes, and solar activity levels. In this work, we directly compare the occurrence of irregularities detected by in situ electron density with GNSS signal scintillation based on the platform of Swarm satellites. This study aims to verify whether the occurrence of phase scintillation in the topside ionosphere is caused by in situ irregularities and to further study the differences between the distribution of irregularities and scintillations in the topside ionosphere.




2. Dataset


The Swarm constellation is composed of three satellites (Swarm A, Swarm B, and Swarm C), which were launched on 22 November 2013. During the period from 2014 to 2021, Swarm A and Swarm C flew side by side at an altitude of 500 to 435 km with an orbital inclination angle of 87.35°, whereas Swarm B cruised at 520 to 500 km with an 87.75° inclination angle. It took about 130–140 days for each Swarm satellite to cover all local time.



The in situ electron densities (Ne) measured by the Langmuir probe onboard Swarm constellation are used to investigate the variations of the ionospheric irregularity. In addition, the upward-looking TEC data obtained from Global Positioning System (GPS) observations measured by the Swarm constellation are used to determine the scintillation. The detailed procedure for the upward-looking TEC retrieval was introduced in Yue et al. [18] and Zhong et al. [19]. Note that only nighttime data are used to study the ionospheric irregularities, though the measurement error of Ne could occur at daytime [20].



In this study, we use the Swarm electron density with a sampling rate of 2 Hz and TEC data at a time resolution of 1 s. The study covers a long period from 2014 to 2021. The Swarm data are divided into different seasons (March equinox, June solstice, September equinox, and December solstice) and solar activities. The data within a 90-day window centered on solstice or equinox are selected for each season. The conditions of F107 < 100 and F107 > 100 are defined as low and high solar activities, respectively. Note that due to the data limition, the averaged altitude of the Swarm satellites was higher under high solar activity. In the following, the ionospheric irregularities are detected by RODI, and phase fluctuations of the GPS receiver onboard Swarm are determined by ROTI.



2.1. RODI


Many approaches have been developed to distinguish the irregularities from the in situ electron density, and we take a similar method described by Jin et al. [21]. The ionospheric irregularities are detected with the irregularity parameters derived from the satellite in situ Ne measurements: the rate of change of density (ROD) and the rate of change of density index (RODI).



We calculate the mean electron density with a sliding window of 60 s, and by substracting it from Ne, a high-pass filtered Ne is acquired, which we also call ‘detrended Ne’. Then, ROD is obtained as the time derivative of the detrended Ne:


  R O D  t  =   N  e d    t + Δ t   − N  e d   t    Δ t    



(1)




where Ned represents the detrended Ne, and ∆t is 0.5 s for the Swarm Ne data (with a sampling frequency of 2 Hz). RODI is the standard deviation of ROD at a running window of 20 s, corresponding to the irregularities at a spatial scale of approximately 7.5–150 km.


  R O D I  t  =    1  N − 1     ∑    t i  = t −   Δ t  2     t i  = t +   Δ t  2        R O D    t i    −   R O D  ¯   t     2     



(2)




where ∆t is the running window size (20 s), N is data number in the running window, and     R O D  ¯    is the mean of ROD:


    R O D  ¯   t  =  1  N     ∑    t i  = t −   Δ t  2     t i  = t +   Δ t  2    R O D    t i     



(3)








2.2. ROTI


To describe the phase fluctuation of GPS signals, Pi et al. [22] defined the rate of TEC index (ROTI) based on the standard deviation of ROT; ROT is the rate of change of TEC. In this study, the slant TEC is converted to the vertical TEC, using only GPS satellites with elevations greater than 30°, and the altitude of the ionospheric pierce point is set as 850 km. The mean VTEC data in 20 s are calculated as the background to detrend the VTEC, corresponding to a distance of around 150 km traveled by Swarm satellites. The ROT was calculated and converted to the unit of TECU/min according to the following formula, where i is the corresponding satellite and ∆t is 1 s:


  R O T  t  =   V T E  C  t + Δ t  i  − V T E  C t i    Δ t   × 60  



(4)




where VTEC is the detrended vertical TEC, and ROTI is obtained by calculating the standard deviation of ROT in the running windows of 20 s, which corresponds to the phase scintillation at a spatial scale of approximately 7.5–150 km:


  R O T I =   < R O  T 2  > −   < R O T >  2     



(5)




where the symbol <> denotes the mean value in the running window.




2.3. An Example of Ionospheric Irregularities


At first, we give an example of ionospheric irregularities near the equator observed by Swarm A during 19:30–19:48 universal time (UT) on 12 October 2021, and the responses of multiple parameters to the irregular structures are shown in Figure 1. Figure 1a displays the electron density (Ne), background density (bNe), and detrended density (detNe) in orange, blue, and yellow, respectively. The double-peak equatorial ionization anomaly (EIA) can be clearly identified during 19:39–19:45 UT. Additionally, there were many ionospheric irregularities, as the electron density oscillated dramatically (mainly from 19:32 to 19:39 and from 19:43 to 19:45 UT) predominantly at the poleward sides of the EIA. By removing the background, it can be seen that the signature of the large-scale EIA structure can be mitigated or ignored, while the small-scale irregularities are reserved.



Figure 1b plots the ROD and RODI in blue and orange lines, respectively. To present the amplitude of the electron density fluctuations straightly, only the absolute values of ROD are shown here. The two parameters well reflected the dramatic changes in density observed in Figure 1a. For example, a slight fluctuation in electron density can be observed around 19:42 UT within the EIA region in Figure 1a, which is more obvious in detrended Ne; correspondingly, an apparent fluctuation of ROD and RODI can be seen at the same position in Figure 1b.



Previous studies developed different algorithms for automatic detection of those irregularities [14,23,24]. A key strategy of those algorithms is that, by setting the thresholds of the fluctuation amplitude, the fluctuations can be determined whether they are strong enough to be considered irregularities, rather than noises. Those thresholds can be generally categorized into two types: absolute and relative density perturbations. Previous studies pointed out that the occurrence pattern of the irregularities determined by the absolute density perturbation definition exhibited better agreement with that of the scintillations [25]. Since this work is dedicated to cross-check the in situ plasma irregularities with scintillation events, we then adopt the absolute enhancement/attenuation threshold in the density to detect the ionospheric irregularities. Thus, to avoid the trend of background density like EIA, RODI > 104 cm−3/s is set as the threshold for determining the ionospheric irregularities. Based on the experiments (not shown) during data processing, if the threshold is set with the fluctuation within ±30%, it has little impact on the statistical results, which indicates the reliability of the threshold selection.



To evaluate the radio signal quality during its transmission through the irregularities, we calculate the phase and amplitude scintillation parameters from the TEC and signal-to-noise ratio (SNR). The vertical TEC is first converted from the STEC calculated by the GPS observation data from the onboard receiver, and the vertical TEC data are detrended by subtracting the mean value in 20 s in each arc, as shown in Figure 1c. In addition, we exclude the data as the GPS satellites flew at elevation angles below 30 degrees. The parameters derived from TEC data show similar oscillations in the corresponding positions, as shown in Figure 1b. Note that these parameters represent TEC fluctuations in the topside ionosphere, and a value of 0.1 is used as the threshold of ROTI to indicate the strong phase scintillation.



The equivalent signal-to-noise ratio (S/N) and S4c index can be derived from the carrier-to-noise ratio (C/N) data released by common geodetic GNSS receivers [26], which provide a new method for the calculation of the amplitude scintillation index. A value of 0.015 is used as the threshold of S4c to indicate the strong amplitude scintillation. To verify the feasibility of this method on a satellite-based receiver, Figure 1e,f displays the detrended S/N and S4c derived from C/N recorded by Swarm A. Similar trends are shown in the detrended SNR and S4c index from GPS satellites from 19:35 to 19:39 UT. However, the significant fluctuations around 19:44 UT were not reflected in the amplitude scintillations.





3. Results and Discussion


3.1. Global Seasonal Distribution


After the detection of the irregularities, the occurrence rate is calculated by the ratio of the irregularity data points to the total data points in a grid with 10° in longitude and 5° in latitude. To systematically present the spatial, seasonal, and solar activity variations of the nighttime ionospheric irregular structures, the occurrence rate of irregularities calculated from RODI at different seasons (March equinox, June solstice, September equinox, and December solstice), altitudes (460 km for Swarm A and 520 km for Swarm B), and solar activities (F107 < 100 and F107 > 100) is compared in geographic coordinates. Figure 2 shows the global distribution of the occurrence rate of irregularities before midnight (18:00–24:00 LT).



During low solar activity for Swarm A observations (Figure 2a–d), the peak occurrence of irregularities was concentrated at low and high latitudes, with the weakest occurrence at middle latitudes. At low latitudes, the occurrence showed a clear seasonal and longitudinal dependence near the geomagnetic equator. Among the four seasons, the occurrence of EPIs (equatorial plasma irregularities) was highest during the December solstice and lowest during the June solstice. The occurrence was similar during March and September equinoxes. The high occurrence rate of EPIs during the March/September equinox showed a longitudinal preference from Africa to South America (Figure 2a,c). During the June solstice, EPIs were concentrated over North Africa, and during the December solstice, they were prevalent at Atlantic to South American longitudes (Figure 2b,d). At middle latitudes, the occurrence rate of irregularities was low in all seasons. Under low solar activity, the symmetrical band structure in the northern and southern hemispheres could be seen at middle latitudes with an occurrence of about 10%, concentrated in the Asia Pacific longitudes, and was more apparent in Swarm B (Figure 2i–l). Under high solar activity, the occurrence rate was larger in the summer hemisphere during the solstices (shown in Figure 2f,h,n,p). At high latitudes, the pattern of occurrence during the equinoxes showed a large value in both hemispheres, especially in the southern hemisphere. The occurrence rate at high latitudes was low during the June solstice, with peak occurrence concentrated in the northern hemisphere (NH), and the occurrence rate only showed great value in the southern hemisphere (SH) during the December solstice.



Under high solar activity (Figure 2e–h), from the observations of Swarm A, the overall occurrence rate of irregularities was higher than that under low solar activity. At low latitudes, the high occurrence rate region of EPIs became significantly larger, compared with that under low solar activity. During the June solstice, in addition to the prominent peak occurrence rate over Africa, an enhanced occurrence can be also observed over the Pacific sector. At middle latitudes, the occurrence of irregularities remained low in all seasons, similar to the results under low solar activity, except for a slight enhancement in the northern hemisphere during the June solstice (Figure 2f). At high latitudes, the overall occurrence rate was enhanced with increasing solar activity, and the seasonal distribution characteristics remained similar during low solar activity periods.



Many studies have shown that the occurrence of the premidnight EPIs peaks at solar maximum [13,27,28,29]. In addition, at a given longitude, EPIs occur more frequently when the geomagnetic field lines are aligned with the sunset terminator [13,30]. A small angle between the equatorial geomagnetic line and the sunset terminator could result in a decrease in the flux tube-integrated conductance and, thus, an increase in the growth rate of the R–T instability. For example, in the South American and Atlantic sectors, a small angle would occur from October to March, thus leading to a high occurrence rate in these regions during the December solstice and equinoxes. In addition, transequatorial winds may lead to an increase in local conductivity in the winter hemisphere and a decrease in the summer hemisphere [31,32]. Since the decrease in conductivity would enhance the growth of the R–T instability, it results in a higher occurrence rate in the Asian and African sectors, where the geomagnetic equator is located in the summer hemisphere during the June solstice, and a higher occurrence rate in the American and Atlantic Ocean region during the December solstice.



For Swarm B observations (Figure 2i–p), the overall occurrence of the irregularities decreased, compared with that of Swarm A. At higher altitudes, the region of the high occurrence rate of EPIs became smaller, during all seasons and solar activities. The remaining similar features of solar activity and seasonal distribution are not repeated here. In addition, the occurrence rate of RODI is much low between −60 and 60° longitudes at midlatitudes in the southern hemisphere. The geomagnetic latitude is lower in this region, and the higher occurrence rate at other longitudes should be related to the Weddell Sea Anomaly (WSA) [33].



To compare the in situ observations of irregularities with the topside ionospheric scintillation before midnight, Figure 3 gives the occurrence of phase scintillation based on ROTI results. The occurrence of scintillation showed a good agreement with the characteristics of the irregularities based on RODI. At low and high latitudes, the premidnight irregularities and phase scintillation were positively correlated with solar activity, and they showed similar longitudinal/seasonal patterns. The occurrence rate of phase scintillation at middle latitudes was still at a very low level, which was also a little larger in the summer hemisphere during the solstices under high solar activity (Figure 3f,h,n,p), but the enhanced occurrence rate was almost not visible under low solar activity.



Figure 4 illustrates the occurrence rate of irregularities after midnight, with a smaller color-bar range of 0–0.3, which is different from that of Figure 2. At low latitudes under low solar activity, the occurrence rate of irregularities was higher during the solstices than during the equinoxes (Figure 4a–d,i–l). Under high solar activity, the overall occurrence rate of EPIs was higher than that under low solar activity. The peak occurrence rate of EPIs during the equinoxes was concentrated in the region from the east coast of South America to Africa (Figure 4e–h), with an eastward movement compared with the distribution before midnight (Figure 2e–h). At middle latitudes under low solar activity, a striped structure of enhanced occurrence can be clearly observed at Asia Pacific longitudes in both hemispheres. The enhanced occurrence at the middle latitudes was most pronounced during the June solstice and least pronounced during the equinoxes. The irregularities at middle latitudes occurred more frequently in the winter hemisphere (Figure 4b,d,j,l). In addition, the enhanced midlatitude occurrence during the December solstice covered a wider longitude range from Asia Pacific to the America Atlantic. Additionally, the occurrence rate at middle latitudes decreased as solar activity increased. Under low solar activity, for Swarm B observations, the overall occurrence rate was decreased at low and high latitudes but enhanced slightly at middle latitudes compared with Swarm A, which indicates that the midlatitude irregularities might be more concentrated at the altitude of Swarm B.



Figure 5 shows the postmidnight occurrence rate of phase scintillation. Due to the weaker topside ionospheric scintillation, the range of the color bar is set to 0–0.1. The occurrence of scintillation at low and high latitudes exhibited similar seasonal and solar activity variations to that of the postmidnight irregularities. At middle latitudes, an enhanced occurrence rate of phase scintillation was also seen during the June solstice by both satellites (Figure 5b,j); however, Swarm A at lower altitudes registered a higher occurrence rate than Swarm B at higher altitudes. Note that this altitudinal dependence of the occurrence of scintillation contradicts the occurrence rate of midlatitude irregularities, as the latter argument showed greater value at the altitudes of Swarm B (Figure 4b,j).



At low latitudes, the occurrence rate of EPIs after midnight was positively correlated with solar activity, using absolute density perturbations. This result is in contrast to that of Aa et al. [27], who detected EPIs by high pass filters and showed a negative correlation between postmidnight EPIs and F107 after midnight. In a study by Huang et al. [25], the overall occurrence rate of identifying EPIs based on relative density perturbations was negatively correlated with solar activity, as can be seen in their Figure 3 and Figure 4. Wan et al. [29] identified EPIs by a combination of absolute and relative criteria, and in their Figure 5, it can be seen that the occurrence of postmidnight EPIs was higher overall under high solar activity than under low solar activity. Both absolute and relative density perturbations can be used as a criterion for identifying ionospheric irregularities. The lower ambient electron density after midnight may lead to a lower fluctuation in the electron density of EPIs as well, thus making the occurrence of identification based on absolute criteria positively correlated with solar activity. Additionally, for the opposite feature identified based on relative criteria after midnight, it was found that gravity wave activity is stronger at low solar flux levels [34], which may lead to an increase in the occurrence of EPIs under low solar activity.



At middle latitudes, some studies have shown that the neutral-particle density of the upper atmosphere is highest at the equinoxes and lower during the solstices [35]. Meanwhile, the growth rate of the Perkins instability is inversely proportional to neutral-particle density, and the amplitude of gravity waves becomes greater at low neutral-particle density [10]. These facts may lead to the high occurrence of irregularities at middle latitudes during the solstices.



Besides, due to the lower altitudes of Swarm A, the corresponding integration path of TEC is longer and may contain more irregularities, so both low and middle latitudes have a greater occurrence rate of scintillation on Swarm A.



For further comparison with the amplitude scintillation in the top ionosphere, Figure 6 shows the S4c index calculated from the carrier-to-noise ratio. The occurrence rate of amplitude scintillation was obviously different from the RODI and ROTI. The occurrence rate of amplitude scintillation (S4c) was higher at low and high latitudes, was lowest at middle latitudes, and increased with the increasing solar activity. The S4c index also displayed a clear longitudinal variation of a higher occurrence rate over the low latitude region of the Asian sector under low solar activity. The amplitude scintillation of the top ionosphere calculated from C/N was very weak (an amplitude scintillation index greater than 0.3 in the output of a general ground-based scintillation receiver is considered to be a strong scintillation), and showed no seasonal dependence.




3.2. Characteristics at Low Latitudes


Figure 7 exhibits the LT variations of the occurrence rate of plasma irregularities identified by RODI near the geomagnetic equator (±10°). For the Swarm A results (Figure 7a–c), the occurrence rate was higher during the December solstice and the two equinoxes and lowest during the June solstice. This could be related to the low-level background Ne during the June solstice, which leads to a small perturbation magnitude of EPIs; thus, the occurrence rate is lower based on the extract method with the absolute enhancement/attenuation threshold. The LT variations during the December solstice and the equinoxes showed similar characteristics. During the December solstice, the occurrence rate began to increase rapidly at about 19:00 LT, peaked at around 22:00 LT, and remained at high values before midnight; then it continued to decrease after midnight (Figure 7c). The prereversal enhancement (PRE) after sunset [36], corresponding to equatorial upward E×B drift velocity, is conducive to the development of the R–T instability and the EPI formation. Therefore, the occurrence rate of EPIs usually peaks before midnight.



However, the situation was slightly different during the June solstice (Figure 7b,e), the whole occurrence rate was lower compared with other seasons, but the increase in occurrence rate stayed until midnight and peaked at around 1 LT (Figure 7b,e). Wan et al. [29] showed that the occurrence of EPIs after midnight at an African longitude was comparable to or even higher than that before midnight during the equinoxes and June solstice. For the mechanism of EPI formation after midnight, some studies have suggested that the postmidnight EPIs are not a continuation of the premidnight EPIs during the June solstice, but they are newly generated due to an increase in the growth rate of the R–T instability caused by an upward drift of the plasma [37]. The duration of the vertical drift of the plasma at African longitudes is longer during the June solstice compared with other seasons. In addition, due to the equatorward meridional neutral winds associated with midnight temperature maximum (MTMs), the F-layer height rises significantly after midnight during the June solstice, leading to an increase in the growth rate of the R–T instability. Additionally, Huang and Kelley [38] used numerical simulations to investigate the properties of large-scale equatorial F-region irregularities generated by gravity waves and showed that a zonally propagating gravity wave can seed the R–T instability, and the spatial resonance of gravity wave and plasma motion can promote the formation of a plasma bubble. Otsuka [39] suggested that circularly phased gravity waves can generate electric field perturbations through the F-region dynamo mechanism, thereby initiating the R–T instability effectively. Furthermore, Miller et al. [40] suggested that MSTID accompanied by a polarized electric field can also seed the R–T instability at low latitudes after midnight. Overall, after midnight, gravity waves, MSTID, and equatorial meridional winds might all contribute to EPIs. If interpreted as the postmidnight EPIs are mostly the continuation of EPIs that were generated before midnight, then it cannot explain that the peak of the June solstice occurred after midnight. Thus, the peak occurrence rate after midnight during the June solstice may be a combination of EPIs already generated before midnight and the newborn EPIs after midnight.



Previous studies have shown that the EPIs with great perturbation magnitudes of plasma density could cause amplitude scintillation obviously [25]. However, how the EPIs affect phase scintillation is still not clear. In comparison with the occurrence of the irregularities, Figure 8 shows the same occurrence rate distribution calculated from ROTI, representing the topside ionospheric phase scintillation. There is a clear difference in the occurrence of the ROTI and RODI. As expected, the ROTI occurrence rate was much smaller than RODI. The enhancement of the scintillation occurrence rate before midnight during the December solstice and the equinoxes was more consistent with the results of EPIs as shown in Figure 7. During the equinoxes, the occurrence rate increased sharply from 18:00 to 20:00 LT, and after 20:00 LT, the occurrence rate began to fall steadily until 2:00 LT, remaining at an extremely low level throughout the postmidnight period. However, during the June solstice, the occurrence rate of ROTI was slightly higher before midnight than after midnight and presented a very low level at all LT. We can see that the total phase scintillation at the topside ionosphere is not always sensitive to the EPIs after midnight. Note that, unlike the in situ observed irregularities, the scintillation in this study is indicative of the signal being between the Swarm satellites and the GPS satellites. Otsuka et al. [41] conducted continuous observations of the field-aligned irregularities (FAI) over Indonesia at night and found that the FAI was not accompanied by GPS scintillation after midnight. The background electron density in the top ionosphere is low after midnight, and there is little fluctuation in the total electron density of topside ionospheric irregularities, which may not generate significant scintillation. Note that small-scale plasma perturbations may not be identified by RODI, but they could cause phase scintillations. During the postmidnight hours, the small-scale plasma perturbations that cause phase scintillations could dissipate more quickly. As a consequence, the phase scintillations could be at a low level after midnight.



In addition to the solar activity and LT variations, Figure 9 shows the season-longitude variations of the irregularities and scintillation occurrence within ±10° geomagnetic latitudes during the whole night. During the period of low solar activity (Figure 9a,b), the occurrence pattern displayed larger values from the September equinox to the March equinox (Doy 270-80,; Doy means the day of the year), appearing in the Atlantic American sector. The region with a high occurrence rate stretched eastward from 60°W to 20°E longitude during Doy 1-90. Later, around Doy 100, the region of high occurrence rate began to gradually separate into two parts, toward the east and the west. Then, during Doy 120-250, two regions of high occurrence rate were observed over the African and Pacific regions, but the overall occurrence decreased. Around the September equinox, the two separated regions with high occurrence rate began to merge into one again. Finally, the main peak occurred around 20°–70°W longitudes during the December solstice. The overall occurrence rate increased under high solar activity (Figure 9c,d, with a larger color-bar range). In addition, it is interesting to note that the main peak after the September equinox occurred around Doy 290, about 2 months earlier, compared with the periods under low solar activity (Doy 350).



The same distributions of topside ionospheric phase scintillation are shown in Figure 9e–h. The overall occurrence rate in Swarm A was significantly higher. Under low solar activity, the scintillation distribution was quite similar to the result of RODI, though with a lower occurrence rate, especially around the June solstice. Under high solar activity, the main peak near the September equinox appeared earlier than that during periods of low solar activity, similar to the results of RODI. Additionally, the RODI and ROTI distributions showed some discrepancy, as the longitudinal distribution of the peak occurrence rate of ROTI before the March equinox was wider. The greater ROTI occurrence might be related to the small-scale plasma perturbations, and this needs further confirmation. During the June solstice, the phase scintillation did not show a corresponding occurrence compared with the results of RODI, and it may be caused by ROTI’s insensitivity to new irregularities generated after midnight.




3.3. Characteristics at Middle Latitudes


We note that the occurrence rate of irregularities at middle latitudes was much lower than that at low or high latitudes (Figure 2 and Figure 4). To further study the variations of irregularities at middle latitudes, Figure 10 displays the local time variations of midlatitude irregularities’ (±30°–±40°) occurrence rate identified by RODI. During the equinoxes, the occurrence rate was lowest, and the occurrence rate after midnight was higher than that before midnight. During the June solstice, the occurrence rate of midlatitude irregularities reached the highest level, compared with the other seasons. In Figure 10b,e, the irregularities started to appear at about 20:00 LT, and the first peak occurrence was witnessed at 21:00 LT. Afterward, the occurrence kept growing and reached its maximum at about 03:00 LT. Then the occurrence rate of the irregularities decreased rapidly during 03:00–06:00 LT. During the December solstice, the LT variations were similar to those during the June solstice, but at a smaller magnitude.



To further investigate solar activity dependence, Figure 11 shows the postmidnight occurrence rate calculated by the RODI of midlatitude irregularities with F107. Note that the range of the occurrence rate is 0–0.15 for the equinoxes and 0–0.3 for the solstices. It can be seen that the solar activity dependence of the occurrence rate exhibits negative trends after midnight, and the midlatitude irregularities only have a larger occurrence rate around the solar minimum. Zhong et al. [12] found that the middle-latitudinal band structure became more pronounced as solar activity decreased. The irregularities at middle latitudes exhibited similar solar activity dependence features to the middle-latitudinal band structure. A large number of observations suggested that the occurrence of MSTID at night is inversely correlated with solar activity [14,42], which is consistent with the characteristics of observed midlatitude irregularities in this study. Although many mid-latitude irregularities have been explained by the Perkins instability, the problem with the Perkins instability theory is that the growth rate is too low to produce significant irregularities in the F region. Some studies have shown that the occurrence rate of sporadic E layer (Es) instability is higher under low solar activity at nighttime [43], and an electrodynamically coupled E and F region containing Es instability would lead to a faster growth rate of the Perkins instability at middle latitudes [44]. Thus, it can be explained that mid-latitude irregularities are higher under low solar activity.



Figure 12 displays the season-longitude variations of the midlatitude irregularities and scintillation occurrence rate after midnight. During the equinoxes, the occurrence was the lowest in both hemispheres; this feature also can be seen in Figure 10 and Figure 11. The midlatitude irregularities had a longitudinal preference over the Pacific, from Doy 120 to 230. During Doy 320-40, the large values concentrated over the west of America and the Pacific. In addition, we can see the obvious hemispheric asymmetry. During the June solstice, midlatitude irregularities were evident in the winter hemisphere. During the December solstice, the occurrence was slightly stronger in NH than in SH and peaked around 60°–100°W (Figure 12b), which is in good agreement with previous results in Figure 4 and Figure 5. Some studies have shown that the middle-latitudinal band structure appeared more frequently in the winter hemisphere during the June solstice and under low solar activity [12]. The middle-latitudinal band structure may promote the creation of irregularities. In addition, Park et al. [45] found that midlatitude plasma density fluctuations also showed a strong hemisphere asymmetry, with a preference for the summer hemisphere based on Challenging Mini-Satellite Payload (CHAMP) (altitude ~400 km) and Korea Multi-Purpose Satellite-1 (KOMPSAT-1) (~685 km) observations. Wan et al. [42] showed that the northern and southern hemisphere occurrence of MSTID after midnight even reverses as solar activity decreases. Unlike the MSTID signature, the midlatitude irregularities from Swarm (~450–500 km) occurred more frequently in the winter hemisphere after midnight under low solar activity, based on results from Figure 10, Figure 11 and Figure 12. Su et al. [14] used Republic of China Satellite 1 (ROCSAT-1) to extract midlatitude irregularities and found that their predominant occurrence was in the winter hemisphere and after midnight. Further research is needed on the hemispheric asymmetry of midlatitude irregularities.



In order to study the influence of middle-latitude irregularities, we inspected the same distribution of topside ionospheric phase fluctuations, as shown in Figure 12e–h. The overall occurrence rate in Swarm A was significantly higher than in Swarm B, especially in SH. Although the occurrence rate identified by ROTI was lower than that of RODI, their season-longitude variations were consistent, and similar features are not discussed here. However, unlike the former, the middle-latitude topside ionosphere did not produce strong hemispheric asymmetry in scintillation. During the June solstice, the scintillation difference in both hemispheres was not significant. However, during the December solstice, the occurrence was stronger in SH than in NH, mainly concentrated in the southwest Pacific to South America. Small-scale plasma perturbations may not be identified by RODI, but they could cause phase scintillations. The differences between the scintillation and the irregularities’ distribution characteristics should be associated with the scale size of irregularities. However, at midlatitudes, the differences also suggest that scintillation in the topside ionosphere could be also influenced by other factors.



Topside ionospheric scintillation may be also related to the distribution of Ne at higher altitudes. In a study by Zhong et al. [12], the Ne distribution at an altitude of 800 km can be seen in their Figure 4 and Figure 5. During the June solstice, the Ne over the Pacific longitudes at middle latitudes in both hemispheres is comparable and symmetrical at 800 km, which is similar to the scintillation results (Figure 12g,h). During December solstice, the electrons are significantly higher at middle latitudes in the southern hemisphere and are concentrated at Weddell Sea Anomaly (WSA) longitudes (from South America to the central Pacific region), which is more consistent with the distribution of high scintillation occurrence during the December solstice in the southern hemisphere (Figure 12g,h). The WSA behavior may be due to ionospheric long-term photoionization during the local summer period and vertical plasma drift caused by neutral winds under geomagnetic field geometry effects [33]. Meanwhile, the higher scintillation occurrence in Swarm A may be explained by the ionospheric irregularities mainly occurring at lower altitudes. The higher absolute perturbations in the electron density of irregularities is more likely to cause scintillation. More observations are needed to verify these inferences.





4. Conclusions


In this work, the electron density and TEC data in 8 years’ measurements from the Swarm constellations are utilized to study the occurrence rate of global ionospheric irregular structures and the phase scintillation in the topside ionosphere. The occurrence patterns are analyzed by season, local time, longitude, latitude, and solar activity. The scintillation mainly presents consistent results with the irregularities at low latitudes, but the scintillation shows many differences from the irregularities at middle latitudes. The main results are summarized as follows:




	1

	
At low latitudes, the occurrence rate of postmidnight EPIs is generally decreased, except during the June solstice. During the June solstice, a large number of EPIs appear after midnight, resulting in the occurrence rate peaks at around 01:00 LT. The occurrence rate of EPIs displays an increasing trend with the increasing solar activities. The topside ionospheric scintillation shows relatively consistent results with EPIs, while the scintillation occurrence is quite weak during the June solstice. These results indicate that EPIs contribute most of the topside ionospheric scintillation, but the scintillation could also depend on other factors.




	2

	
The midlatitude irregularities mainly occur after midnight, and the occurrence rate is negatively correlated with solar activity and lowest during the equinoxes and highest during the June solstice. The occurrence rate presents hemispheric asymmetry and is higher in the winter hemisphere than in the summer hemisphere during the solstices. During the June solstice, the peak occurrence rate is concentrated in the Pacific sector, whereas during the December solstice, the peak is seen in the American sector. However, the topside ionospheric scintillation shows many differences from the irregularities. The topside ionospheric scintillation has no significant hemispheric asymmetry during the June solstice and is concentrated in the southern hemisphere during the December solstice, which might be related to the background electron density in the topside ionosphere after midnight.




	3

	
The EPIs concentrate more at the altitudes of Swarm A, while the midlatitude irregularities mainly occur at the altitudes of Swarm B. At both low and middle latitudes, topside ionospheric scintillation has a higher occurrence in Swarm A observations, which might be related to the longer integration path of TEC, resulting in more irregularities for the signal to cross.




	4

	
In addition, there are latitudinal and longitudinal dependences in the global distribution of S4c-based irregularities. However, due to the absence of seasonal dependence, the equivalent scintillation index S4c on the satellite needs further study.
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Figure 1. An example of the derived irregularity parameters from Swarm A as a function of UT on 21 December 2021. (a) electron density (Ne, red), background electron density (bNe, blue), and the detrended electron density (detNe, orange), (b) ROD and RODI, (c) detrended TEC, (d) ROTI, (e) detrended SNR, (f) S4c, (g) geomagnetic latitude and geographic latitude. 
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Figure 2. Global distribution of occurrence rate by RODI for different seasons, satellites, and F107 in geographic coordinates before midnight. The mean local time was marked in the subtitle. The pixels has a resolution of 10° in geographic longitude and 2.5° in geographic latitude. The contour lines of the geomagnetic latitudes at ±20° (white line) are also plotted for reference. The color-bar ranges are set as the same at each column. The panels from top to bottom show results for Swarm A (F107 < 100, (a–d)), Swarm A (F107 > 100, (e–h)), Swarm B (F107 < 100, (i–l)), and Swarm B (F107 > 100, (m–p)), from left to right show results at March equinox, June solstice, September equinox, and December solstice. 
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Figure 3. Same as Figure 2 but for ROTI. The panels from top to bottom show results for Swarm A (F107 < 100, (a–d)), Swarm A (F107 > 100, (e–h)), Swarm B (F107 < 100, (i–l)), and Swarm B (F107 > 100, (m–p)), from left to right show results at March equinox, June solstice, September equinox, and December solstice. 
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Figure 4. Same as Figure 2 but after midnight. The panels from top to bottom show results for Swarm A (F107 < 100, (a–d)), Swarm A (F107 > 100, (e–h)), Swarm B (F107 < 100, (i–l)), and Swarm B (F107 > 100, (m–p)), from left to right show results at March equinox, June solstice, September equinox, and December solstice. 
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Figure 5. Same as Figure 2 but for ROTI after midnight. The panels from top to bottom show results for Swarm A (F107 < 100, (a–d)), Swarm A (F107 > 100, (e–h)), Swarm B (F107 < 100, (i–l)), and Swarm B (F107 > 100, (m–p)), from left to right show results at March equinox, June solstice, September equinox, and December solstice. 
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Figure 6. Same as Figure 2 but for S4c after midnight. S4c denotes the approximate S4 index calculated from the carrier-to-noise ratio. The panels from top to bottom show results for Swarm A (F107 < 100, (a–d)), Swarm A (F107 > 100, (e–h)), Swarm B (F107 < 100, (i–l)), and Swarm B (F107 > 100, (m–p)), from left to right show results at March equinox, June solstice, September equinox, and December solstice. 
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Figure 7. Variations of the plasma irregularity occurrence rate as a function of LT by RODI for different F107 and satellites near the geomagnetic equator (±10°). The panels from left to right show results during the equinoxes (a,d), June solstice (b,e), and December solstice (c,f), from top to bottom show results for Swarm A and Swarm B. The red lines display the 0.5 h averaged variation of the occurrence. Each dot indicates the average daily occurrence and local time of the satellite’s ascending and descending orbits. 
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Figure 8. Same as Figure 7 but for ROTI. The panels from left to right show results during the equinoxes (a,d), June solstice (b,e), and December solstice (c,f), from top to bottom show results for Swarm A and Swarm B. 
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Figure 9. Variations of the plasma irregularity occurrence rate as a function of Doy and longitudes. The equinoxes and solstices are indicated by the arrows on the top of each panel. The panels from top to bottom show results for RODI occurrence (F107 < 100, (a–b)), RODI occurrence (F107 > 100, (c–d)), ROTI occurrence (F107 < 100, (e–f)), and ROTI occurrence (F107 > 100, (g–h)), from left to right show results for Swarm A and Swarm B. 
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Figure 10. Variations of the plasma irregularity occurrence rate as a function of LT by RODI for different F107 and satellites at midlatitude (±30°–±40° geomagnetic latitudes). The panels from left to right show results during the equinoxes (a,d), June solstice (b,e), and December solstice (c,f), from top to bottom show results for Swarm A and Swarm B. The red lines display the 0.5 h averaged variation of the occurrence. Each dot indicates the average daily occurrence and local time of the satellite’s ascending and descending orbits. 
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Figure 11. Variations of the plasma irregularity occurrence rate as a function of F107 after midnight by RODI for different satellites at middle latitudes (±30°–±40° geomagnetic latitudes). The panels from left to right show results during the equinoxes (a,d), June solstice (b,e), and December solstice (c,f), from top to bottom show results for Swarm A and Swarm B. The red lines are connected by the mean values of the F107 index every 20 sfu. 
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Figure 12. Variations of the plasma irregularity occurrence rate by RODI and ROTI as a function of Doy for different satellites at middle latitudes during Doy 0-360, F107 < 100. The panels from top to bottom show results for RODI occurrence in northern hemisphere (a,b), RODI occurrence in southern hemisphere (c,d), ROTI occurrence in northern hemisphere (e,f), and ROTI occurrence in southern hemisphere (g,h), from left to right show results for Swarm A and Swarm B. Note that in order to distinguish peak values in different periods, color-bar ranges for irregularities and scintillation occurrence are set differently. 






Figure 12. Variations of the plasma irregularity occurrence rate by RODI and ROTI as a function of Doy for different satellites at middle latitudes during Doy 0-360, F107 < 100. The panels from top to bottom show results for RODI occurrence in northern hemisphere (a,b), RODI occurrence in southern hemisphere (c,d), ROTI occurrence in northern hemisphere (e,f), and ROTI occurrence in southern hemisphere (g,h), from left to right show results for Swarm A and Swarm B. Note that in order to distinguish peak values in different periods, color-bar ranges for irregularities and scintillation occurrence are set differently.



[image: Remotesensing 14 04780 g012]













	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
Occurronce Rate.

June Solstice

Bz 2

LT thour)

s6 8

(©)_Decembar Solstice

w2246

150
o
a0
120
110

00





media/file4.png
Geographic Latitude (°)

Swarm A
F107 <100

Swarm A
F107 > 100

120

180 -180

-120

60 1zo
Geographic Longitude (°)

180 -180 -120 -60

120

180 -180

-120

-60

Occurrence Rate





media/file18.png
Swarm B

<
=
©
S
7p)

o O
RES
pnjibuoj o_cam._momw
000 | ._.om_ 020 | LOY
00L > L0L4 00l < Z0L4

920 _n_Om 920 _n_Om_
00L > 20L4 00L <2014






media/file21.jpg
045 (o) Equinoxes 3 () JuneSolstics . (c) December Solstice
02§ aa| 5,
015 o1s| ¥+
0o 0o
N =l o AR
o B0 100 10 e 10 sy 80 N0 12 wo K0 8 w0 0 15 180
o5 @ 03 os
o ¢ o

@0 . 02

£
Jom &
3

02
015

01
005

o o =
% 80 100 120 140 160 60 80 100 120 140 160 60 80 100 120 140 160

Flo7

01
005






media/file3.jpg
BEBE
DAY
111}
BENA

.............






media/file22.png
Occurrence Rate

Equinoxes
0.15 2 quinox
< 011 .
£ .
S $
® 0.05{ * .
¢
R, . .
NE ST,
60d 80 100 120 140 160
0.15 {9 - - -
m 0.1 .
g .. [ J
S 3 .
®0.05] T :
H I :
Yy 2 ..... s .. [ ]
0 TR TR |
60 80 100 120 140 160

June Solstice
0.3 (b) j ' '
0.25 -
0.2 °
0.15 1
0.1
0.05 7 -
O_ . L
60 80 100 120 140 160
R
0.25{ *
0.2 £
1)
015 @::...
011 Weer®
0.05 &%
N, .o e 802 o
0 T N R Y o ey oo
60 80 100 120 140 160

F107

(c) December Solstice

0.3
0.25 |
0.2
0.15 1
0.1

0.05 |

0 -

60
)

0.3
0.25 ;
0.2
0.15
0.1

0.05 |

0_ [ ]
60

.‘2 ’ .:

160

100 120 140

80





media/file19.jpg
Occurrence Rate

<o
fose
o
.

o
0z
fors
L
0ss
.

.

(@) Equinoxes

@

820222468

(®) June Solstce (¢) _December Sol

© o

1820222 46 818202242468
LT (houn)

0

o5

s

o

Fror





media/file7.jpg





media/file10.png
Geographic Latitude (°)

Swarm A
F107 <100

Swarm A

F107 > 100

-90
-180 -120 -60

120

180 -180

-120

-60

60 120 180 -180 -120 -60
Geographic Longitude (°)

o

60

120

(d) 03:02

(1) 03:11

-
e~ =

L
0

180 -180 -120 -6

0.1

Occurrence Rate





media/file14.png
(c) December Solstice

..]unel Solsticg

(b) .

Equinoxes

9}y 9I3UaliNIIQ

6

18 20 22 24 2 4

6 8

18 20 22 24 2 4

6 8

4

18 20 22 24 2

LT (hour)





media/file11.jpg





media/file6.png
Geographic Latitude (°)

Swarm A

Swarm A
F107 > 100

F107 <100

120

180 -180 -120 -60

60 1é0 180 -180 -120 -60
Geographic Longitude (°)

120

180 -180

-120

-60

0.6

0.5

o
s

0.3

o
(%)

0.1

Occurrence Rate





media/file15.jpg
Occurrence Rate.

o
a0z 2 2 4

June Solstice.

®

R

w2M2 48
LT (houn)

(c), Decomber Solstice.

B w222 4






nav.xhtml


  remotesensing-14-04780


  
    		
      remotesensing-14-04780
    


  




  





media/file16.png
Occurrence Rate

(b)  June Solstice (c) December Solstice

0.3 s 160
0.25 -
150
< 0.2
£ 140
< 0.15
S
n 01- 130
0.05 -
3 120
0°
0.3 110
0.25 - 100
m 0.2
= 90
< 0.15
S
? 01 - 80
0.05 - 170
0 ||

LT (hour)

F107





media/file2.png
K-S

N

Ne (cm'3)

o

ROD (cm/s)
(4]

detTEC (TECu)
o o
N o

O o

ROTI (TECu/min)

=

150

-20 :I (9)

| \ 50

19:30

19:32

19:34

19:36

19:38 19:40

Ut

19:42

19:44

19:46

19:48

GLAT (?)





media/file20.png
Occurrence Rate

(a)

Equinoxes

(b) .

..]unel Solsticg

(c) December Solstice

(d)

m 0.2
£
= 0.15
3

" 01

0.05 -

0

LT (hour)

100

95

90

85

80

F107





media/file23.jpg





media/file5.jpg





media/file24.png
Swarm B

<
=
©
3
7))

(= I = I SO 00 O O 0O
R E 13 -Eal i
pnibuo| oiydesboasy (,) apnyubuo) aiydeisbooar)
220 |aON 220 |a0y 320 |10y 220 | L0y
HN

HS HN HS






media/file1.jpg
52
2 0| A} A~ Al ———T

Fi— s ‘ ¥ z 7 =
3 ] —roo|
§s ]
g, o

gore e
=
[
33333
fgiss

3 :
i

1\
5{ ]

|

dotsNR

MAT ()

s
5 |, £
4 "3
20,0 I J%

1930 32 1934 1998 1940 1942 1944 1946 1948

ut






media/file12.png
Geographic Latitude (°)

Swarm A
F107 <100

Swarm A

F107 > 100

-9 TS

~ (b)03:08
g |

k) 02:57

T ec—

(1) 03:11

d) 03:01

90 (m) 03:37 L

60 MERNI

30 |
. Sy 8= A4

0 Fmen | g b
T = o 5 "y

-30 - , W

-60 | = B .

-180 -120 -60 0 60 120

180 -180

-120

-60

60 120 180 -180

-120 -60
Geographic Longitude (°)

-60

0.3

0.25

0.2

0.15

0.1

0.05

Occurrence Rate





media/file9.jpg





media/file0.png





media/file8.png
Geographic Latitude (°)

Swarm A
F107 <100

Swarm A

F107 > 100

-180

-120

-60

60 1zoA
Geographic Longitude (°)

180 -180 -120 -60

120

180 -180

-120

-60

d) 02:59 ‘

0.3

0.25

0.2

o

—

(4]
Occurrence Rate

0.1

0.05





media/file17.jpg
Doy






