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Abstract

:

The dynamics of ionospheric troughs during intense geomagnetic storms is considered in this paper. The study is based on electron density measurements at CHAMP satellite altitudes of 405–465 km in the period from 2000 to 2002. A detailed analysis of four storms with Kp from 5+ to 9− is presented. Three troughs were identified: sub-auroral, mid-latitude, and low-latitude. The sub-auroral trough is usually defined as the main ionospheric trough (MIT). The mid-latitude trough is observed equatorward of the MIT and is associated with the magnetospheric ring current; therefore, it is named the ring ionospheric trough (RIT). The RIT appears at the beginning of the storm recovery phase at geomagnetic latitudes of 40–45° GMLat (L = 1.75–2.0) and exists, for a long time, at the late stage of the recovery phase at latitudes of the residual ring current 50–55° GMLat (L ~ 2.5–3.0). The low-latitude trough (LLT) is discovered for the first time. It forms only during great storms at the latitudes of the internal radiation belt (IRB), 34–45° GMLat (L = 1.45–2.0). The LLT’s lowest latitude of 34° GMLat was recorded in the night sector (2–3 LT). The occurrence probability and position of the RIT and LLT depend on the hemisphere and longitude.
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1. Introduction


In [1,2], the extreme states of the night sector of the magnetosphere were considered. These were the minimum latitudes (Lmin-shell) of the auroral oval of precipitation, main ionospheric trough, plasmapause, and SAR-arc (stable auroral red arc), depending on the maximum values of the geomagnetic activity indices Kp and Dst. The observation data, both statistical and for several giant storms with Кр = 9 and Dst up to −430 nT, were used. It has been shown that the equatorward edge of the auroral oval of precipitation can reach 48° GMLat (L ~ 2.7) [3]. Indeed, auroras are sometimes observed over Warsaw (47.8°). As the main ionospheric trough (MIT) is usually located 2–5° equatorward of the auroral oval, it can reach latitudes of 43–46° GMLat (L = 1.9–2.1) [4]. Khorosheva indicated the minimum latitude for the MIT as 45°, according to ground-based data. In particular, the trough was recorded at latitude of 45°, according to the Millstone Hill radar at 18 MLT, during the storm on February 8–9, 1986, under the conditions of Dst = −300 and Kp = 8+ [5]. The plasmapause and SAR-arc positions in [1] were superposed, with the minimum latitude for these structures being 40–41° (L = 1.70–1.75), according to the observations of the plasmapause [6] and SAR-arc [7] from the data of Japanese stations. The plasmapause and associated SAR-arc were revealed around midnight at latitude of 40° even during a weak storm (Dst = −49 nT) on 13 May 1999, according to simultaneous observations on board the Akenobo satellite and at the Rikubetsu ground station (34.7° GMLat) [8]. However, the estimates of old observations in America and Asia during a giant storm on 1–2 September 1859, showed that the equatorial boundary of the “purely red emission” appeared at latitude of 30.8° ILAT [9]. Had this emission corresponded to the SAR-arc, it would have been observed at the extremely low L-shell of 1.36.



During the recovery phase of a geomagnetic disturbance, usually at night, another trough is formed, located equatorward of the MIT. This trough is associated with the magnetospheric ring current and, therefore, has been called the ring ionospheric trough (RIT). The RIT was first separated from the MIT using Kosmos-1809 satellite data [10] and was studied in detail, according to the Intercosmos-19, Kosmos-900, and CHAMP satellites data [11,12,13,14,15,16]. The RIT is formed during the precipitation of hot ions from the magnetospheric ring current [17]. This precipitation becomes especially intense during the recovery phase of the disturbance, when the plasmasphere expands and cold particles in the outer plasmasphere begin to actively interact with the hot particles of the ring current. Not only does this process create a trough, but it also ignites the SAR-arc. Thus, the SAR-arc is associated with the RIT, and not with the MIT, as it is often believed to be [18]. The inner edge of the ring current during a severe storm can be located at very low L-shells, up to L ~ 1.6–1.7 (39–40°) [19]. This latitude corresponds well to the minimum latitude specified in [1] for the plasmapause and SAR-arc. At the late stage of the storm recovery phase, precipitation from the low-latitude fraction of the ring current is observed for a long time at latitudes of 52–60° (L = 2.7–4.0), while the main fraction returns to high latitudes [20]. We define the stable low-latitude fraction as the “residual” ring current.



From the CHAMP data, another trough has been discovered: in the night sector during the severe magnetospheric storm on 11–13 April 2001, at very low latitudes of 34–45° (L = 1.45–2.00). This corresponds to the latitudes of the inner radiation belt (IRB) L = 1.5–2.0. Therefore, it has been assumed that the low-latitude trough (LLT) is formed by the precipitation of energetic IRB particles during a severe storm. All three troughs are sometimes observed simultaneously, such as during the storm on 11–13 April 2001.



The purpose of this paper is to continue the study of the dynamics of the ionospheric troughs during strong geomagnetic storms and to carry out a statistical analysis of the MIT, RIT, and LLT position dependence on the Kp-index, in comparison with the position of other structures of the night ionosphere (i.e., auroral oval and plasmapause). There is a particular focus on determining the extreme low values of the MIT, RIT, and LLT geomagnetic latitudes.




2. Materials and Methods


The data from the CHAMP satellite for high solar activity in 2000–2002 were used for an analysis. During high solar activity, magnetospheric storms follow one another, so the data set for analysis is relatively large; over 40 geomagnetic storms. The paper presents a detailed analysis for four strong storms with a Kp from 5+ to 9−. The satellite carried out in situ measurements of electron density Ne. Variations in Ne are presented below in terms of plasma frequency fp (Ne [cm−3] = 1.24⋅104fp2 [MHz]). The CHAMP altitude has changed from 2000 to 2002 from 465 to 405 km, which is close to the height of the F2 layer maximum. It revolved on nearly polar orbit with the inclination of 87.3°. The CHAMP data time resolution of 15 s is less than 1° of latitude, which allows determining the position of trough minimum accurately. The CHAMP satellite data are available on the website http://op.gfz-potsdam.de/champ.




3. Results


3.1. Storm of 31 March–3 April 2001. Night Conditions


On 31 March–3 April 2001, the CHAMP satellite recorded the ionospheric response to the giant storm with Kp-index maximum of 9− and Dst minimum of −387 nT. Figure 1 shows variations in the trough positions for ~2.6 LT in the Northern hemisphere and ~3.1 LT in the Southern hemisphere. To facilitate the discussion, the time is counted from 00 UT on March 31. All events in this paper are considered in terms of the Kp-index, as variations in the MIT position are related to Kp variations, according to a model presented earlier [14]. This model determines the average position of the MIT for all longitudes with a given Kp value. Therefore, the Y-axis for the Kp-index, in both position and scale, is connected to variations in the trough position, according to this model. The asymmetry of the hemispheres is also taken into account: In the Southern hemisphere, the MIT is, on average, slightly more equatorward than in the Northern hemisphere [21]. For the event under discussion, this difference was ~2°. Deviations from the model are mainly determined by a longitudinal effect. The longitudinal effect pattern (which, in fact, is a model) in both hemispheres for any local time, for a fixed value of Kp = 2, has been given in [22]. However, as the character of the longitudinal effect varies during a storm, this model is generally only used for qualitative analysis. The longitudinal effect is most pronounced in the Southern hemisphere, where the MIT is located at higher latitudes at Asian longitudes and at lower latitudes at American longitudes [22]. As this is the case, when the storm began, at longitudes of 45–115°, the MIT was located at higher latitudes than in the model, and at lower latitudes at longitudes of 270–360° during the periods of 27–35 and 50–57 UT.



The variations in the Kp-index shown in Figure 1 are shifted to the right, as the delay in the MIT response in both hemispheres is 3.0–3.5 h. This delay time τ depends on the growth rate of geomagnetic activity and is determined by the formula τ = −0.4 + 4.3ΔKp/Δt [14]. This estimate of the trough response delay is used below, for all the storms considered. Note, however, that the correct determination of the delay time is possible only for storms with a relatively long main phase, as the 3-h Kp-index is quite a rough measure of geomagnetic activity. Considering this delay, it can be seen, from Figure 1, that variations in the MIT position (circles) clearly tracked the variations in the Kp-index. Note that, in the Northern hemisphere, a double trough was observed during sharp changes in the Kp-index after 06 UT and 27 UT (satellite passes 11 on 31 March and 5–7 on 1 April). This was probably due to the formation of a new trough while the old trough still existed. In the Southern hemisphere, a double trough was observed on pass 19 on 1 April. However, the cases of MIT bifurcation require separate analysis. It is also worth noting that, during the maximum perturbation, the MITs in both hemispheres were located at extremely low latitudes of 44° at 2.6 LT in the Northern hemisphere and −43° at 3.1 LT in the Southern hemisphere. The difference seems to be determined by the local time and hemispheric asymmetry.



The RIT (the squares in Figure 1) is usually located a few degrees equatorward of the MIT. During the storm under consideration, two trends have been observed in the RIT behavior: The RIT appears at the storm recovery phase each time after a local increase in geomagnetic activity and tends to longitudes with weak geomagnetic field (these longitudes are marked by thick lines on X axis in Figure 1). In the Northern hemisphere, the first trend is stronger while, in the Southern hemisphere, the second one prevails, such that it is difficult to give preference to one or another. The RIT in both hemispheres appeared at extremely low latitude of 39° (L ~ 1.66). The equatorward edge of the magnetospheric ring current during an extreme storm can shift to the same latitude of L ~ 1.6–1.7 [19]. By the end of the storm recovery phase, the RIT shifts to the typical latitudes of the residual ring current, 52–56° [20].



Figure 2 shows the latitudinal fp profiles. As the dynamics of the low-latitude trough (the triangles in Figure 1 and Figure 2) are of the greatest interest, the most typical LLT cases were selected for demonstration in Figure 2. The RIT, though, can also be clearly seen in Figure 2. In the Northern hemisphere, it was pronounced on passes 1 and 23 on 1 April, and pass 15 on 2 April. On pass 21 on 1 April, the RIT and MIT actually represent a joint structure. This is quite a typical situation [16]. In the Southern hemisphere, the RIT was most clearly separated from the MIT during pass 13 on 2 April. On pass 25 on 31 March, the fp minimum equatorward of the MIT is marked as the RIT, but this minimum was formed by only one fp value. Such cases would usually remain unidentified as troughs; therefore, this case in Figure 1 is not marked as the RIT. On pass 31 on 31 March, the structure at latitudes of 35–40° appears to be a joint trough, comprised of the RIT and LLT. The same can be said about the MIT and RIT during pass 23 on 1 April. It should be noted, in this regard, that the separation of the MIT and RIT is sometimes an ambiguous task. In a simple case, where the troughs are clearly separated, the MIT is determined in accordance with the model (Kp-index), and the RIT is several degrees equatorward. However, when they are located close to each other or merge into one, it is difficult to distinguish them. For example, it is difficult to say what kind of trough we were dealing with in the Northern hemisphere during the period 62–67 UT. In such cases, it seems that a joint MIT–RIT structure is involved. These uncertainties, however, do not fundamentally affect the analysis, as the latter is mainly based on clearly defined cases.



The low-latitude trough appeared after a local increase in geomagnetic activity on passes 23 in the Northern hemisphere and 25 in the Southern hemisphere. In the Northern hemisphere, the LLT was recorded at the lowest latitude of 34° (L = 1.46), while that in the Southern hemisphere was recorded at latitude of −35° (L = 1.5). These are the latitudes of the maximum of the inner radiation belt (L ~ 1.5). At the late stage of the recovery phase, the LLT disappears at latitudes of 42–43°. Figure 2 shows examples where the LLT is pronounced. The deepest trough was observed in the Southern hemisphere on passes 23, 27, and 29 on 1 April. In the Northern hemisphere, the LLT was manifested as a shallow minimum of electron density. This minimum is easy to miss in an analysis, which is probably why it had not been discovered earlier. To detect it, a detailed analysis of the dynamics in the structure of the entire ionosphere should be conducted. In addition, we need extreme storm data, as the LLT is generally not recorded in quiet conditions (at least, on a regular basis). The LLT location in both the Northern and Southern hemispheres is not related to the local longitude of observations. Cases of simultaneous observation of all three troughs are shown in Figure 2 by vertical lines. There were quite a few such cases in both hemispheres. There was a rather strong interhemispheric asymmetry for all three troughs, despite the close local time of measurements. The asymmetry in the MIT position was mainly related to the longitudinal effect. The asymmetry in the position and occurrence probability of the RIT and LLT is discussed below.




3.2. Storm of 31 March–1 April 2001. Day Conditions


In the daytime, all troughs were weakly expressed and were not always clearly revealed in the satellite data. This is due to the fact that any ionospheric plasma irregularities, including troughs, were filled by solar radiation during the day. Additionally, the RIT is formed by the precipitation of energetic ions from the asymmetric magnetospheric ring current, which is much more intense in the night sector than in the daytime one. During the event in question, the troughs were clearly visible only in the Southern hemisphere. Figure 3 shows variations in the trough positions in this hemisphere for ~14.3 LT. The MIT, as a rule, manifests itself as a shallow minimum of fp. Nevertheless, the MIT position was determined quite accurately; it also tracked variations in the Kp-index (with a delay of about 2.5 h), as at night. Variations in the Kp-index are related to variations in the dayside trough according to [21]. The trough moved equatorwards with an increase in geomagnetic activity at a rate of 1.7 Kp. The deviations from the model at the beginning of the storm were associated with a strong longitudinal effect.



The RIT appeared during the main phase of the storm and was clearly defined on pass 12, as shown by the fp profile in Figure 3 (on the right). On pass 14, all three troughs were revealed. At that point, the trough at lowest latitude of −47.4° was the most pronounced. The MIT was not defined clearly, as its polar wall was weakly expressed; but its minimum position was in good agreement with the model. The trough at the intermediate latitude of −56.7° can be easily overlooked in the analysis but, along with other troughs at typical latitudes of the residual ring current, it formed a separate branch of the trough. Only the MIT and RIT were recorded on passes 16–24, although the fp inflection at low latitudes could be associated with a weakly expressed LLT.



The appearance of the clearly defined low-latitude trough on passes 26, 28, and 30 was certainly associated with a local increase in geomagnetic activity during this period. On the other hand, they were still at longitudes of the American–Atlantic sector. On pass 28, one can see all three troughs again. All troughs were quite well-defined. The LLT was at latitude of −44.3° (L ~ 1.9), the lowest latitude for a dayside trough recorded by CHAMP data. During the storm recovery phase, neither the RIT nor MIT were recorded, as the electron density peak formed over a large belt of latitudes and filled both troughs. At the equatorward edge of this peak, there was a shallow minimum of electron density, which is not a trough. This minimum was evidently formed during the negative phase of the ionospheric storm, as can be seen from a comparison with pass 3 (dashed curve) recorded at the same longitude, but on a quiet day (30 March). All these minima are shown as the diamonds in Figure 3.




3.3. Storm of 5–7 November 2001


The CHAMP recorded the ionosphere response to another severe magnetic storm of 5–7 November 2001, when the Kp-index reached 9− and the Dst minimum was −272 nT. The most interesting manifestation of this storm was observed in the evening sector of the ionosphere in the Southern hemisphere. The variations in the trough positions for 18.5 LT are shown in Figure 4. The quality of the CHAMP data during this storm was worse than usual; however, this did not interfere with the analysis of the ionosphere structure. The storm pattern in the evening sector was quite simple. The MIT, in general, tracked the variation in the Kp-index without high delay, as the disturbance developed slowly. The RIT appeared during the main phase of the storm, at latitude of −47.5°. Once formed, the RIT was observed alone for a while. At the latitudes of the MIT model, a distinct trough was not detected, as passes 7 and 9 in Figure 4 (on the right) show. As the recovery phase of the storm developed, the RIT, as usual, shifted to the latitudes of the residual ring current, 53–55°. It was clearly expressed throughout the whole time, as shown on all passes in Figure 4 (on the right). The most interesting feature of the storm was the formation of a prominent structure at latitudes around 40° on pass 7. The Langmuir probe at these latitudes was certainly influenced by a strong interference, as significant variations in the electron density were observed. A deep trough at latitudes of 35–40°, however, was revealed very clearly. On the next pass (9), only a shallow minimum fp remained; this is also indicated in Figure 4 (on the left). Note that the RIT and LLT appeared during the storm maximum at longitudes with high values of the geomagnetic field. On pass 15, a peak of the electron density was recorded, which may also be part of the perturbed structure. On pass 17, the MIT can be clearly determined. The wide RIT, with irregular bottom, was located equatorward. Therefore, its position (in Figure 4 on the right), was at a latitude of 52°, which corresponds to the middle of the wide trough.




3.4. Storm of 20–21 August 2002


The storms discussed above were extremely strong. A question arises: Can a low-latitude trough develop during a less intense storm? To answer this question, the storm on 20–21 August 2002, with Kp-index maximum 6+ and the Dst minimum −106 nT, was considered. During this storm, the satellite was located in the sectors of 4.5 and 17.0 LT in the Northern hemisphere and 5.0 and 16.0 LT in the Southern hemisphere. The RIT was observed in all sectors of local time. The LLT was clearly recorded only in the 5.0 LT sector. This is why Figure 5 shows variations in the trough positions only in the morning sector in the Southern hemisphere. The storm had a clearly defined growth phase, which allows for accurate determination of the delay in the trough reaction, which was equal to 2 h. The squares in Figure 5 mark the cases that are clearly related to the RIT, as they were located at latitudes equatorward of the MIT model. The RIT was very clearly expressed on all these passes. The LLT appeared at an early stage of the storm recovery phase, again at longitudes with a weak geomagnetic field. It appeared very clearly on passes 3 and 5 at latitudes of −34° and −35° GMLat, respectively. Then, as the geomagnetic activity decreased, it shifted to higher latitudes; up to 46°. On passes 15 and 17, a complex structure was observed, in which three troughs can again be distinguished (see Figure 5, on the right). Thus, during a less intense storm, the LLT was clearly visible only in the morning sector and only in the Southern hemisphere, although the local time of observations in both hemispheres did not differ much.




3.5. Storm of 6–8 November 2000


Analysis of the variations in the ionospheric structure during geomagnetic storms is not a simple task, as can be seen from the previous considerations. It is not always possible to clearly identify the ionospheric troughs or to understand their dynamics. First, it is not always possible to separate the MIT and RIT. Second, when the electron density at high latitudes is irregular, the MIT can be confused with the high latitude trough (HLT), which is located inside the auroral oval [23]. Conversely, at low latitudes, structures that can be confused with the RIT (or, even, the LLT) are sometimes observed. An example of such a structure, according to CHAMP data, was observed during the storm of 6–8 November 2000, in the Southern summer hemisphere. The dynamics of the trough for this storm in the morning sector (3.8 LT) are shown in Figure 6. The storm was quite strong, with the Kp-index reaching 7. The disturbance developed slowly, such that the MIT responded to changes in the Kp-index with little delay.



At the beginning of the storm, the MIT was at lower latitudes than in the model, due to the longitudinal effect. There are no data for the first maximum of the storm while, during the second, the trough was formed at lower latitude than the model position and remained significantly equatorward during the recovery phase. Moreover, it appeared at longitudes with the weak magnetic field. This behavior is typical for the RIT. The latitudinal fp cross-section for pass 8 on 7 November is shown in Figure 6 (on the right). Both troughs, that is, the MIT and RIT, were simultaneously observed only during the late stage of the storm recovery phase. For example, they were clearly distinguished on pass 28. There was another increase in geomagnetic activity after 75 UT. With this enhancement, the formation of the structure shown on pass 12 on November 8 is apparently connected (Figure 6, on the right). It is quite similar to the trough but located at too low latitudes. This structure appeared at the longitudes of the American–Atlantic sector (the lowest-latitude examples belonged to the longitudes of 305–355°). Note the longitudes of the Weddell Sea Anomaly (WSA), which, in the Southern summer hemisphere at night, manifests itself as a strong increase in the electron density at high latitudes (see, e.g., [24]). The main reason for the WSA formation is a strong neutral wind directed to the equator [25]. This wind lifts the F2 layer up, reduces recombination, and increases foF2 accordingly. As a result, the sharp increase in the electron density filled both troughs, the MIT and RIT, and created an artificial minimum (pseudo-trough) at lower latitudes. This can be seen from the comparison of passes 28 on November 7 and 12 on November 8. After 81 UT, the geomagnetic activity decreases, wind velocity decreases, and the satellite appears at longitudes of the longitudinal effect maximum. As a result, on pass 20 (recorded at longitude of 150°), the trough was at latitude of −65.8°, that is, ~30° poleward of the electron density minimum on pass 10.



This structure, in the form of a well-defined trough equatorward of the WSA, has been previously described, according to DMSP data [26]. On 14 January 1997, under quiet night conditions, the trough was located at a minimum latitude of −42.4° GMLat. The authors called this trough “the heavy-ion stagnation trough” and associated it with the stagnation of ionospheric plasma within the horizontal drift and with the processes in the South Atlantic Magnetic Anomaly. All these reasons may contribute to the decrease in plasma density; however, it seems that the main reason is the increase in plasma density during the formation of WSA at high latitudes, which creates an artificial minimum at low latitudes.





4. Discussion


4.1. Trough Position Dependence on Kp-index


Figure 7 depicts the dependence on the Kp-index the position of the following structures: auroral oval, MIT, plasmapause, RIT, and LLT. The auroral oval and plasmapause positions were taken from [1,2]. The trough positions were revealed from the CHAMP data for all strong storms with Kpmax ranging from 5+ to 9−. The MIT was selected only at the same time as the RIT or LLT. The data were mainly obtained for after midnight/morning hours in both hemispheres (the data in the Southern hemisphere were taken with a positive sign). Three trough branches can be clearly distinguished: sub-auroral (i.e., MIT), mid-latitude (i.e., RIT), and low-latitude (i.e., LLT). The separation of the MIT and RIT was carried out while analyzing each case; this cannot be 100% unambiguous, as discussed above. This is especially true for Figure 7, where different cases are presented for different Kp-index values. Therefore, on the joint plot, the arrays of the MIT and RIT overlap. Nevertheless, both branches of the trough were determined quite confidently.



The MIT position dependence on the Kp-index in the post-midnight sector has the standard form: ΛMIT = 61.2°–2.0 Kp. The longitudinal variations and local time dependence were not been taken into account, which determines the relatively large standard deviation of σ = 2.6° and low correlation coefficient r = 0.82. The upper bold line presents the changes in the position of the equatorial border of the auroral oval at midnight. The approximating line is drawn through the extreme points of 66° for Kp = 0 and 48° for Kp = 9, as indicated in the Introduction. The approximating lines for the MIT and the auroral oval agree well, provided that the local time is different. Note that, according to [4], the MIT is usually located 2–5° equatorward of the auroral oval, which why it is a sub-auroral trough.



The RIT position dependence on the Kp-index is as follows: ΛRIT = 56.0°–1.8 Kp. The standard deviation is σ = ±2.8° and the correlation coefficient is r = 0.72, indicating that its dependence on the Kp-index is weaker. The dashed line approximates the plasmapause position, according to [1]. This corresponds to the plasmapause measurements for low Kp values and SAR-arc observations for high Kp values. The most studies have associated the plasmapause with the MIT, which is actually observed in Figure 7 for low Kp values. However, for high Kp values, the dashed line is closer to the RIT position. This is also correct, as the RIT and SAR-arc are formed by precipitation from the ring current. This precipitation is the most intense in the outer plasmasphere (i.e., a little equatorward of plasmapause). The low-latitude trough can also be quite clearly distinguished in Figure 7. Its position depends even more weakly on the Kp-index: ΛLLT = 43.3°–0.9 Kp (σ = 2.4°, r = 0.55). The LLT is located deep inside the plasmasphere. Thus, in our opinion, all the structures in Figure 7 are in good agreement with each other.



Thus, the MIT formed during a giant storm with Kp = 9− was observed at extremely low latitude of 44° at 2.6 LT in the Northern hemisphere and at −43° (L ~ 1.9) at 3.1 LT in the Southern hemisphere. The minimum latitude for the RIT was 39° (L ~ 1.65) at Kp = 8+ and 2.6 LT in the Northern hemisphere, and −39.5° at Kp = 8+ and 2.1 LT in the Southern hemisphere; 4–5° equatorward of the MIT. Finally, the LLT was recorded at lowest latitude of -33.5° (L ~ 1.44) at Kp = 8+ and 2.1 LT in the Southern hemisphere and at latitude of 34° (L ~ 1.46) at Kp = 8+ and 2.6 LT in the Northern hemisphere.




4.2. Trough Location Dependence on Longitude


The RIT is formed as a result of the precipitation of hot ions from the magnetospheric ring current, due to its decay during the recovery phase of the storm [16]. The ring current is located in the region of quasi-trapped particles; the lower the height of the mirror point in the atmosphere, the more intense the ion precipitation is. The mirror point height depends on the intensity, F, of the geomagnetic field. In turn, the value of F strongly depends on longitude; therefore, we can assume that the behavior of the RIT also depends on longitude. This fully applies to the LLT, which is undoubtedly formed by the precipitation of energetic particles from the inner radiation belt.



Figure 8 shows the variations in the RIT and LLT position with longitude in both hemispheres. The data are the same as in Figure 7; that is, for after midnight/morning conditions and for all Kp values. The cases of well-defined troughs at the early stage of the recovery phase are shown by filled symbols, while other cases are shown by empty ones. There were also longitudinal variations in the geomagnetic field magnitude, F, at the geomagnetic latitude of 45°. To complete the scheme, the variations in the MIT position [22] and in the position of the equatorward edge of the auroral oval (taken from [27,28]) are also presented. Both borders are defined for midnight.



During a geomagnetic storm, the strong asymmetric ring current is formed in the night sector of the magnetosphere. It mainly consists of ions with energies of 10–100 keV. During a severe storm, its equatorward edge reaches latitudes of L ~ 1.6–1.7 [19]. The RIT was observed (under high Kp values) at extremely low latitude of 39° (L ~ 1.65), which exactly corresponds to the equatorward edge of the ring current. During the storm recovery phase, the ion precipitation from the region of the residual ring current was observed, for a long time, at latitudes of 52.5–60° (L = 2.7–4.0) [20]. The RIT is most often observed in the latitude belt of 50–58°. Thus, we can define 58° as the upper limit of the RIT observation (under low Kp values). Thus, the latitude belt of RIT existence is limited to latitudes from 39° to 58°. These latitudes are marked by thick lines in Figure 8.



Figure 8 illustrates that, at the initial stage of the recovery phase in the Southern hemisphere, the RIT (filled squares) actually appears at longitudes with weak geomagnetic field. As the recovery phase develops, the RIT shifts to the latitudes of the residual ring current. In Figure 8, it is most often recorded at latitudes of 54–56°. The dependence on longitude remains when the geomagnetic activity decreases; the RIT (empty squares) is still more often observed at longitudes of the Western hemisphere. In the Northern hemisphere, the longitudes with weak geomagnetic field are almost the same as in the Southern hemisphere; however, the F intensity is much larger. Therefore, when oscillating along the magnetic field line and drifting around the Earth, all of the particles must be deposited in the Southern hemisphere at longitudes with low geomagnetic field magnitude [29]. Indeed, in the Northern hemisphere, the RIT is observed less frequently than in the Southern hemisphere. At the initial stage of the recovery phase, it has been observed only in the Eastern hemisphere, including at longitudes with high F values. At the late stage of the recovery phase, there is no clear dependence on longitude in the Northern hemisphere. In this regard, it should be noted that, in the same study [29], Berg reported that the intensity of proton fluxes in the Northern hemisphere was not directly related to local longitude; in addition, longitudinal variations decreased sharply with increasing geomagnetic activity.



The region of LLT existence, as follows from the analysis of severe storms, is limited to latitudes of 34–45° (L ~ 1.45–2.00). This is marked, in Figure 8, by thin lines. These latitudes refer to the region of the internal radiation belt (IRB). It is usually populated by trapped protons with energies of 20‒100 MeV and occupies the region just up to L ~ 2, with a maximum at L = 1.5. During a magnetic storm, the fluxes of energetic protons and electrons increase sharply (by 1–3 orders of magnitude) [30,31,32,33]. These fluxes are associated with the intense precipitation of energetic particles [34,35,36]. In addition to the direct ionization effect, enhanced particle precipitation causes an increase in the ionospheric conductivity at the heights of the E layer, as well as growth of the conductivity gradients and, as a result, the generation of strong local electric fields, which are capable of producing strong upward/downward drifts of highly ionized plasma [31,37,38]. These drifts can, obviously, create both peaks and troughs in ionization.



The mirror points for quasi-trapped particles of the IRB, as well as those of the ring current, depend on the magnitude of the geomagnetic field. They fall the lowest in the South Atlantic Magnetic Anomaly (SAMA) region. Accordingly, when particles drift around the Earth, the L-shell is rapidly emptied at the longitudes and latitudes of this anomaly. Therefore, most of the phenomena associated with the precipitation of energetic particles from the IRB: an increase in plasma density, temperature, atmospheric glows, and so on, are most frequently observed in the SAMA region. However, particle precipitation from radiation belts and related phenomena have also been recorded at other longitudes [39,40,41,42]. Figure 8 shows that neither in the Northern nor in the Southern hemisphere is there a clear dependence of the localization of the LLT upon longitude.





5. Conclusions


A detailed analysis of several strong geomagnetic storms allowed for the creation of a new comprehensive pattern of ionospheric trough dynamics. This, first of all, applies to the simultaneous co-existence of three troughs. This factor is the key in dividing the troughs into three branches: sub-auroral, mid-latitude, and low-latitude troughs. The MIT is a sub-auroral trough, being located 2–5° equatorward of the auroral oval [3]. This trough tracks (with a certain delay) variations in the Kp-index, according to the MIT model. The delay in the MIT response is determined by the rate of changes in geomagnetic activity: The greater the rate, the greater the delay. The lowest latitudes of 44° GMLat for the MIT was recorded during giant storm at 2.6 LT in the Northern hemisphere and of −43° GMLat at 3.1 LT in the Southern hemisphere.



The second trough, RIT, is located equatorward of MIT; as such, it is a mid-latitude trough. The RIT is usually formed at the initial stage of the storm recovery phase at latitudes of 39–45° while, during the late stage of the recovery phase, it tends to the latitudes of the residual ring current (52–56°). The RIT is most often formed in the midnight/morning ionosphere. It is more frequently observed in the Southern hemisphere than in the Northern hemisphere. Separating the MIT and RIT is often challenging, as there may be different options: Only one MIT or only one RIT, both troughs at the same time, or a joint structure. The separation is only unambiguous when the MIT and RIT are simultaneously observed and they are clearly divided. The most difficult case is when they are located close together, such that they merge into a joint structure. Additionally, pseudo-trough structures can form at low latitudes, which may be confused with the RIT. Thus, the separation of troughs is not always possible with 100% confidence. However, all of this is not critical for analyzing the RIT dynamics.



The third, the low-latitude trough is located at the latitudes of 34–45°, characteristic of the inner radiation belt (IRB). The LLT can generally be quite clearly separated from the RIT, as shown in Figure 7, both by position and by a weaker dependence on the Kp-index. However, the LLT may be confused with the RIT when the equatorward edge of the magnetospheric ring current is at L ≤ 2 and the RIT appears at the IRB latitudes; however, this can only happen during extreme storms.



The troughs differ greatly in occurrence probability: (i) The MIT is almost always observed at night in winter and equinox; (ii) the RIT is formed only during the recovery phase of the storm (substorm), although it sometimes exists for more than two days; (iii) and only individual cases of the LLT may be registered during a severe storm. The occurrence probabilities of the RIT and LLT depend on the longitude, due to changes in geomagnetic field intensity.
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Figure 1. The variations in the MIT (circles), RIT (squares), and LLT (triangles) position from 31 March to 3 April 2001, at 2.6 LT in the Northern hemisphere and 3.1 LT in the Southern hemisphere. Broken line depicts the Kp-index changes. Vertical lines indicate cases with three troughs. Horizontal thick line segments on the X-axis show longitudes with a weak geomagnetic field. The CHAMP passes under consideration are marked by the numbers. The time is counted from 00 UT on 31 March. 
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Figure 2. Latitudinal fp profiles in the Northern and Southern hemispheres for the CHAMP passes indicated in Figure 1. The minimum of each trough is marked by corresponding symbol. 
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Figure 3. The variations in the trough positions during 30 March–1 April 2001, in the Southern hemisphere at 14.3 LT. The designations are the same as in Figure 1. Thick vertical lines show the peaks of ionization, the diamonds mark the fp minima equatorward of this peaks. The time is counted from 06 UT on 30 March. 
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Figure 4. The variations in the trough positions during 5–7 November 2001, in the Southern hemisphere at 18.5 LT. The designations are the same as in Figure 1. The time is counted from 09 UT on 5 November. 
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Figure 5. Variations in the troughs position during the 20–21 August 2002, in the Southern hemisphere at 5.0 LT. The designations are the same as in Figure 1. The time is counted from 12 UT on 20 August. 
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Figure 6. The variations in the MIT (circles), RIT (squares), and pseudo-trough (diamonds) position during 6–8 November 2000, in the Southern hemisphere at 3.8 LT. Horizontal thick line segments show longitudes with a weak geomagnetic field. The CHAMP passes are marked by the numbers. The time is counted from 00 UT on 6 November. 
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Figure 7. Dependence on the Kp-index the position of the structures, from top to bottom: auroral oval, MIT (circles and approximation line), plasmapause (dashed line), RIT (squares and line), and LLT (triangles and line). The CHAMP data refer to after midnight/morning conditions (00–07 LT). 
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Figure 8. Scheme of localization of the auroral oval, MIT, RIT, and LLT in terms of longitude-latitude in the Northern and Southern hemispheres. The positions of the auroral oval and MIT are given for quiet (Kp = 2) midnight conditions. The RIT (squares) and LLT (triangles) data were obtained during geomagnetic storms in the interval from 00 to 07 LT. Filled and empty symbols correspond to large and low Kp values, respectively. Thick and thin horizontal lines limit the observation areas of RIT and LLT, respectively. F is geomagnetic field intensity. 
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