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Storm-time ionospheric electrodynamics effects have been the subject of extensive studies. The solar wind/magnetosphere/ionosphere and thermosphere disturbance wind dynamos have long been identified as the main drivers of low latitude storm-time electrodynamics. Extensive detailed studies showed that climatology of low latitude disturbance electric fields and currents is in good agreement with results from global theoretical and numerical models. Over the last decade, however, numerous studies have highlighted that the response of low latitude electrodynamics to enhanced geomagnetic activity is significantly more complex than previously considered. It is now clear that the electrodynamic disturbance processes are affected by a larger number of solar wind and magnetospheric parameters and that they also have more significant spatial dependence. This is especially pronounced during and after large geomagnetic storms when multiple simultaneous disturbance processes are also active. In this work, we briefly review the main past experimental and modeling studies of low latitude disturbance electric fields, highlight new results, discuss outstanding questions, and present suggestions for future studies.
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1 INTRODUCTION
The response of electrodynamics of the low latitude ionosphere to enhanced geomagnetic activity has long been subject of numerous studies. Starting in the late 1970s, it was clearly established that the solar wind magnetosphere and the ionosphere disturbance wind dynamos are the main processes driving storm-time global ionospheric electric field and current perturbations. The solar wind magnetospheric dynamo drives short-lived (up to a few hours) so-called prompt penetration electric fields processes resulting from the leakage of high-latitude potential to lower latitudes when there is a temporary imbalance between region 1 and region 2 Birkeland currents (e.g., Wolf, 1970; Kelley et al., 1979; Senior and Blanc, 1984; Spiro et al., 1988; Sazykin, 2000; Huang C.-S. et al., 2007; Wolf et al., 2007; Fejer et al., 2007; Fejer, 2011; Chakrabarty et al., 2015). Shorter-lived ionospheric prompt penetration electric fields and currents extending down to equatorial latitudes are also often driven by magnetospheric substorms (e.g., Kikuchi, 2000; Kikuchi et al., 2008; Chakrabarty et al., 2008; 2015; Wei et al., 2009; Wei et al., 2015; Huang C.-S., 2009; Fejer et al., 2021; 2024), solar wind dynamic pressure changes (e.g., Rout et al., 2019; Huang C.-S., 2020; Le et al., 2024), solar flares (e.g., Zhang R. et al., 2017) and ULF waves (e.g., Huang C.-S., 2020). The thermosphere disturbance dynamo, generated by storm-time enhanced energy and momentum deposition into the high-latitude ionosphere, drives longer lasting (up to a few days) global ionospheric electric field and current perturbations (e.g., Blanc and Richmond, 1980; Scherliess and Fejer, 1997; Fejer et al., 2017; Pandey et al., 2018; Navarro et al., 2019). Storm and post-storm prompt penetration and disturbance electric fields cause large perturbations on low latitude thermospheric winds, composition, and plasma density, and affect the occurrence of low latitude plasma irregularities (e.g., Fejer et al., 1999; Chakrabarty et al., 2006; Balan et al., 2008; Fuller-Rowell al., 2008; Fagundes et al., 2016; Xiong et al., 2015; Heelis and Maute, 2020; Navarro and Fejer, 2020).
The climatology of low latitude prompt penetration and disturbance electric fields has been known for over 2 decades, but there is still very little information on their temporal and longitudinal variations [e.g., Abdu, 2016; Abdu et al., 2007; Fejer and Maute, 2021]. Recent studies reported large spatial/temporal changes on disturbance electric fields due, for example, to IMF By changes, season, hemispheric dependent high latitude convection rotations and skewings, and to polar electrojet effects. Furthermore, as pointed out by Dick Wolf (private communication, 2022): “For the last 15 years or so, it has become very clear that plasma distributions are not approximately constant along the plasma sheet tailward boundary, as assumed by old style convection models. As a result, bubbles of depleted plasma sporadically occurring in the plasma sheet, probably because of reconnection, can sometimes make their way deep into the inner magnetosphere”. Highly dynamic related processes, such as auroral streamers and substorms (e.g., Yadav et al., 2023), likely cause the electrodynamic response of the low latitude ionosphere to geomagnetic activity to be much richer and complex than previously thought. In the meantime, global ionospheric storm time models have recently undergone major improvements and now have increasingly been used in global simulations of complex storm events.
In the following sections, we first describe recent findings on the effects of solar wind, magnetospheric and high latitude drivers on low latitude ionospheric electric fields and currents. We also discuss recent studies of high latitude electrodynamics that are likely to affect the electrodynamics of the low latitude ionosphere. Next, we illustrate the complex longitude dependent response of equatorial ionospheric electrodynamic electric fields during extended periods of high geomagnetic activity emphasizing the challenges in effects of individual storm drivers. We then summarize recent results on low latitude storm-time modeling. Finally, we highlight outstanding questions and present suggestions for improving our understanding of this complex subject.
2 DRIVERS OF LOW LATITUDE STORM-TIME ELECTRODYNAMICS
2.1 IMF Bz effects
The north-south (Bz) component of IMF is the most important driver of dayside reconnection and of solar wind, magnetosphere coupling (e.g., Wolf, 1970). Polarity changes in IMF Bz have long been known as the main drivers of low latitudes storm-time ionospheric disturbances. As extensively documented, southward (northward) IMF Bz excursions faster than shielding time constant (∼30 min) drive undershielding (overshielding) electric fields. These electric fields cause upward/westward (downward/eastward) prompt penetration equatorial plasma drifts during the day and with opposite polarity at night with peak values near the terminators (e.g., Fejer et al., 1990; Fejer et al., 1997; Huang C.-S., 2015; Kikuchi and Hashimoto, 2016). Slower Bz turnings do not give rise to significant penetration of electric fields. Regression analysis of IMF Bz and conductivity-corrected equatorial electrojet data suggests higher prompt penetration efficiency during northward than southern turnings (Bhaskar and Vichare, 2013). The ratio of the equatorial zonal penetration and the motional solar wind (dawn-dusk) electric fields is ∼0.1 during the day (e.g., Kelley et al., 2003; Huang C.-S. et al., 2010; Huang C.-S. et al., 2010; Manoj et al., 2012) and larger near sunrise and sunset (e.g., Fejer and Scherliess, 1997; Wei et al., 2008; Fejer, 2011). The amplitudes of the meridional/perpendicular prompt penetration electric fields are about twice larger (e.g., Sazykin, 2000; Fejer and Emmert, 2003; Huang C.-S. et al., 2010). These ratios vary with solar wind and magnetospheric parameters (e.g., Spiro et al., 1988; Garner et al., 2004) and under the effect of additional solar wind (e.g., dynamic pressure) and magnetospheric (e.g., substorms) processes.
The lifetimes of Prompt penetration electric fields associated with rapid southward IMF Bz turnings faster are generally ∼1–2 h [e.g., Fejer and Scherliess, 1997; Manoj and Maus., 2012], although much longer values (up to ∼10 h) have also been suggested (e.g., Huang C.-S., et al., 2010a; Huang C.-S., et al., 2010b). For slowly varying southward IMF Bz conditions, short-lived prompt penetrations equatorial electric fields can be driven by magnetospheric substorms, changes in IMF By, and solar wind dynamic pressure changes. This is illustrated in Figure 1 with F-region vertical plasma drift measurements over Jicamarca, Peru (11.9°S, 76.8°W; dip latitude ∼0°). Over this site, eastward/downward electric fields of 1 mV/m correspond to upward/westward drifts of ∼40 m/s. Equatorial storm time electric fields during extended periods of southward IMF Bz will be discussed in detail later.
[image: Figure 1]FIGURE 1 | (From top to bottom) IMF Bz/By, solar wind motional east-west electric field, SuperMAG ring current (SMR) and auroral current (SMU/SML) indices with substorm onset times (small arrows in the bottom panel), Jicamarca vertical plasma drifts during the initial phase of the 17 August 2001slowly developing magnetic storm. The smooth curve denotes the quiet-time drift pattern.
Rout et al. (2022) presented evidence for quasiperiodic (1.5–2 h) fluctuations in low latitude ionospheric electric fields, solar wind zonal electric field and global geomagnetic fluctuations during High-Intensity Long-Duration Continuous AE Activity (HILDCAA) events. Recently, Milan et al. (2023) concluded that the AE/AL disturbances during HILDCAAs are caused by high-intensity quasi-periodic substorms driven by high but intermittent dayside reconnection rate due to fast solar wind and quasi-periodically varying IMF. Low latitude ionospheric electric fields during these events, however, should also be directly affected by IMF Bz sign fluctuations.
Even though prompt penetration effects are most often associated with IMF Bz turnings and southward conditions, it has been known for some time that this is not always the case. Recent studies have reexamined earlier investigations (e.g., Kelley and Makela, 2002; Zhao B. et al., 2008) of equatorial prompt penetration electric fields and currents lasting longer than a few hours under northward IMF (NBz) and duskward (By > 0) conditions. Li et al. (2023) discussed one such event in connection with energy deposition at higher latitudes than under southward IMF Bz. They also showed that Thermosphere-Ionosphere-Electrodynamics General Circulation Model (TIE-GCM) simulations reproduced the observed changes in high latitude convection, Joule heating and thermospheric winds, as well as resulting low latitude westward prompt penetration electric fields. Wang and Luhr (2024) presented extensive CHAMP and Swarm measurements showing that, under long-duration NBz, the polar electrojet driven low-high latitude ionospheric electrodynamical coupling is strongly dependent on IMF By sign, local time, and season.
2.2 IMF By effects
The dawn-dusk (By) component of IMF modulates the dayside reconnection rate and affects the ionospheric convection patterns (e.g., Heelis, 1984; Cunnock et al., 1992). Tsurutani et al. (2008) pointed out that the polarity of equatorial prompt penetration electric field perturbations near dawn and dusk could be affected due to possible skewing and asymmetry between the DP2 convection vortices. Tenfjord et al. (2015) described the role of IMF By on asymmetric currents, convection patterns and substorm onset locations in the two hemispheres (e.g., Østgaard et al., 2004; 2011). Only recently have IMF By effects on the electrodynamics of the low latitude ionospheric have been studied in detail.
Chakrabarty et al. (2017) suggested that unusual equatorial prompt penetration electric fields with identical polarity near dawn and dusk over nearly antipodal stations in Indian and South American could be explained as resulting from IMF By driven asymmetric and skewed DP2 current lobes. This role of IMF By under southward Bz is also supported by consistently observed (e.g., Kumar et al., 2023; Chakraborty and Chakrabarty, 2023) high latitude out-of-phase and low latitude in-phase variations of the geomagnetic X component over the antipodal stations corresponding to longitudes in the day and night sectors. We note that asymmetric and distorted high latitude currents should also have major spatial and temporal effects on equatorial disturbance dynamo electric fields.
It is now evident that, contrary to what has been generally assumed, the dependence of auroral currents on IMF By is not symmetric with respect with its sign (e.g., Friis-Christensen et al., 1972; 1985). This dependence is particularly strong in the AL index and during the solstices. During northern hemisphere winter (i.e., under negative tilt angle of the Earth’s magnetic dipole relative to the Sun-Earth line), for example, the northern AL index can ∼40% stronger for By > 0 than for By < 0. Holappa and Buzulukova (2022) suggested that this interhemispheric effect can be accounted for in the Newell et al. (2007) solar wind magnetosphere coupling function dFMP/dt through ([image: image]), where [image: image] is the dipole tilt angle and By is nT. Reistad et al. (2022) reported more frequent substorm occurrence when IMF By and dipole tilt have opposite signs. This was attributed to a more efficient global dayside reconnection rate. We note in passing that Cowley (1981), Cowley et al. (1991) and Laundal and Ostgaard (2009) suggested stronger and more efficient solar wind dynamo in the southern hemisphere under large positive IMF Bx. The hemispheric asymmetries caused by IMF By and possibly IMF Bx should play a major role on the spatial and temporal variability of both equatorial prompt penetration and disturbance electric fields near sunrise and sunset, particularly during the solstices.
There are other aspects regarding IMF By effects on equatorial disturbance electric fields remain unclear such as what proportion of IMF Bz and IMF By is the most effective one and whether a stable and significantly high IMF By is more effective than the polarity reversal in IMF By or vice versa. In the absence of modelling and clinching evidence, one should not discard the role of any of the above factors ab initio.
2.3 Solar wind density and dynamic pressure effects
Increased solar wind dynamic pressure causes magnetospheric compression and drives enhanced the two-cell convection and DP-2 currents (e.g., Liou et al., 2017). In the daytime equatorial ionosphere, they give rise to short-lived (∼30 min) upward and westward plasma drift perturbations (e.g., Fejer and Emmert, 2003; Huang C.-S., 2020; Nilam et al., 2020). Sharp dynamic pressure decreases cause prompt penetration electric fields with opposite polarity (e.g., Le et al., 2024). These polarities do not appear to depend on the directions of IMF Bz and By (Nilam et al., 2020). Earlier, Wei et al. (2012) illustrated the control of the equatorial prompt penetration electric field by the solar wind density during a saturation of cross the polar cap potential, and Rout et al. (2016) reported brief (∼30 min) simultaneous increases in the high-latitude convection and electric equatorial electric fields under northward IMF Bz after an increase in the solar wind density. Similar effects in equatorial plasma drifts and thermospheric winds were reported by Navarro and Fejer (2020) following solar wind dynamic pressure increases.
2.4 Substorm effects
Induction electric fields resulting from magnetospheric substorm dipolarizations (e.g., Wolf et al., 1982) are increasingly been recognized as important drivers of short-lived (∼0.5 h) equatorial prompt penetration electric fields and currents (Kikuchi et al., 2003; Wei et al., 2009; Huang C.-S, 2012; Chakrabarty et al., 2010; 2015; Hui et al., 2017; Tulasi Ram et al., 2016; Fejer et al., 2021; 2024; Kikuchi, 2021; Sori et al., 2022; Fejer and Navarro, 2022). Magnetospheric substorms always occur when IMF Bz is southward for over ∼2 h after its southward turning (e.g., Caan et al., 1977). They are often associated with changes in the solar wind drivers including IMF polarity reversals), sharp changes in the solar wind ram pressure, and with internal magnetospheric triggers (Liou et al., 2018). MHD simulations (Tanaka et al., 2010; Ebihara et al., 2014) showed that during substorms, region-2 field aligned currents driven by anisotropic plasma pressure in the inner magnetosphere can cause overshielding-like effects (i.e., daytime westward electric fields). Liou et al. (2020) reported that, on average, there are ∼1/3 more substorms for IMF By > 0 than for IMF By < 0, which was attributed to the asymmetry in enhanced convection.
Substorm onset and expansion phases have been associated with both eastward (e.g., Hui et al., 2017; Huang C.-S., 2020) and westward (Kikuchi et al., 2003; Hui et al., 2017) daytime equatorial prompt penetration electric fields. A statistical analysis of disturbed equatorial electrojet using AE index by Yamasaki and Kosch (2015) indicates that the average equatorial electrojet perturbation electric field associated with substorm onset is eastward and lasts for 30–60 min. Their derived short-and long-term climatological responses of the electrojet to substorms are consistent with Jicamarca prompt penetration and disturbance dynamo electric field patterns. Gao et al. (2023) also reported substorm driven prompt penetration and disturbance dynamo patterns consistent with previous results. As mentioned earlier, substorms often occur during periods of changing solar wind parameters and, therefore, it is usually difficult to isolate their contributions to penetration electric fields.
Jicamarca radar drift measurements during periods of nearly steady southward IMF Bz and By and small changes in the solar wind dynamic pressure strongly suggest that substorm onsets and expansion phases (recovery phases) are mostly associated with eastward/poleward (westward/equatorward) prompt penetration electric fields during daytime-evening and with opposite polarities at night. This is consistent with plasma sheet heating and resulting in reduction in shielding during substorm expansion phase (Baumjohann et al., 1996). The eastward and westward perturbation electric fields during onset-expansion and recovery phase often appear to have comparable lifetimes and amplitudes, as in the case of longer lasting (∼3 h) equatorial electric fields during the so-called sawtooth events (Huang C.-S., 2012). Substorm driven equatorial vertical drifts are generally small (less than ∼5–10 m/s) during the day.
Figure 2 presents in the top 5 panels the IMF Bz/By, solar motional electric field and dynamic pressure, and the SMR, SMU, and SML indices, and in the two bottom panels, the daytime vertical and zonal F-region vertical drifts measured over Jicamarca during the mostly steady southward IMF Bz period encompassing the second main and recovery phases of the September 2017 large geomagnetic storm. This Figure shows upward/westward perturbation drifts during periods of slowly varying southward IMF Bz and solar wind dynamic pressure, and two large overshielding events at ∼12:30–13:30 UT and 15:00–16:00 UT. The first, which occurred after increase in the solar wind dynamic pressure, could be interpreted as resulting from the substorm associated process increased Region 2 Field-Aligned Currents (R2 FACs) caused by inner magnetospheric anisotropic plasma pressure (e.g., Ebihara et al., 2014). This process will be discussed further later. The second overshielding event, shown in Figure 2, occurred during substorm activity following rapid fluctuations in the solar wind dynamic pressure and IMF Bz sign. Yadav et al. (2023) associated dayside and nightside equatorial electrojet overshieldings with equatorward extending streamers resulting from plasma sheet burst flows. They suggested that these auroral streamers, which can be associated with sharp decreases in the SML index, cause overshieldings also by strenghtening Region 2 Field-Aligned Currents (R2 FACs) over R1 FACs.
[image: Figure 2]FIGURE 2 | (Top five panels) solar wind IMF Bz/By, motional east-west electric field and dynamic pressure, and SuperMAG ring current (SMR) and auroral current (SMU/SML) indices with and substorm onset times (small arrows). (Bottom panels) Height averaged Jicamarca vertical and zonal plasma drifts. The circle at 17 UT indicates noon over Jicamarca and the green curves denote the quiet time vertical and zonal drift patterns (adapted from Fejer and Navarro, 2022).
The low latitude ionospheric typical electrodynamic response to long-lasting southward IMF Bz-driven geomagnetic storms is the nearly continuous occurrence of short-lived (time scales ∼30–60 min) substorm-driven prompt penetration electric fields. This was the case, for example, of the equatorial electrojet response to the CME driven July 2012 large geomagnetic studied in detail by Bagiya et al. (2014), Liu et al. (2014), Kuai et al., 2017. In this event, over a period of about 30 h of slowly varying southward IMF Bz, SuperMAG identified 30 substorms, which gave rise to the observed daytime short-lived equatorial electrojet eastward current perturbations, including under strong disturbance dynamo conditions (Figure 5 in Liu et al., 2014). Substorm-driven prompt penetration electric fields under strong disturbance dynamo electric fields were also reported by Fejer et al. (2024). Low latitude electrodynamic signatures during long-lasting southward IMF Bz will be discussed further later.
Substorm associated equatorial prompt penetration electric fields often have very large amplitudes (over ∼100 m/s) near dusk (e.g., Fejer et al., 2021; 2024). Figure 3 shows solar wind, magnetospheric, and high latitude ionospheric parameters, and Jicamarca vertical drifts and coherent backscattered power from 3-m plasma irregularities close to dusk during 27–28 August 2015. This was a period of moderate recurrent geomagnetic activity when the solar wind electric fields (∼3 mV/m) were typically too small for directly driving noticeable equatorial prompt penetration electric fields. These substorm associated prompt penetration electric fields caused one of the largest dusk side upward drift perturbations (∼60 m/s) ever recorded over Jicamarca during June solstice (Fejer et al., 2021). The large and sudden backscattered power decrease at ∼00:15 UT is indicative of strong westward prompt penetration electric fields associated with substorm recovery. Substorm associated prompt penetration electric fields near dusk are most easily identified during periods of small prereversal velocity enhancements, i.e., primarily near June solstice over Jicamarca. Fejer et al. (2008) reported that this is also the season with highest amplitude prompt penetration electric fields near the terminators.
[image: Figure 3]FIGURE 3 | Solar wind and magnetospheric indices, average Jicamarca vertical drifts and coherent backscattered power during August 27–28, 2015. The green line corresponds to the quiet drift pattern. The errors bars denote the standard deviations of the drifts. Over Jicamarca UT = LT + 5 h. Adapted from Fejer et al., 2021.
2.5 Solar flare effects
Sudden increases in solar X-ray and Extreme Ultraviolet (EUV) radiation during solar flares lead to large and rapid ionospheric changes (e.g., Tsurutani et al., 2020). Low latitude solar flare effects were discussed in several papers (e.g., Qian et al., 2012; Fejer and Maute, 2021). Zhang K. et al. (2021) reported solar associated increases in daytime eastward equatorial electrojet current and simultaneous decreases in the eastward electric fields, as indicated by Jicamarca vertical drifts. They suggested that the eastward electric field decreases may be due to disturbed ionospheric dynamo caused by flare enhanced Cowling conductivity and perhaps also to overshielding effects. Pedatella et al. (2019) and Chen et al. (2021) presented numerical simulations of sudden daytime equatorial upward drifts (eastward electric field) decreases similar to Jicamarca observations after flare onsets. The simulations of Chen et al. (2021) also indicate that solar flares increase global daytime currents and reduce the eastward electric fields extending from the equator to middle latitudes. Both simulations suggest that the above electrodynamic effects resulted largely from flare-induced conductivity enhancements; prompt penetration electric field effects were not considered.
2.6 SAPS/SAID effects
The occurrence of large poleward-directed electric fields in the evening sub-auroral ionosphere was first pointed out by Galperin et al. (1974) who called them Polarization Jets (PJs). Similar intense narrow electric field structures were called Sub-Auroral Ion Drifts (SAIDs) (Spiro et al., 1979). These two structures and the longer lasting broader latitudinal region of intense sunward plasma drift (e.g., Yeh et al., 1991), are now commonly referred to as Sub-Auroral Polarization Streams (SAPS) (e.g., Foster and Burke, 2002; Foster and Vo, 2002). SAPS are characteristic features of the low conductivity subauroral region during the main and recovery phases of strong magnetic storms (e.g., Foster and Burke, 2002; Foster and Vo, 2002). These poleward electric fields are caused by the separation of the ion and electron plasma sheet edges in the magnetosphere. Huang C.-S et al. (2020b) presented Defense Meteorological Satellite Program (DMSP) satellite measurements showing SAPS peak westward velocities highly correlated with Dst index lasting up to 2 days during both the storm main phase with southward IMF and recovery phase with northward IMF. Huang C.-S et al. (2021) suggested that during very large storms SAPS plasma flows/electric fields near dusk penetrate to the equatorial region driving peak westward plasma drifts of up to 200–300 m/s. They these disturbance drifts related to Dst approximately (correlation 0.87) through ΔV = 0.52 Dst, where 0.52 Dst is in nT. The DMSP equatorial vertical drift measurements during these periods were not discussed. Jicamarca radar measurements during the 22–23 April 2023 geomagnetic storm presented by Fejer et al. (2024) show ∼100 m/s westward disturbance drifts near dusk under large, nearly steady, southward IMF Bz and SMR∼120 nT, Dst∼100 nT conditions. During this period, the vertical drifts had very large amplitude fluctuations typical of substorm driven prompt penetration electric fields.
Huang C.-S et al. (2021) reported CHAMP satellite measurements close to midnight showing large westward disturbance winds rapidly (within 2 h) extending down to equatorial latitudes, and DMSP measured eastward drifts extending down to ∼20° magnetic latitudes at 0930 LT. Huang C.-S. (2020) suggested that SAPS associated equatorial zonal disturbance drifts do not result from southward IMF Bz driven prompt penetration electric fields. SAPS have recently also been associated with equatorial electrojet disturbance dynamo effects (Zhang K. et al., 2021).
2.7 Disturbance dynamo effects
The disturbance dynamo mechanism (Blanc and Richmond, 1980; Scherliess and Fejer, 1997) is the dominant driver of low latitude low latitude electric field and current perturbations in the recovery phase of geomagnetic storms. Fejer et al. (2017) reviewed their causes and recent results on their middle and low latitude electrodynamic effects. Navarro et al. (2019) showed that over Jicamarca the average disturbance dynamo vertical drifts are downward and generally small during daytime. Pandey et al. (2018) suggested that, in presence of a favorable semidiurnal tidal component (particularly during equinoctial months in high solar activity period), the disturbance dynamo related electric field perturbations during daytime can be as large as at nighttime. Near dusk, the disturbance dynamo vertical drifts are downward, have largest values during the autumnal equinox, smallest during May-June, and increase strongly with solar flux and enhanced geomagnetic activity (e.g., Fejer, 2002). At night, they are upward, do not change much with season, and increase with solar flux and geomagnetic activity (Navarro et al., 2019). The zonal disturbance dynamo drifts are eastward during the day and westward at night with generally largest values near midnight (e.g., Fejer et al., 2005; Navarro and Fejer, 2020).
Disturbance dynamo and prompt penetration electric fields have also been studied recently using the magnetic response of their equivalent current systems (e.g., Rodriguez-Zuluaga et al., 2016; Bulusu et al., 2018; Younas et al., 2021). The disturbance dynamo magnetic signatures, the so-called Ddyn (e.g., Le Huy and Amory-Mazaudier, 2005; Amory-Mazaudier et al., 2017), appear as storm-time negative geomagnetic field excursions relative to their diurnal quiet time values, i.e., as anti-Sq circulations. Rodriguez-Zuluaga et al. (2016) reported good agreement between Equatorial Ionization Anomaly (EIA) and disturbance dynamo parameters during high-speed solar wind stream (HSSW), but not during coronal mass ejection (CME) events. Younas et al. (2021) showed that Ddyn is longest lasting during equinox, and that HSSW generated Ddyn occur globally and generally last longer than the more localized CME) generated Ddyn.
3 EQUATORIAL IONOSPHERIC ELECTRODYNAMICS DURING THE DECEMBER 2006 LARGE GEOMAGNETIC STORM
The CME driven 14–15 December 2006 large geomagnetic storm started at ∼1414 UT with a large shock as a result of the sudden increase in the solar wind speed from 650 to 980 km/s. After the shock, the solar wind speed underwent a gradual decrease but remained above 600 km/s for most of this long-lasting storm. The storm main phase started at ∼2310 UT on14th following the IMF Bz rapid southward turning. Lei et al. (2008), Wang et al. (2008) used Coupled Magnetosphere Ionosphere Thermosphere (CMIT) model simulations to study the thermospheric and ionospheric response to the initial phase (∼8 h) of this storm. Veenadhari et al. (2019) examined substorm electrodynamic signatures during this storm and Ranjan et al. (2023) studied this storm-driven ionospheric variability over the Indian sector.
Figure 4 shows in the top 5 panels the ACE satellite measured IMF Bz/By and motional electric field (positive duskward), and the SMR, SMU, SML geomagnetic indices from 00 UT to 10 UT on 15 December. The next two panels present the equatorial electrojet data over Micronesia and India determined from the difference of the magnetic field horizontal components over Yap (9.6°N, 138.1°E) and Okinawa (26.3°N, 127.8°E) and Tirunelveli (8.7°N, 77.8°E) and Alibag (18.7°N, 72.9°E), respectively (Veenadhari et al., 2019). The bottom panels show the vertical drift velocity and backscattered power from 3-m plasma irregularities measured by the JULIA probe. Over the ∼120–160 km height range, these drifts are the nighttime equivalents to the daytime so-called 150 km drifts. The power from the ∼110 km region results from the backscatter of electrojet two-stream and gradient-drift plasma irregularities (e.g., Fejer and Kelley, 1980). Height changes in the electrojet backscattered power are indicative of zonal electric field reversals and occurrence of gradient drift plasmas irregularities.
Figure 4 indicates that following the main phase onset, the IMF Bz remained southward for several hours, except for brief northward excursions at ∼0520 UT. The IMF By oscillated up to 00 UT on the 15th, increased to ∼10 nT to ∼06 UT, and then decreased to ∼5 nT. The solar wind dynamic pressure (not shown) was very small after ∼01 UT. The SMR went down to −163 nT at 0055 UT, and the SMU and SML had peak values ∼1,000 and ∼2,400 nT, respectively. Over this period, the SuperMAG website lists 20 substorm onsets based on the Newell and Gjerloev (2011) criteria.
[image: Figure 4]FIGURE 4 | (Top four panels) Solar wind IMF Bz/By and motional east-west electric field, and SuperMAG ring current (SMR) and auroral current (SMU/SML) indices with and substorm onset times (small arrows). (Fifth and sixth panels) Equatorial electrojet magnetic fields data from the East Asian and Indian sectors (adapted from Veenadhari et al., 2019). (Bottom two panels) Jicamarca vertical plasma drifts and backscattered power from 3-m plasma irregularities. The open and full circles denote local noon and midnight, respectively.
The solar wind, auroral electrojet, ring current, storm-time equatorial electrojet data, and complementary geosynchronous particle flux measurements from LANL (Los Alamos National Laboratory) satellites (not shown) during this event were discussed in detail by Veenadhari et al. (2019). They pointed out that the sharp decrease in storm time electrojet at 0100 UT over the Japanese sector and at 0525 UT over the Indian sector, shown in Figure 4, were most likely due to change in solar wind dynamic pressure and sudden sharp IMF Bz northward turning, respectively. Figure 4 also shows particularly large decreases in the East Asian and Indian storm -time electrojet data between 0200 and 0400 UT when the solar wind dynamic pressure was low and steady, and the IMF Bz was southward and slowly changing. Veenadhari et al. (2019) pointed out that, over this period, LANL satellite dusk geosynchronous particle flux and Asymmetric-D and Asymmetric-H data indicated the occurrence of substorms. They suggested that these strong daytime overshieldings driving westward equatorial electrojet currents during the large southward IMF Bz can be interpreted as due to substorm driven increased Region 2 Field-Aligned Currents (R2 FACs) (e.g., Ebihara et al., 2014). Veenadhari et al., (2019) pointed out that this daytime overshielding does fit the standard disturbance dynamo signatures. On the other hand, we believe that disturbance dynamo effects cannot be fully ruled out.
The last two panels of Figure 4 show generally very strong upward drifts (often over 150 m/s) and electrojet backscattered power up to ∼04 UT (23 LT) over Jicamarca. This is particularly the case during 02–04 UT when there was strong counter electrojet activity in the East Asian and Indian sectors. Over this period, h’F and hmF2 over Jicamarca reached over ∼500 km (among the highest ever recorded), and the radar measurements showed very strong spread F activity, which will be discussed later. From ∼04–08 UT, the Jicamarca data show large short-lived vertical drifts enhancements (overshieldings) with corresponding variations in the height and strength of the electrojet backscattered power. We associate these large vertical drift enhancements with the occurrence of strong substorms. After ∼08 UT, there were there were no further upward drift enhancements, and the electrojet backscattered power became strong again, which is indicative of strong westward electric fields driven two-stream electrojet irregularities.
Figure 5 show highly structured early night equatorial 3-m plasma irregularities over Jicamarca rapidly expending to high latitudes as expected from the actions of the very strong and highly variable upward drifts shown in Figure 5, and consistent with elevated h’F and hmF2 values. The large structuring of the plasma irregularities is consistent with highly variable substorm associated vertical and zonal prompt penetration electric fields. The F-region irregularities and the electrojet backscattered power weakened significantly a about ∼04 UT (23 LT) consistent with decrease of upward drifts. Later, the F-region irregularities systematically move downward in spite of occasional occurrence of upward drifts.
[image: Figure 5]FIGURE 5 | Backscattered power from 3-m plasma irregularities over Jicamarca during the 15 December 2006 geomagnetic storm. The full circle denotes local midnight.
Huang C.-S. (2019) presented dusk-evening upward drifts of up to ∼180 m/s measured by five DMSP satellites during 00–12 UT on 15 December 2006. These large upward drifts were interpreted as caused by continuous penetration of solar wind electric fields, in partial agreement with the radar data. The simultaneous occurrence of strong daytime overshielding, as indicated by the morning daytime electrojet data and evening and early night strong undershielding, as shown by the radar and DMSP data is not consistent with the expected prompt penetration electric field pattern (e.g., Fejer and Scherliess, 1997). We speculate that these apparently contradictory results might have been caused by strong rotations and/or skewing of the northern and southern high latitude convection patterns. The fundamental point highlighted by this Asian and South American data is that interpretations based on single site observations cannot be generalized to other longitudinal sectors. This clearly points to the need for multiple measurements at least during major magnetic storms.
4 RECENT MODELING STUDIES
Magnetic-field aligned currents driven global convection changes (e.g., Wolf, 1970) often give rise to strong global electron electrodynamic perturbations (e.g., Nishida el al., 1966; Kelley et al., 1979; Fejer, 2011; Kikuchi, 2021). The basic characteristics of storm time driven low latitude short and longer lasting low latitude electrodynamic perturbations have been largely explained by numerous theoretical and numerical more than 2 decades ago (e.g., Blanc and Richmond, 1980; Senior and Blanc, 1984; Spiro et al., 1988; Sazykin, 2000; Richmond et al., 2003; Maruyama et al., 2011). However, these models did not accurately account for the coupling of the magnetosphere to the ionosphere and thermosphere, which made it particularly difficult to accurately simulate penetrating electric fields (e.g., Lu et al., 2012). Recently, Lu et al. (2020) showed that the TIEGCM driven by realistic storm-time magnetospheric forcing was able to reproduce many observed large-scale ionospheric features during 17 March 2015 storm determined from GNSS TEC data. Although no comparisons were made with measured low latitude electric fields and currents, the modelled equatorial prompt penetration electric fields, in response to a rapid IMF southward excursion, were consistent with their expected patterns. Maute et al. (2021) presented TIEGCM simulations of hemispheric asymmetric electric potential using the Weimer electric potential, the Assimilative Mapping of Ionospheric Electrodynamics (AMIE) derived electric potential, and auroral parametrization from field-aligned currents based on AMPERE data. The simulated equatorial electric fields using the different potentials were generally consistent with each other and with expected patterns during daytime, but not near dawn and dusk. Recently, Wu et al. (2024) reported simulations of prompt penetration electric field during the initial phase of the 3–4 November 2021 using the recently developed Multiscale Atmosphere-Geospace Environment (MAGE) mode MAGE that are generally consistent with measurements from the Ionospheric Connection Explorer (ICON) satellite. MAGE, which combines a MHD (Magnetohydrodynamics), the Rice Convection Model (RCM) of the ring current, and the TIEGCM models (e.g., Lin et al., 2022; Wu et al., 2024), has a faster high latitude driver for the ionosphere thermosphere models allowing for more realistic simulations of SAPS and prompt penetration electric fields. Hopefully, storm-time simulations using these upgraded models will be extended down to low latitudes more often.
5 SUMMARY AND SUGGESTIONS FOR FUTURE STUDIES
We have seen that, over the last 2 decades, several studies examined the roles of solar wind, magnetosphere and high latitude ionospheric processes in driving geomagnetically active low latitude electrodynamics (e.g., Fejer, 2011; Tulasi Ram et al., 2012; Fejer et al., 2024; Wu et al., 2024; Chakrabarty et al., 2015; 2017; Huang C.-S. 2020a; b; Li et al., 2023; Wang and Luhr, 2024). They reported initial results on complex longitude dependent electrodynamic responses caused by simultaneous multiple disturbance drivers, IMF By convection rotations and skewing, long lasting substorm activity, and season dependent interhemispheric asymmetries. At present, the most pressing outstanding questions revolve around the roles of IMF By sign and season and hemispheric dependent convection pattern changes. These processes play particularly important roles on low latitude electrodynamic processes near dawn and dusk. Additional very important remaining questions include the conditions for the occurrence of very large amplitude substorms near dusk and possibly also near dawn, and of large amplitude overshielding driven by region 2 field-aligned current under slowly varying southward IMF Bz. Overall, however, the main challenge is how to account for the short- and -longer term effects of these very diverse solar wind, magnetosheric, and high latitude parameters.
Significantly more extensive comprehensive ground-based and in-situ satellite measurements are required for detailed studies of the above questions. In terms of ground-based data, additional routine measurements of ionospheric electrodynamics parameters over Africa and Asia are particularly desirable. The use of common parameters would greatly improve the study of low latitude electrodynamics during quiet and disturbed conditions. For instance, equatorial electrojet magnetic field measurements converted into vertical plasma drifts (i.e., zonal electric fields) using the dual magnetometer procedure developed by Anderson et al. (2002) would greatly facilitate comparisons with ground-based electrojet, radar and satellite electric field measurements. Since convection patterns changes appear increasingly important for low latitude studies, significantly more frequent use of northern and southern SuperDARN and other high and middle latitude measurements and low latitude data is clearly desirable.
The development of effective predictive models is the ultimate objective of space weather research. The development of increasingly comprehensive models like MAGE is a significant step forward towards this objective. MAGE simulations routinely extended to low latitudes would greatly improve low latitude electrodynamics studies. In the meantime, simulations studies with models like the TIEGCM and RCM, even with idealized input parameters, can help to improve the understanding of the effects of different physical processes and also can guide experimental studies in singling out the effects of different driving parameters. The recent experimental and modeling studies indicate the strong continued interest in the study of solar wind/magnetosphere low latitude coupling and their electrodynamic effects.
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