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The Earth’s atmosphere near both the geographic and magnetic equators and at altitudes between 120 and 200 km is called the low-latitude valley region (LLVR) and is among the least understood regions of the ionosphere/thermosphere due to its complex interplay of neutral dynamics, electrodynamics, and photochemistry. Radar studies of the region have revealed puzzling daytime echoes scattered from between 130 and 170 km in altitude. The echoes are quasi-periodic and are observed in solar-zenith-angle dependent layers. Populations with two distinct types of spectral features are observed. A number of radars have shown scattering cross-sections with different seasonal and probing-frequency dependencies. The sources and configurations of the so-called 150-km echoes and the related irregularities have been long-standing riddles for which some solutions are finally starting to emerge as will be described in this review paper. Although the 150-km echoes were discovered in the early 1960s, their practical significance and implications were not broadly recognized until the early 1990s, and no compelling explanations of their generation mechanisms and observed features emerged until about a decade ago. Now, more rapid progress is being made thanks to a multi-disciplinary team effort described here and recent developments in kinetic simulations and theory: 18 of 27 riddles to be described in this paper stand solved (and a few more partially solved) at this point in time. The source of the irregularities is no longer a puzzle as compelling evidence has emerged from simulations and theory, presented since 2016 that they are being caused by photoelectrons driving an upper hybrid plasma instability process. Another resolved riddle concerns the persistent gaps observed between the 150-km scattering layers—we now understand that they are likely to be the result of enhanced thermal Landau damping of the upper hybrid instability process at upper hybrid frequencies matching the harmonics of the electron gyrofrequency. The remaining unsolved riddles, e.g., minute-scale variability, multi-frequency dependence, to name a few, are still being explored observationally and theoretically—they are most likely unidentified consequences of interplay between plasma physics, photochemistry, and lower atmospheric dynamic processes governing the LLVR.
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1 INTRODUCTION
The ionospheric valley region extends from the altitude of the daytime E-region electron density peak to the bottomside F-region, typically covering the 120–200 km altitudes. Complex processes couple the neutral and ionized components in this region and ions transition from collisionally dominated at the bottom to mostly collisionless at the top. The valley region creates the effective boundary between terrestrial and space weather domains and is important for shaping the entire ionosphere (e.g., Immel et al., 2018). In the case of low magnetic latitudes, this region develops dynamical and chemical features, which displays some of the least understood observations of the atmosphere/ionosphere system. These observations have revealed the existence of strong irregularity structuring in the electron density distribution in the low-latitude valley region (LLVR) causing strong VHF radar backscatter generally referred to as “150-km echoes.” An understanding of the source of the LLVR irregularities causing the 150-km echoes, as well as their spatial, altitudinal, spectral, and temporal characteristics, has been lacking. Since aeronomers rely on the measured Doppler spectral shifts of 150-km echoes to monitor the equatorial F-region zonal electric fields, a key parameter necessary for understanding the entire low latitude electrodynamics (e.g., Kelley, 2009), it is important to understand the source of these measurements.
Needless to say, explaining the 150-km echoes and irregularities and solving the related LLVR “riddles” has emerged as a compelling science objective necessary to improve our understanding of all important LLVR processes. This is particularly true given the increasing number of on-going and planned global observations from ground and space in the space science community, as well as sophisticated modeling of the whole atmosphere that is making rapid progress in characterizing the near-space environment. As indicated by Chau and Kudeki (2013), “understanding of the enhancements and modulation of the daytime LLVR echoes occurring in the peak production region of the lower F region ionosphere in the close proximity of the underlying and field-line-connected E regions may well represent the last unexplored frontier in the theory of fluctuations in a plasma teetering at the edge of thermal equilibrium.” A multi-disciplinary group of experts were brought together to focus on 4D (altitude, longitude, latitude, time) explorations of the LLVR, from observational, modeling and theoretical points of view, and to come up with solutions of the riddles surrounding the LLVR observations and physics. The outcome of these efforts regarding daytime LLVR or 150-km echoes is reported in this paper.
The daytime LLVR echoes were first discovered in the early 1960s at the Jicamarca Radio Observatory (JRO) (11.95°S, 76.87°W, ∼ 0.75°N dip latitude) (e.g., Balsley, 1964). Contrary to other strong and persistent echoes at JRO, e.g., equatorial electrojet (EEJ) and equatorial spread F (ESF), that were studied intensively and whose physical mechanisms are currently well known (e.g., Farley, 2009; Woodman, 2009), 150-km echoes have received very little attention (e.g., Røyrvik and Miller, 1981; Røyrvik, 1982). Investigations of 150-km echoes were intensified after Kudeki and Fawcett (1993) reported their altitude and temporal features with unprecedented resolution, revealing features connecting the echoes to neutral dynamics. Moreover, these new observations could not be explained with typical plasma instabilities used in other ionospheric phenomena. Although the presence of the echoes was not understood, as suggested by Kudeki and Fawcett (1993) and later shown by Chau and Woodman (2004a), their Doppler shifts are a good proxy for deriving F region plasma drifts. Nighttime LLVR echoes also exist but they are less frequent and their physics is well understood (e.g., Chau and Hysell, 2004; Patra and Pavan Chaitanya, 2014; Hysell et al., 2017).
These echoes are up to 40 dB stronger than incoherent scatter echoes and occur between 130–170 km altitude. Given their altitude occurrence and complexity, they have been referred in the literature also as F1 echoes (Tsunoda, 1994), 150-km riddle (Chau and Kudeki, 2006b), and 150-km puzzle (Patra, 2011). Besides JRO, they have been observed at low magnetic latitudes and only at lower VHF frequencies (between 30 and 60 MHz), i.e., Pohnpei (6.96°N, 158.19°E, 0.25° dip latitude), Brazil (2.33°S, 44°W, ∼ 1.3°S dip latitude), India (13.5°N, 79.2°E, 6.3°N dip latitude), Christmas Islands (2.0°N, 202.6°E, 3°N dip latitude), Indonesia (0.20°S, 100.32°E, 10.36°S dip latitude), and China (18.4°N, 109.6°E, 12.8°N dip latitude) (e.g., Kudeki and Fawcett, 1993; Choudhary et al., 2004; De Paula and Hysell, 2004; Patra et al., 2008; Tsunoda and Ecklund, 2008; Li et al., 2013). All of them showing echoes between 130–170 km altitude, occurring in layers, with the lowest altitudes occurring at noon. Note that the indicated dip latitudes represent values when 150-km echo observations were made. So far experiments at similar frequencies trying to observe these echoes at middle and high latitudes using MU radar (35°N, 136°E) (e.g., Fukao et al., 1985) and MAARSY (69.30°N, 16.04°E) (Latteck et al., 2012), respectively, have been unsuccessful. Similarly, low latitude experiments at higher frequencies (above 100 MHz) and high power using ALTAIR (9.39°N, 167.47°E, 4.4°E dip latitude) have also been unsuccessful (e.g., Kudeki et al., 2006).
Since most of the observations have been made with radar beams pointing perpendicular to the magnetic field (B), the echoes were believed to be from field-aligned plasma irregularities (FAIs). JRO observations have revealed that the majority of their 150-km echoes are observed simultaneously perpendicular and slightly off-perpendicular to B (Chau et al., 2009). The spectra of these oblique observations were much wider than those observed perpendicular to B and were similar to incoherent scatter spectra, i.e., showing a double hump spectra, suggesting that they were naturally enhanced incoherent scatter (NEIS) echoes. Peculiar altitude-temporal behavior of the echoes during solar flares (e.g., Reyes, 2012) and solar eclipses (e.g., Patra et al., 2011) have also contributed additional pieces to the puzzle. These observations have provided key clues regarding the physics behind most of the echoes.
For many years, parameters that typically cause ionospheric plasma instabilities (e.g., electron density gradients, wind shears, strong electric fields, etc.) were proposed as part of the mechanism underlying 150-km echoes (e.g., Røyrvik and Miller, 1981; Kudeki and Fawcett, 1993; Tsunoda and Ecklund, 2000). However, recently explanations invoking the role of photoelectrons (Oppenheim and Dimant, 2016) and upper hybrid instabilities (Longley et al., 2020) have provided a compelling model for the fundamental driver of the majority of 150-km echoes. This mechanism still leaves many features of these echoes unexplained.
The relatively slow progress in understanding 150-km echoes, since 1964 (Balsley, 1964) when they were discovered, to 2016 (Oppenheim and Dimant, 2016) when a first theory explaining some of the key features was published (more than 50 years), can be attributed to the following main factors: (a) until late 1990s, those echoes were observed only at Jicamarca; (b) key altitudinal-temporal features were possible with the modernization of the radar systems in the mid 1990s; (c) new observations with less sensitive radars at other latitudes show echoes only with beams pointing perpendicular to the magnetic field (mid 2000s); and (d) previous theoretical attempts were biased towards explaining the echoes as coming from FAIs. The discovery that the majority of 150-km echoes were NEIS was in mid 2000s using the high-power large aperture Jicamarca radar. The NEIS echoes and later the sensitivity of the echoes to solar flares, motivated the investigations of other type of plasma instabilities. Thanks to advances in computational power, particle-in-cell simulations were able to explain the importance of photoelectrons in NEIS echoes.
To help understand the complexity of the LLVR, in Section 2 we briefly described the main LLVR daytime features. Selected radar observations at equatorial and low latitudes are presented in Sections 3–6. Key features will be highlighted and identified. We will connect them later with the proposed physics. Until recently the LLVR echoes has been mainly a radar phenomena. However, we will show that understanding the echoes and the physics behind them goes beyond radar echoes. In Section 7 we show their connection to electron density contours using high-resolution ionosonde observations as well as a state-of-the-art general circulation model. The current modeling and theoretical efforts are presented in Section 8 as well as some qualitative arguments for other potential contributors. Finally, the observations and proposed mechanisms are discussed in Section 9 with a special emphasis on what is solved and what remains unsolved. For the latter, suggestions for future observations, modeling and theoretical developments are presented and discussed.
2 FEATURES OF THE DAYTIME LOW-LATITUDE VALLEY REGION
In this section we list briefly the main features of the daytime LLVR, i.e., altitudes between 130–170 km and low latitudes that will help understand the complications of the region, the proposed physical mechanisms, and later the discussions. Namely:
• In this region, the molecular ions, dominant at lower altitudes [NO+,[image: image], [image: image]], transition to atomic oxygen ions [O+] dominant at F-region altitudes (e.g., Schunk and Nagy, 2009).
• Collisions with neutrals decrease in importance rapidly as the altitude increases (e.g., Schunk and Nagy, 2009).
• To understand radar measurements, electron Coulomb collisions need to be considered for angles close to perpendicular to B (e.g., Sulzer and González, 1999; Milla and Kudeki, 2011).
• At the magnetic equator, magnetic field lines around 130–170 km map to both north and south E regions outside the EEJ belt. The longtitudinal variation in the declination of B makes this mapping irregular.
• Intermediate metal layers occur at these altitudes at middle latitudes (e.g., Christakis et al., 2009; Chu et al., 2021) but they have not been observed at low latitudes during the day.
• Large electron to ion (and therefore neutral) temperature ratios are expected and observed during the day (e.g., Aponte et al., 1997; Milla and Kudeki, 2006).
• Maximum photoelectron production rate occurs around 150 km at solar noon (e.g., McMahon and Heroux, 1983). The few observations, made by the AE-E spacecraft, show a complex spectral distribution with various peaks (e.g., Lee et al., 1980).
• Altitudes below 200 km are difficult to explore with ISR techniques due to the presence of plasma instabilities causing strong coherent echoes, like those from EEJ, meteor head and trails, and LLVR (e.g., Chau and Woodman, 2005; Chau and Kudeki, 2006a; Chau et al., 2009).
• Electron densities at most LLVR altitudes are usually smaller than peak E-region electron densities, and therefore not observed by ionosondes (e.g., Chau et al., 2010b; Reyes et al., 2020).
• Only a hand full of in-situ measurements have been performed with rockets, but the probes did not observe any strong evidence for traditional plasma irregularities (e.g., Prakash et al., 1969; Smith and Royrvik, 1985).
• In situ satellite observations have been very rare at altitudes below 200 km, because air is too dense for long-lived missions (e.g., Sarris et al., 2020).
• The 150 km region has been observed optically by remote-sensing satellites which are globally distributed, but have relatively coarse spatial and temporal resolutions (e.g., Shepherd et al., 2012; Immel et al., 2018).
3 RADAR OBSERVATIONS PERPENDICULAR TO B
Here we summarize the observations of LLVR echoes made with radar beams pointing perpendicular to B. As mentioned in the Introduction, these echoes received a world-wide attention after the high altitude-time resolution observations reported by Kudeki and Fawcett (1993). Until then, it was known that the persistent echoes occurred during the day and were confined between 130 and 170 km (e.g., Balsley, 1964; Røyrvik, 1982). Kudeki and Fawcett (1993) became aware of these echoes by performing high-resolution mesospheric experiments with short interpulse period (IPP). To their surprise, they found that 150-km echoes were range-aliased and strong enough to contaminate their targeted mesospheric echoes. Since then, 150-km echoes are one of the main research topics at JRO. An example of echoes observed over JRO in a high-power mode between 50 and 1,000 km can be found in Figure 1 of Hysell (2022), where clearly 150-km echoes are a daytime phenomena (Obs01). From here on, we label the main observational features of 150-km echoes by ObsXX, where XX represents the key observation number.
Figure 1 shows an example of coherent echoes over JRO below 200 km altitude during the day, i.e., mesospheric echoes between 60 and 80 km, EEJ echoes between 95 and 115 km, meteor echoes between 80 and 120 km, and LLVR echoes between 130 and 170 km. The signal-to-noise ratio (SNR) is color coded. The white circles represent the mean E ×B vertical drift from 150-km echoes. Note that strong counter EEJ (CEEJ) echoes are also observed when the vertical drift is negative. CEEJ echoes are not usually observed at JRO, since they require strong westward electric fields (downward vertical drifts) (e.g., Woodman and Chau, 2002; Farley, 2009). The salient features from this figure that are common in most 150-km observations are:
• In the early morning and late afternoon the echoes occur at higher altitudes, and the minimum altitude occurs around local noon, presenting a necklace shape (Obs02).
• The echoes occur in multiple layers (Obs03), each layer follows a necklace shape. The number of observed layers depends mainly on the sensitivity and the resolution of the system. Using JRO in high power mode 6-9 layers are commonly observed (e.g., Lehmacher et al., 2020; Reyes et al., 2020).
• Within the layers the strength of the echoes varies on scales of minutes (Obs04). They appear like pearls on the necklace. This is one of the first observational riddles that points to the potential influence of neutral dynamics (e.g., gravity waves), given that their periodicities are close to the Brunt Väisälä frequency (e.g., Kudeki and Fawcett, 1993).
• There are lower (Obs05) and upper (Obs06) altitude boundaries where the echoes do not follow the layering structure (necklace). Later we will see that these boundaries can change under particular electron density conditions, e.g., during solar flares (e.g., Reyes, 2012).
• Contrary to EEJ echoes, the magnitude of LLVR echoes does not depend on the zonal electric field (Obs07). Moreover, the Doppler shifts are almost the same for all observed altitudes (e.g., Chau and Woodman, 2004a; Reyes, 2017).
• The layers are clearly separated by wide regions of no echoes, i.e., wide forbidden regions (Obs08) in the vertical direction. A closer look between layers, particularly with higher resolution, show that there are also narrow gaps, i.e., narrow forbidden regions (Obs09). These narrow forbidden regions are more clearly observed in Figure 1 of Lehmacher et al. (2020).
[image: Figure 1]FIGURE 1 | Example of an altitude-time signal-to-noise ratio (SNR) of targets over Jicamarca between 65 and 170 km during daytime on 27-January-2009, i.e., 150-km, normal (EEJ) and counter (CEEJ) equatorial electrojet, and mesospheric echoes. The mean vertical E ×B drift from 150-km echoes is overplotted in white (see scale to the right multiplied by 4) (adapted from Reyes et al., 2020, Figure 1).
Figure 2 shows nine consecutive days of SNR observed in January 2009 over JRO. Although the general characteristics of LLVR echoes mentioned above are observed (e.g., necklace, layering, pearls, altitude boundaries), they do present a strong day-to-day variability (Obs10). For example, the necklace shape and regions of strong echoes are not the same from day to day. During this time, the solar conditions were low and the geomagnetic conditions were quiet (e.g., Chau and Kudeki, 2013, for more details). This is another indication that neutral dynamics play a role on their day-to-day variability. More features of this figure are described in Section 8.
[image: Figure 2]FIGURE 2 | Altitude-time SNR observations of 150-km echoes over nine consecutive days in January 2009 over Jicamarca. The color scale is in dB. Very strong echoes (in red) present usually narrow features resembling layers (either ascending or descending) (from Chau and Kudeki, 2013, Figure 2).
Thanks to the high-power large-aperture capabilities at JRO, even higher time resolution measurements can be made. Figure 3 shows high-resolution observations for selected regions of echoes lasting for a few minutes (pearls). These high-resolution observations show that the strength of echoes is also modulated at subminute scales (Obs11). The dominant periods on the selected regions are indicated at the top of each frame. These periods vary between a few seconds to tens of seconds. More details can be found in chapter 5 of Reyes (2017).
[image: Figure 3]FIGURE 3 | High-resolution altitude-time SNR showing examples of sub-minute fluctuations in the 150-km region above Jicamarca on 30-January-2016. Dominant periods for each selected time-altitude window are indicated. (from Reyes, 2017, Figure 5.14).
It is important to note that high-power JRO observations of LLVR echoes have been limited to a few days a year in the last 2 decades. However, thanks to the wide range of SNR, the echoes have been routinely measured at JRO in a low power mode called JULIA (Jicamarca Unattended Long-term investigations of the Atmosphere), namely the large JRO array is used with unattended low power transmitters (e.g., Hysell et al., 1997; Hysell and Burcham, 2002). JULIA observations of 150-km echoes have contributed to study their seasonal behavior, i.e., at JRO the echoes occur at all seasons, and a seasonal variability (Obs11) is observed in the number of layers and altitudinal coverage of the echoes (Chau and Kudeki, 2006b). Furthermore, no correlation was found with concurrent magnetic activity using the Kp index (Matzka et al., 2021). Recently, Yokoyama et al. (2022) has reported a negative correlation between 150-km echo occurrence over Indonesia, but using Kp indices with 1 day delay.
Currently, JULIA 150-km observations constitute the longest database of ground-based vertical and zonal E ×B drifts at the magnetic equator. JULIA drifts have been used to study ionospheric changes at low latitudes during sudden stratospheric warming events (e.g., Chau et al., 2010a), to validate empirical equatorial zonal electric field models based on satellite magnetometer data (e.g., Alken, 2009), or were directly used to develop statistical relations between variations at low latitude magnetometer ground stations and the vertical drift (e.g., Anderson et al., 2004, 2006; Stolle et al., 2008).
The fact that 150-km echoes could be measured with lower power systems and that they provide valuable measurements of the F-region electric fields, motivated the exploration of such echoes at other equatorial and off-equatorial sites. Close to the magnetic equator, successful measurements have been conducted over Pohnpei (e.g., Kudeki et al., 1998; Tsunoda and Ecklund, 2000), and Sao Luis (e.g., De Paula and Hysell, 2004; Rodrigues et al., 2011). Off-equatorial observations have been made over Gandanki (e.g., Choudhary et al., 2004; Patra and Rao, 2006), Indonesia (e.g., Patra et al., 2008; Yokoyama et al., 2009), Christmas Islands (Tsunoda and Ecklund, 2008), and China (e.g., Li et al., 2013). Currently only observations over Gadanki and Indonesia are routinely made.
All of these observations have been made at low VHF frequencies (between 30 and 60 MHz) and with beams pointing perpendicular to B, i.e., observations at 3 to 5 m Bragg wavelengths (Obs13). Using similar frequencies, radar experiments at middle and high latitudes using MU radar (e.g., Fukao et al., 1985) and MAARSY (Latteck et al., 2012), respectively, have not revealed signatures of 150-km echoes, i.e., LLVR echoes appear to be a low latitude phenomena (Obs14) since they have been observed only between ±13° dip latitude.
Figure 4 show altitude-time SNR observations over Gadanki, India (left) and Sao Luis, Brazil (right) for three consecutive days. Although these systems are less sensitive than JRO’s high-power large-aperture mode by more than 10 and 20 dB, respectively, both systems show the general 150-km features, i.e., necklace, layering, minute variability, lower and upper altitude boundaries, day-to-day variability. More details on these observations and the systems used can be found in Patra (2011) and Rodrigues et al. (2011), respectively.
[image: Figure 4]FIGURE 4 | Altitude-time SNR observations of 150-km echoes observed over three consecutive days over Gadanki, India (A, B, C) (adapted from Patra, 2011, Figure 3) and Sao Luis, Brasil (D, E, F) (adapted from Rodrigues et al., 2011, Figure 3). Note that in 2008 Sao Luis was located at the magnetic equator.
The Sao Luis observations were made at 30 MHz with a much smaller antenna array than Gadanki’s and JRO’s arrays. Although frequency dependence of ionospheric plasma irregularities have been observed in other ionospheric echoes (e.g., Balsley and Farley, 1971), the strength of the reported echoes was unexpected. In Section 6, we elaborate more on the frequency dependence of the echoes.
Observations at sites with beams pointing perpendicular to B but at relative large east and west angles, show a persistent feature in 150-km echoes, East echoes are stronger than West echoes, i.e., perpendicular echoes present a zonal asymmetry (Obs15) (e.g., Kudeki et al., 1998; Tsunoda and Ecklund, 2000, 2008; Yokoyama et al., 2009; Pavan Chaitanya et al., 2018). Figure 5 shows an example of 150-km echoes observed over Indonesia with the EAR (Equatorial Atmosphere Radar) using four beams in the zonal plane perpendicular to B. The echoes are consistently stronger in the East beams. Yokoyama et al. (2009) attributed this asymmetry to arc structures in the plasma instabilities responsible for the echoes.
[image: Figure 5]FIGURE 5 | Altitude-time SNR plots of 150-km echoes observed at different zenith angles over the Equatorial Atmosphere Radar, Indonesia on 02-February-2008 (from Yokoyama et al., 2009, Figure 3).
At JRO, oblique observations are limited to ±2° in the zonal direction. Multi-beam experiments in the East-West direction using these small angles have not revealed the asymmetry reported at other sites (Fawcett, 1999).
4 RADAR OBSERVATIONS OFF-PERPENDICULAR TO B
Until 2004, 150-km echoes were identified only in experiments using beams perpendicular to B, presented narrow spectral widths, and therefore were attributed to FAIs. Chau (2004) reported the first observations of 150-km echoes with beams pointing a few degrees with respect to B (oblique observations) using JRO’s high-power large-aperture capabilities. The experiments were not planned to study LLVR echoes, they were aimed to study meteor head echoes (Chau and Woodman, 2004b) and simultaneously obtained drifts from 150-km Doppler shifts with a newly developed acquisition system at the time. The latter was expected to be obtained from echoes observed with JRO’s antenna sidelobes as it was done in Aponte et al. (1997), but using a pulse-to-pulse spectral analysis. Serendipity took place and besides the expected narrow spectra, off-perpendicular to B echoes showing wide spectra (Obs16) were observed. Since the experiments were performed with relatively long IPPs, the spectra were frequency aliased. Non-etheless, they were at least 100 times wider than perpendicular to B spectra. Although Chau (2004) identified the first oblique 150-km echoes, they had been already present in standard oblique incoherent scatter measurements at JRO, but were confused with 150-km echoes coming from antenna sidelobes pointing perpendicular to B (Aponte et al., 1997).
Altitude-time observations of oblique 150-km echoes showed similar features to the perpendicular ones, i.e., daytime occurrence, necklace shape, upper and lower altitude boundaries, layering, minute-scale structures (e.g., Chau, 2004, Figure 3). The strength of these echoes were reported to be 2-3 orders of magnitude weaker than those from perpendicular echoes, based on SNR measurements. In retrospective, this statement has been misleading, since the SNR of oblique echoes given that their spectra is much wider, will be much smaller than the SNR of perpendicular echoes for the same signal (S). In other words, the strength of oblique echoes is comparable to those from perpendicular beams, but their total noise is larger.
The initial connection to the traditional 150-km echoes was made indirectly just by comparing altitude-time SNR features. A series of experiments were conducted at Jicamarca aimed to better characterize these echoes and to try to understand their origin. For the latter, high-resolution electron density (Ne) measurements using incoherent scatter techniques were performed to see if there were enhanced narrow layers of Ne. These experiments did not reveal a significant enhancement on Ne (e.g., Chau et al., 2010b).
Chau et al. (2009) performed simultaneous perpendicular and oblique experiments aimed to characterize the oblique spectra and the altitude-time behavior of both echoes. They performed basically two experiments with simultaneous perpendicular and oblique beams: (a) with volumes separated by a couple of kilometers in the north-south direction at 150 km altitude, and (b) common volume. The former was performed by using different sections of the main JRO array, while the latter was performed with the aid of a small receive-only array located a few kilometers south of JRO. Figure 6A shows the geometry used for both experiments. Both of these experiments were performed with short IPPs to avoid frequency aliasing of the oblique wide spectra at the expense of F-region range-aliased incoherent scatter echoes. The range aliased echoes contributed to increase the noise of 150-km echoes, but not to change their shape.
[image: Figure 6]FIGURE 6 | Simultaneous perpendicular and oblique observations of 150-km echoes over Jicamarca between 2004 and 2008: (A) Monostatic and bistatic geometries for perpendicular (red) and oblique (blue) beam; 3-min measured normalized-to-the-peak spectrum (blue circles) at 160 km for (B) perpendicular and (C) oblique on 10-December-2004; altitude-time SNR for (D) perpendicular and (E) oblique beams on 03-April-2008. Note that in (B,C) fitted incoherent scatter spectra are indicated in solid orange lines. In (B), the normalized spectra is shown with (black) and without (blue) low frequency components (adapted from Chau et al., 2009, Figures 1, 5, 6).
Figures 6B, C show examples of spectra observed with the common volume perpendicular and oblique beams, respectively, after 3 minute integration time. In both figures the blue dots represent the normalized spectra by interpolating the zero-Doppler spectral bin, while the orange line represents the fitted spectra using incoherent scatter theory described in Kudeki and Milla (2006). The solid line in Figure 6B shows the normalized spectra including the zero-Doppler spectral bin. Both spectra qualitatively conform with the expected spectra of an ionosphere in thermal equilibrium, i.e., the spectra predicted by incoherent scatter theory at angles close to perpendicular to B (e.g., Sulzer and González, 1999; Woodman, 2004; Kudeki and Milla, 2012). Namely the spectra are wide/narrow at oblique/perpendicular angles and they are dominated by the ion/electron dynamics. Moreover the spectral width of the oblique echoes increases with increasing altitude, as expected for this region (Chau et al., 2009, Figure 5). One could be tempted to routinely fit the observed oblique spectra with incoherent scatter theory to get temperatures and composition, but a better understanding of the physics governing these oblique echoes is still needed.
The two-beam experiments confirmed the connection made earlier by Chau (2004), i.e., oblique 150-km echoes are related to the traditional perpendicular ones. However, the connection is valid for the majority of echoes, not for all. Figures 6D, E show the simultaneous observations of perpendicular and oblique 150-km SNR, respectively. The two salient features of these two figures are: (a) all oblique echoes are accompanied by perpendicular ones (Obs17), (b) simultaneous oblique and perpendicular echoes are the majority (Obs18), and (c) there are regions of only perpendicular to B echoes (Obs19). More examples of these features can be found in Chau et al. (2009), where perpendicular-only echoes can be observed at layers where oblique echoes are observed, but not at the same time (e.g., Chau et al., 2009, Figure 2).
Comparing calibrated returned signals from these two-beam experiments and performing experiments at larger angles with respect to B, Chau et al. (2009) reported that the oblique echoes present a north-south aspect sensitivity (Obs20) that in general varies with altitude (being less aspect sensitive at upper altitudes (Chau et al., 2009, Figure 4). Previously using radar interferometry in the north-south direction, perpendicular 150-km echoes were reported to be highly aspect sensitive (e.g., Fawcett, 1999; Lu et al., 2008). The oblique observations indicate that the majority of echoes are not high aspect sensitive. However, previous perpendicular observations can be understood given the strong spectral dependence on pointing angle with respect to B. As in the case of incoherent scatter theory, low-frequency spectral components will be highly aspect sensitive, i.e., most of the power of the perpendicular spectra is concentrated in low frequency bins (electrons dominating the spectra). Such angular dependence of incoherent scatter spectra at small angles with respect to B have been used to measure the B inclination at ionospheric heights (Woodman, 1971).
Given that the oblique echoes also show minute-scale SNR variability (e.g., Figure 6D), in Figure 7 we show the time evolution of normalized oblique spectra in lineal scale, at two selected altitudes, i.e., 160 (top) and 145 (bottom) km, observed on 10-December-2004 (e.g., Chau et al., 2009, Figure 2). Although the 3-minute integrated oblique spectrum shows the expected symmetric double-hump (see Figure 6C), the higher time resolution spectra show a time variability of their spectral peaks, showing spectral asymmetry with sub-minute to minute variability. As in the case of incoherent scatter spectra asymmetries observed at high latitudes (e.g., Fontaine and Forme, 1995), field-aligned currents might be behind the observed asymmetry in 150-km oblique echoes.
[image: Figure 7]FIGURE 7 | Normalized spectrograms of oblique 150-km observations at (A) 160 km and (B) 145 km. These spectra were obtained with high temporal resolution observed over Jicamarca on 10-Dec-2004, i.e., same data used in Chau et al. (2009) and Figure 6B. Note the sub-minute to minute variability of the spectra peaks.
Based on the spectral features of the two-beam experiment, Chau et al. (2009) associated the oblique echoes (and their perpendicular counterpart) to some kind of naturally enhanced incoherent scatter (NEIS) echoes. On the other hand, the perpendicular-only echoes were associated to FAIs. In both cases, echoes are a few orders of magnitude stronger than expected echoes from plasma in thermal equilibrium.
5 TYPES OF ECHOES, SEASONAL AND SOLAR VARIABILITY
To further characterize 150-km echoes in terms of day-to-day, seasonal and solar variability, additional two-beam observations would have been ideal. However, those observations are limited to JRO and to a handful of days. The former is due to the lack of enough power-aperture at other radars located at low latitudes. Common volume two-beam experiment at JRO were only possible during a special campaign where a receive only station was installed for a few weeks south of JRO. The main purpose of the additional array was to study meteor echoes (Malhotra et al., 2007). Additional two-beam experiments using only the JRO array as described in Chau et al. (2009), i.e., with short IPP, have not been performed frequently since they are useful only for 150-km studies, and there has been more demand to study more than one region simultaneously, e.g., the so-called MST-EEJ-ISR or multiple-beam ISR modes (e.g., Milla et al., 2013; Lehmacher et al., 2020).
In this section we return to the routine observations made with perpendicular beams. Motivated by the localized strong echoes in altitude-time plots of SNR, Patra (2011) and later Chau and Kudeki (2013) investigated the relationship between SNR and spectral width of perpendicular echoes over Gadanki and JRO, respectively. Based on the 2D histogram distributions as a function of these parameters, they found two main populations and named them type A and type B echoes (Obs21), i.e., in type A echoes the SNR (in dB) is linearly dependent on spectral width, while in type B echoes the SNR is almost independent of spectral width. Furthermore, over Gadanki and JRO, type A echoes are the majority (Obs22) and they are 1–3 orders of magnitude weaker than type B echoes.
Figure 8 shows selected examples taken over JRO (left) and Gadanki (right) during: low (top) and medium (bottom) solar flux conditions. The results of Figure 8A were obtained from the observations shown in Figure 2.
[image: Figure 8]FIGURE 8 | Two-dimensional histograms of 150-km echoes based on SNR and spectral width, for Jicamarca (A, B) and Gadanki (C, D) and low (A, C) and moderate (B, D) solar conditions. Two-distinct populations are identified in 2009, while at other years (solar conditions), the type B (FAI) population is less over both sites (adapted from Chau and Kudeki, 2013; Reyes, 2017; Patra and Pavan Chaitanya, 2016, Figures 3, 3.16, 5, respectively).
Based on the clear but short two-beam experiment dataset (see Section 4), Chau and Kudeki (2013) suggested that the populations from the two-beam datasets (i.e., oblique and perpendicular echoes) and from the SNR and spectral width distributions, were associated. Namely, type A echoes were associated to NEIS, and type B to FAIs. By incoherent scattering they were referring to the association to incoherent scatter radar theory. Similar type of incoherent scatter enhancements are found at high latitudes called NEIALs (Naturally Enhanced Ion-Acoustic Lines) (e.g., Rietveld et al., 1991; Kontar and Pécseli, 2005), although they might not be physically related to 150-km NEIS.
The association of type A to NEIS is also supported by the expected spectral behavior at angles close to perpendicular to B. Since beams pointing perpendicular to B are finite, the resulting spectra will be a convolution of spectra signatures from different angles with respect to B within the observing beam. From Figure 6B, one can see that for weak signals the spectral width will be dominated by the signals coming exactly perpendicular to B (narrower spectra), while as the signal increases, the signals from the oblique angles start to contribute, increasing the measured spectral width. This is particularly true if a simple spectral moment or single Gaussian fitting methods are used. In cases where larger volumes (beam width and range resolution) are used (e.g., over Gadanki), the resulting spectra might be a convolution of both type of echoes occurring at different altitudes. Patra et al. (2020b) have shown that a simple moment method could be misleading on such occasions and suggested a classification considering also the frequency spread of the echoes. Perhaps a two-Gaussian fitting procedure would be more appropriate under these circumstances, i.e., one for the narrow spectral region with large amplitude and one for the wider region with less amplitude.
In the case of type B, echoes coming from FAIs are expected to be narrow and their SNR to be strong, given their longer correlation times. Patra (2011) suggested that intermediate layers with perhaps metallic ions, might be creating small density gradients and conditions for FAIs to occur.
The SNR and spectral width estimations should be considered as relative quantities, since they depend on the acquisition parameters (e.g., effective bandwidth), background noise (e.g., passing of the center of the Galaxy), estimation parameter (e.g., moments or Gaussian fitting). Non-etheless, all four examples in Figure 8 provide a qualitative separation of populations. A striking feature in this figure is that in both JRO and Gadanki, type B echoes occur more often during solar minimum conditions, i.e., there is a strong solar variability in type B echoes (Obs23) (see also, Patra and Pavan Chaitanya, 2016; Reyes, 2017).
Figure 8A also shows qualitatively that smaller systems like Pohnpei, Sao Luis, EAR, etc. being less sensitive than JRO’s high-power large-aperture modes, would be mainly sensitive to type B echoes. On the other hand, Gadanki should be sensitive to both type of echoes, as shown in Figures 8C, D.
The routine observations at the low-latitude stations mentioned above and JULIA 150-km observations at JRO have shown that 150-km echoes present a seasonal variability that appears to vary depending on the type of echo, longitude and perhaps latitude. For example, echoes occur: (a) mainly in the summer over Pohnpei (Tsunoda and Ecklund, 2000), (b) more often and stronger during solstices than equinoxes over Indonesia (Pavan Chaitanya et al., 2018), (c) more frequently in June solstice over Gadanki for both type A and B (Patra and Pavan Chaitanya, 2014), (d) all year without a strong seasonal dependence over Sao Luis (Rodrigues et al., 2011), (e) all year without a strong seasonal dependence over JRO with JULIA mode (Chau and Kudeki, 2006b). Except for JULIA and Gadanki, the reported seasonal results in the other systems are most likely for type B echoes.
As in the case of seasonal dependence, the solar cycle dependence have been also studied at different sites. As shown in Figure 8, type B echoes are more frequent during solar minimum conditions over JRO and Gadanki. Echoes over EAR also show a strong solar cycle dependence, they are stronger during solar minimum conditions (Yokoyama et al., 2022). Given the sensitivity of EAR, this solar dependence is most likely only applicable to type B echoes.
Are the physics of type A and type B related? Do echoes from NEIS and FAIs have some physics in common? We come back to these questions in Section 9.
6 MULTI-FREQUENCY RADAR OBSERVATIONS
Previously we mentioned that the 150-km echo observations made with the relatively small Sao Luis radar (De Paula and Hysell, 2004; Rodrigues et al., 2011) were surprising, suggesting a strong frequency dependence of the echoes. Patra et al. (2018) presented the first co-located observations of 150-km echoes over Gadanki at 30 and 53 MHz. Figure 9 shows SNR examples taken during four consecutive days during summer solstice with the 30 (left) and 53 (right) MHz systems. These initial observations were collocated but made with different volumes and transmitted power, i.e., 53 MHz observations were made with a smaller volume (larger array) and more power than 30 MHz observations. Despite the differences, one can observe a clear qualitative frequency dependence (Obs24) of the echoes. The majority of strong 30-MHz echoes are not observed in the 53 MHz system, some strong 53-MHz narrow layers are observed in the 30 MHz system. Using a 2D histogram based on SNR and spectral width, type B echoes are more frequent than type A in the 30 MHz observations, contrary to what has been observed in previous 53 MHz observations (e.g., Patra et al., 2017, Figure 3).
[image: Figure 9]FIGURE 9 | Altitude-time SNR co-located observations of 150-km echoes between 31-July-2017 and 03-August-2017 over Gadanki at: (A) 30 MHz and (B) 53 MHz (adapted from Patra et al., 2018, Figure 1).
Common-volume 53- and 30-MHz observations confirmed that type B echoes have a strong frequency dependence. Patra et al. (2020a) accomplished that by reducing the transmitter power and antenna size of the 53 MHz radar, i.e., comparing only the strong 53 MHz signals with the 30 MHz signals. Although not explicitly mentioned in the Gadanki papers, these results suggest that indeed there is a frequency dependence, and the dependence is stronger in type B echoes than in type A. The frequency dependence of 150-km echoes seems to be large, favoring lower VHF frequencies. Perpendicular as well as oblique observations of the valley region with the low latitude ALTAIR VHF/UHF (∼150, ∼422 MHz) radars have not shown any indication of power enhancements around 150-km altitudes (e.g., Kudeki et al., 2006; Milla and Kudeki, 2006).
Observations of the daytime LLVR have also been pursued with a high-resolution HF radar over Africa. Echoes coming from 150-km virtual height were suggested to be part of the 150-km echoes observed at VHF (Blanc et al., 1996). However based on recent measurements with a high-resolution ionosonde and HF-beacon network around Jicamarca (e.g., Hysell et al., 2016), echoes around 140–160 km virtual height, are most likely coming from low elevation EEJ kilometer-scale echoes.
7 ELECTRON DENSITIES AND 150-KM ECHOES
As mentioned above, the valley region is difficult to observe using both ground- and space-based instruments. Radar echoes have been the most common way to observe the region. Recent advances in ionosonde technology has yielded higher time, frequency and range resolutions allowing the exploration of this region of low Ne. In Figure 10 we show concurrent measurements of 150-km echoes with the high-power large-aperture 50-MHz radar at JRO and a modern ionosonde called a VIPIR (Vertical Incidence Pulsed Ionospheric Radar). Figure 10A shows high-resolution 150-km echoes and the temporal variations of gap regions (forbidden zones) with solid color lines. The solid yellow lines represent their smoothed series. Figure 10B shows the simultaneous virtual height measurements with VIPIR for different reflecting frequencies (i.e., Ne contours). The high-frequency gap times series in Figure 10A are overplotted on frequency contours with the highest correlation. These results shows that 150-km features are connected to electron densities (Obs25). Previously Tsunoda and Ecklund (2007) and Chau et al. (2010b) suggested that 150-km echoes were connected to the F1 electron density peak and Ne changes, but without explicitly indicating what features in Ne correspond to 150-km echoes.
[image: Figure 10]FIGURE 10 | Daytime valley region observations over Jicamarca on 17-April-2015: (A) 150-km SNR with Jicamarca 50 MHz radar, and (B) VIPIR virtual height reflections. In (B) reflecting frequencies are color coded. Solid color curves magenta, red and blue show the oscillations of the wide gaps in (A) representing forbidden layers around 145, 150, and 160 km, respectively. Their corresponding fluctuations are overplotted to VIPIR virtual heights in (B) (adapted from Reyes et al., 2020, Figures 11, 13).
Although ionosondes at low latitudes have been operating for more than 80 years, high frequency, range, and temporal resolution measurements needed to characterize the LLVR have recently become available with modern ionosondes. The VIPIR system at Jicamarca consist of a wide-band log-periodic antenna that transmits vertically propagating radio wave pulses with a 4-kW peak power transmitter capable of sweeping its frequency from 0.3 to 20 MHz. The results presented here were taken by sweeping the frequency from 1.6 to 12.5 Mhz on a pulse-to-pulse basis over a period of 10-s duration. The reflected pulses from the ionosphere were detected using eight short dipoles arranged in two orthogonal sets of interferometric baselines. Despite the advances in hardware, automatic processing of the new high-resolution ionosonde measurements are still not possible, therefore manual detection analysis was needed. Some of the challenges particularly for the LLVR are: (a) strong daytime EEJ scattering making the F1 traces fuzzy, (b) E-region peak Ne blinding upper altitudes with lower densities, and (c) the highly altitudinal and temporal Ne variations of the region. More details on these radar and VIPIR LLVR studies and their challenges can be found in Reyes et al. (2020).
The connection of 150-km echoes with both electron densities values and variations have been independently reported during special geophysical conditions. Temporal and altitudinal features of 150-km echoes vary significantly during solar flares (Obs26) (see Figure 11A). For example: (a) the lower boundary is moved to even lower altitudes for a short time, (b) the gap regions (forbidden zones) change significantly, (c) distances between layers are reduced (e.g., Reyes, 2012). Pedatella et al. (2019) simulated the solar flare effects of 07-September-2005 over JRO, using the WACCM-X (Whole Atmosphere Community Climate Model with thermosphere-ionosphere eXtension). Figures 11A, B show the JRO observations and the WACCM-X Ne, respectively. The results show that indeed 150-km echo structure follows changes in Ne. Furthermore, Pedatella et al. (2019) were also able to simulate the observed vertical drifts during this event, pointing to the importance of conductivity changes locally and along the B lines connecting to the E region.
[image: Figure 11]FIGURE 11 | SNR observations of 150-km echoes over Jicamarca on (A) 07-September-2005 and (C) 14-April-2015 and their corresponding simulated electron densities by the Whole Atmosphere Community Climate Model with thermosphere-ionosphere eXtension (WACCM-X) shown in (B, D), respectively. White areas in (A) indicate time periods without observations. The 07-Sep-2005 observations corresponds to a solar flare event. Yellow and red lines in (D) corresponds to 3.9- and 4.5-MHz contours, they in turn appear to corresponds to the wide gaps in (C) (adapted from Pedatella et al., 2019; Lehmacher et al., 2020, Figures 1, 4, respectively).
Further WACCM-X simulations have been used by Lehmacher et al. (2020) to study 150-km echoes with high-power large-aperture modes over JRO, therefore allowing the observations of echoes and features not observed at other lower sensitivity radars. The results also show that general features of 150-km echoes follow Ne contours. Figures 11C, D show 150-km echoes over JRO and WACCM-X Ne contour, respectively. By combining observations and Ne modelling for different seasons and solar conditions, Lehmacher et al. (2020) show the seasonal and solar cycle variability of the wide gap altitudes and the separation between gaps to absolute values of Ne (or plasma frequencies).
The wide gaps appear to happen when the upper-hybrid frequency is an integer multiple of the electron gyrofrequency. Using values from the IGRF (International Geomagnetic Reference Field) model for 2015 (Alken et al., 2021), the electron gyrofrequency is ∼0.652 MHz. For the particular example of 14-April-2015, those lines are indicated in red and yellow in Figures 11C, D and corresponds to contours of ∼3.9 and ∼4.5 MHz, respectively (see, Lehmacher et al., 2020, for more details).
Observations of LLVR echoes have also shown a peculiar response during a solar eclipse (Obs27) (see Patra et al., 2011, Figure 1). Patra et al. (2011) reported the presence of 150-km echoes over Gadanki during the solar eclipse of 15-January-2010. Before/after the central time of the eclipse the observed echoes were ascending/descending in altitude as function of time. These observations were complemented with ionosonde observations showing electron densities ascending/descending before/after the central time of the eclipse.
8 PHYSICAL MECHANISMS: MODELING AND THEORY
Here we review the different suggestions that explain LLVR echoes, with a particular emphasis on recent modeling and theory developments that solve some of the key riddles behind these echoes. Before discussing those suggestions and developments, in Table 1 we summarize the main observational features associated to LLVR echoes. Each of the features have been mentioned in the text above and selected references are included in the table. To help the reader, we also include the numbers of the figures used in the paper that support the majority of those observational features.
TABLE 1 | Summary of main 150-km observed features, including selected references and figures in this work supporting the observations.
[image: Table 1]Instead of making a chronological description, in this section we start with the latest modeling and theoretical results, and later list additional aspects that have been suggested to contribute to the understanding of the echoes.
8.1 Photoelectron induced waves
Motivated by the necklace shape (Obs01) and sudden changes in 150-km echo morphology during a solar flare event (Obs26), Oppenheim and Dimant (2016) investigated the role of photoelectrons in 150-km echoes. A few measurements of photoelectron distributions have shown that between 120–180 km, multiple photoelectron peaks at 5 eV and 22–27 eV exist during the day (e.g., Lee et al., 1980; McMahon and Heroux, 1983).
Their study used kinetic 2-D and 3-D Electrostatic Parallel Particle-in-Cell (EPPIC) simulator (Oppenheim and Dimant, 2013) with a population of photoelectrons. This setup simulates the dynamics of charged particles as they respond to internally generated electric fields with a constant background B. The EPPIC simulations show that the photoelectrons lose energy to electron plasma waves faster than they lose energy due to collisions with neutrals.
Figure 12 show the normalized spectra of electron density fluctuations for three different angles with respect to B (columns) and two runs: (top) background without photolectrons, and (bottom) baseline with photolectrons. The simulations reproduce wide ion-line spectra at angles slightly off-perpendicular to B and narrow spectra perpendicular to B, for both background and baseline simulations.
[image: Figure 12]FIGURE 12 | Electron density spectra at a range of angles with respect to B: (top row) without photoelectrons (“noise case”), and (bottom row) with photoelectrons (baseline case). The frequency is normalized to the plasma frequency (ωpe), and the wave number is normalized to the Debye length (λD) (from Oppenheim and Dimant, 2016, Figure 4).
The energy from the slowing photoelectrons goes into electron waves via inverse Landau and cyclotron damping (e.g., Oppenheim and Dimant, 2016, movie in their supporting information). Comparing the spectra for the two runs shows that energy goes both into plasma waves parallel to B and harmonics of the cyclotron frequency (electron Bernstein modes). These spectra should account for enhanced plasma lines as observed by radars. Even in an undisturbed warm plasma, large incoherent scatter radars receive reflections from thermal fluctuations of ion-acoustic waves, allowing measurements of plasma density, temperature, and composition (e.g., Kudeki and Milla, 2012). To explain majority of 150 km echoes, i.e., NEIS echoes, one needs a ∼10 dB enhancement of low-frequency waves above the background thermal fluctuations at the radar wavelength. Zooming in Figure 12 around the ion-line, the baseline simulations predict just such an enhancement driven by the electron waves. Moreover, enhancements in the ion line are evident at low frequencies (i.e., wavelengths close to 3 m).
Based on these simulations, Oppenheim and Dimant (2016) proposed that 150 km echoes originate due to a multistep process that exists at around 150 km altitude. At these altitudes, UV photons ionize O2 or N2 molecules, creating electrons with energies greatly exceeding the ambient plasma thermal energy of ∼0.03 eV. These photoelectrons will form a bump-on-tail population, but since the distribution is isotropic in 3-D, the bump takes the form of a phase space shell. In an unmagnetized plasma, such a shell should not produce an instability, but the magnetic field breaks the symmetry of the system and leads to energetic particle-driven wave growth through inverse Landau and cyclotron damping. In particular, the shell interacts with the background electrons to generate upper hybrid, electron Bernstein, and Langmuir waves. These electron waves then couple to oblique ion-acoustic waves, perpendicular ω = 0 modes, and lower hybrid modes, generating irregularities that radars detect as 150 km echoes.
This model explains the following features of 150-km echoes:
• (Obs01) They occur only during the day.
• (Obs02) Their necklace shape, since EUV photons penetrate most deeply at noon.
• (Obs13) Observations at 3–5 m Bragg wavelengths, given that high-frequency electron modes decay non-linearly into ion waves, enhancing structures around 3 m wavelengths.
• (Obs16) The existence of oblique echoes with wide spectra.
• (Obs17) All oblique echoes are accompanied by perpendicular ones, i.e., NEIS echoes.
• (Obs26) Their enhancement during a solar flare (Reyes, 2012).
• (Obs27) Their response during a solar eclipse (Patra et al., 2011).
Oppenheim and Dimant (2016) suggested that by invoking resonances the model could explain the layering (Obs03). These resonances could optimize this process at some altitudes and not others, though this argument was not worked out analytically until Longley et al. (2020). Furthermore, they expected that type A echoes (spectral width dependence on SNR) are part of their model results. However, fully testing this hypothesis would require a large number of simulations.
To test this model, Oppenheim and Dimant (2016) suggested that one should compare “solar EUV emission strength with 150 km echo amplitudes.” The solar flux results mentioned above presented by Patra et al. (2017) and Yokoyama et al. (2022), showed that 150-km type B echoes over Gadanki and EAR, respectively, are more frequent and stronger during solar minimum conditions when averaged over a year of measurements. However, the kinetic simulations do not start with photoelectron density but, instead, with an electron velocity distribution, where the detailed structure of that distribution impacts the resulting ion turbulence level and the expected radar echoes. These measurements indicate that higher EUV/X-ray intensities do not necessarily create more unstable photoelectron distribution functions needed to create higher annually averaged occurrence rates of 150-km echoes at the particular altitudes where these radars detect them. The anticorrelation between EUV and echo occurance rate shows the complexity of the system that creates NEIS echoes from photoelectrons. The dramatic changes in 150-km echoes during solar flares also reinforce this point. Lastly, the photoelectron-driven kinetic model does not yet explain type B echoes.
8.2 Photoelectron-driven upper hybrid instability
The pioneering work of Oppenheim and Dimant (2016) as well as the brainstorming discussions at the International Space Science Institute (ISSI) as part of a team to investigate the low-latitude valley region, motivated Longley et al. (2020) to develop a kinetic theory behind photoelectron waves.
The kinetic theory for photoelectron-induced instabilities in the valley region had been previously developed by Basu et al. (1982) and Jasperse et al. (1995). One of the instabilities analyzed in Basu et al. (1982)) is the upper-hybrid instability (UHI), which is generated by inverse Landau and cyclotron damping of a photoelectron bump-on-tail. Jasperse et al. (1995) calculated positive growth rates in the valley region but did not show how the prevalence of the instability can evolve over the day.
Longley et al. (2020) followed these formulations and relaxed the assumptions that limited the applicability of the theories developed by Basu et al. (1982) and Jasperse et al. (1995) in the valley region. Their solution for the thermal population were similar, finding that the primary normal mode is the upper-hybrid (UH) frequency (ωUH) (Basu et al., 1982), i.e.,
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and the primary damping is the collisional damping with a rate,
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where ωpe is the plasma frequency, Ωe = eB/m is the electron gryrofrequency, νm is the collision rate of thermal electrons, and m and q are the electron mass and charge, respectively. The collision rate includes the electron-ion collisions of molecular and atomic species as well as the electron-neutral collisions.
The original expressions in previous works were not valid for regions where ωUH ≈ nΩe, which is important for LLVR since the density and therefore ωpe change with altitude. Therefore, the dielectric functions describing the growth and damping rates needed to be reevaluated. The modified dielectric function when ωUH = nΩe, allows for thermal electrons to Landau and cyclotron damp the UH waves. This new expression does not change the calculation of the UH frequency (Eq. 1) or collisional damping (Eq. 2), however it adds the effect of Landau damping by thermal electrons to the instability, with a damping rate given by (Longley et al., 2020, Eq. 12),
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where [image: image] is the thermal speed, and K the Boltzmann constant. The argument of the exponential is yn = (ωr − nΩe)/(k‖vth), and therefore the thermal Landau damping is maximized when yn = 0 or equivalently ωr = nΩe.
The UHI happens when the resonance condition of ωUH − k‖v‖ − nΩe = 0 occurs for a v‖ within the right part of the photoelectron distribution. This resonance condition allows the photoelectron population to inverse Landau damp (including cyclotron damping for n ≠ 0) and enhance the UH waves, causing an instability. Collisions between photoelectrons and neutrals are infrequent on timescales of 1/ωUH and are neglected. The growth rate of the photoelectron term (γ) is given in Eq. 4 of Longley et al. (2020). The derived expression corrects an error in the factor nΩe/ωUH in Basu et al. (1982) that underestimated the growth rate by 10%–20%. Specific details of the derivation of the three growth and damping rates, i.e., γ, γv, and γLd, are found in Longley et al. (2020).
Figure 13 shows the results of the derived UHI theory using WACCM-X neutral and ionized parameters for a selected day. The results for a single photolectron peak at Eo = 5 eV driving the UHI at λ = 20 cm wavelengths for (a) updamped instability (γ), (b) collisional damping rate (γv), (c) thermal Landau damping rate (γLd), and (d) total growth rate. The combined effect of photoelectron peaks exciting the UHI at a variety of wavelengths is shown in Figure 13E, with overlaid contours of ωUH/Ωe that come from the condition of yn = 0 that maximizes γLd. Note that, these results were obtained assuming the same photoelectron distribution for the whole day and for all altitudes.
[image: Figure 13]FIGURE 13 | (A–D) contribution of different terms to the overall growth rate of the upper hybrid instability (UHI), with E0 = 5 eV, λ = 20 cm, and α = 2°, namely: (A) Undamped instability (γ), (B) collisional damping rate (γv), (C) thermal Landau damping rate (γLd), (D) total growth rate. (E) The summation of growth rates for multiple wavelengths between 20 and 30 cm. The colored regions show where the UHI will occur. The contours of ωUH/Ωe are plotted (blue), showing that gaps in the instability occur where ωUH ≈ nΩe. The horizontal dashed line in each plot corresponds to 130-km altitude, showing the altitude at which collisions suppress the instability (adapted from Longley et al., 2020, Figures 2, 4).
The photoelectron-driven UHI theory developed by Longley et al. (2020) has helped to explain the great majority of observed features, specifically:
• Most of the features explained by the photoelectron simulations (Oppenheim and Dimant, 2016) are also explained with the UHI theory, i.e., Obs01, Obs02, Obs16, Obs17, Obs26, Obs27. Observations at 3–5 m Bragg wavelengths (Obs13) are not yet explained as the UHI excites wavelengths around 20–30 cm.
• (Obs03) Multiple layers. They are a consequence of the Landau damping by thermal electrons at ωUH = nΩe, i.e., at [image: image]. These gaps in the instability correspond exactly to observations in Lehmacher et al. (2020) and Reyes et al. (2020). The dependence of the gaps on ωpe means the morphology of the growth rates is dictated by contours of constant plasma density, Ne.
• (Obs05) Lower altitude boundary. For given atmospheric conditions, the lower boundary of the echoes is defined by collisional damping that suppress the UHI.
• (Obs07) No dependence on the zonal E. The current theory does not have an explicit dependence on the zonal E, i.e., Ex. The Ex is important for both E- and F-region irregularity generation mechanisms (e.g., Fawcett, 1999; Kelley, 2009).
• (Obs08) Wide forbidden regions. They are explained by the Landau damping of thermal electrons at ωUH = nΩe, i.e., integer multiples of the electron gyrofrequency. The wide gaps were heuristically associated also to regions of ωUH = nΩe by Lehmacher et al. (2020), but invoking double resonance condition, where instabilities are suppressed by electron Bernstein modes.
• (Obs10) The day-to-day variability of the general morphology of the echoes is associated to Ne contours.
• (Obs12) The seasonal variability of at least NEIS echoes, in terms of number of layers, lower boundary, etc. is also explained by the seasonal variability of Ne (e.g., Lehmacher et al., 2020).
• (Obs14) The UHI also explains why the echoes occur at low-latitudes, since it requires k‖ < k⊥ to avoid strong thermal Landau damping at all altitudes. At low latitudes, the nearly horizontal magnetic field makes it easy for a radar to look close to perpendicular to B.
• (Obs18) The UHI theory predicts both oblique and almost perpendicular echoes (i.e., NEIS) and given that it predicts most of their features, it also predicts that the majority of echoes are NEIS.
• (Obs20) Given that the UHI theory requires k‖ ≪ k⊥, this theory also explains the angular dependence of NEIS echoes (e.g., Chau et al., 2009).
• (Obs22) Given that NEIS are explained by the UHI theory, and that NEIS echoes when observed perpendicular to B with finite volume beams would exhibit a spectral width that increases with increasing SNR, the riddle that the majority of echoes are type A, is also explained.
• (Obs25) The connection to electron density is strong in the UHI theory. Besides the forbidden zones, the much lower altitude during a solar flare event is also an example of such a connection. Namely, the growth rate varies linearly with both photoelectron and thermal electron density, which both increase during a solar flare, overcoming the collisional damping at lower altitudes.
The Longley et al. (2020) model does not accurately model UH waves at higher altitudes, above [image: image] km, because it does not yet have an accurate photoelectron model. Currently it applies the same, highly simplified, photoelectron model at all altitudes. A more accurate model, because of variable photoionization rates, would have a distribution that changes as a function of altitude and time. Adding this should improve the modeling of the higher altitudes.
In Section 9, we discuss the main observational features that are not currently explained by the UHI theory. One of those features is Obs13. The current theory predicts instability at high frequencies (∼MHz) and short wavelengths (20–30 cm), instead of the observed wavelengths (i.e., 3–5 m) and frequencies (∼kHz). For the UHI to cause 150-km echoes, some mechanism must cascade the energy from the electron scale waves to the observed ion scale waves. The kinetic simulations by Oppenheim and Dimant (2016) showed that this mode conversion does occur in a photoelectron-driven instability, but the exact mechanism is unknown. Non-etheless, a further generalization of this UHI theory not requiring k‖ ≪ k⊥ has been developed by Longley et al. (2021) to explain power striations in Arecibo plasma line measurements, and provides more accurate calculations of the UHI growth rates.
8.3 Other considerations
Previous to the aforementioned modeling and theory developments invoking photoelectrons, a variety of qualitative arguments were provided to try to explain different features of 150-km echoes. Based on the minute-scale temporal structures (Obs04) local and non-local neutral gravity waves at different scales have been invoked (e.g., Røyrvik, 1982; Kudeki and Fawcett, 1993; Patra, 2011; Patra et al., 2020b). Their contributions have been qualitatively attributed to: (a) modulating Ne, creating significant density gradients and depletions, and (b) providing strong shears in the neutral wind. These effects could generate FAIs via, for example, cross-field interchange instability processes (e.g., Kudeki and Fawcett, 1993; Tsunoda, 1994).
Metallic ions in the LLVR have been also invoked to explain the 150-km FAIs, i.e., type B echoes (e.g., Tsunoda and Ecklund, 2008; Patra, 2011). If present, metallic ions could reduce the incoherent scatter spectral width by 20% (Tepley and Mathews, 1985) or increase the recombination time scale given that they are heavier than the more abundant molecular and atomic ions. The metallic ions could be arranged in intermediate layers, which in turn might be the result of neutral tides (Patra, 2011). The metallic ions are expected to be of meteoric origin. Therefore given that meteor ablation rate is higher during solar minimum (Campbell-Brown, 2019) and meteor-fluxes maximize in local summer (e.g., Janches et al., 2006), their presence might explain the observed solar and seasonal variability of type B echoes.
The sub-minute (Obs11) as well as the minute-scale (Obs04) structures have motivated researchers to look into the possible role of meridional modulation. The particular B field configuration at low latitudes of the LLVR, i.e., LLVR lines connected to D- and E-regions to the north and south, suggest that such modulation could be through field-aligned currents (e.g., Chau and Kudeki, 2013). The geometric configuration, local (LLVR region) and non-local (E region) wind dynamics and conductivites, could produce low frequency electromagnetic waves traveling at the Alfvén speed (e.g., Reyes, 2017, Chapter 5). The importance of the LLVR mapping to E-region altitudes have been also suggested by many works, including the role of sporadic E layers in regions connecting to the LLVR (e.g., Tsunoda, 1994; Tsunoda and Ecklund, 2004, 2007; Patra et al., 2011).
Although all these efforts have been qualitative, some of the suggestions might be important to solve the remaining riddles. Specifically, one should consider the role of (a) density gradients, (b) metallic ions, and (c) field-aligned currents. Some of them might be the consequence of local and non-local neutral dynamics (e.g., gravity waves, stratified turbulence) that in turn contribute to the electrodynamics of the region.
9 DISCUSSION AND SUGGESTIONS
Despite 150-km echoes being first observed in the early 1960s, their fundamental physical mechanisms were only recently identified. The recent modeling of Oppenheim and Dimant (2016); Pedatella et al. (2019); Lehmacher et al. (2020) and theoretical analysis of Longley et al. (2020), as well as the new observations of Patra et al. (2018); Lehmacher et al. (2020); Reyes et al. (2020) have helped researchers understand the origin of many of the features of 150-km echoes. Non-etheless, many important riddles remain about the structure and observations of 150-km echoes.
9.1 Solved riddles
Figure 14 presents a sketch of the geometric conditions and background considerations of the daytime LLVR. It points out the key features and parameters that have been mentioned previously, including some of the potential key aspects (in red) to be considered in future quantitative efforts.
[image: Figure 14]FIGURE 14 | North-South sketch of 150-km geometry over Jicamarca. Magnetic field lines connecting altitudes of 140,150, 160, 170 km over Jicamarca to 100 km to the north and south, are indicated. The highly conducting daytime E region and the 150-km region are shaded with different patterns. Text in red indicate potentially missing parameters to understand remaining features of 150-km echoes (adapted from Reyes, 2017, Figure 5.15).
Currently, the UHI theory and EPPIC simulations with photolectrons explain two-thirds of the listed riddles in Table 1 (18 out of 27). Significant progress has definitely been accomplished in recent years.
As discussed in Longley et al. (2020), a few other riddles could be explained by the UHI theory if better background information is provided. For example, we expect that higher resolution WACCM-X could resolve short-time scale Ne variability and therefore the minute scale variability on 150-km echoes (see, e.g., Figure 10). A better representation of the photoelectron distribution, including its altitude and time variability with relatively high resolution (e.g., a few hundred meters and a few minutes), could help to explain the upper boundary (Obs06) and perhaps the narrow forbidden regions (Obs09). Recall, that an ad hoc distribution that is constant in altitude and time was used in Figure 13E. Unfortunately, measurements of photoelectron distributions are scarce. In addition, their actual peaks (and wavelengths) are not only a function of solar radiation but also of atmospheric chemistry and transport (e.g., Varney et al., 2012, and references therein).
One major question remains: How are the low frequency ion waves detected by radars generated? The current UHI theory does not explain the conversion of electron scale waves to the observed ion scale waves. As suggested by Oppenheim and Dimant (2016), the enhanced electron waves appears to couple to ion-acoustic waves non-linearly. Adding weak turbulence theory (e.g., Nicholson, 1983; Forme, 1999) to the UHI theory might help to explain this mode conversion. However, analytical calculations of the connection between UHI and ion waves may prove so difficult that only computational analyses will yield any results.
Besides the natural curiosity to understand the echoes, these echoes represent an observational window to explore the poorly known LLVR (see Section 2). Their Doppler shifts have contributed to a number of aeronomy studies by providing measurements of the F-region mean vertical drifts on a long-term basis to develop empirical models (e.g., Alken, 2009), or to study selected events like ionospheric effects during sudden stratospheric warmings (e.g., Chau et al., 2010a; Patra et al., 2014). Furthermore, 150-km drifts have been used to train and validate neural networks to estimate vertical drifts from magnetometer data (e.g., Anderson et al., 2006; Chaitanya and Patra, 2020),
Solving the remaining riddles could allow the use of the echoes to diagnose other LLVR parameters. For example, (a) high resolution Ne measurements from the wide forbidden gaps, (b) plasma temperatures from oblique NEIS spectra, (c) neutral wind forcing from the temporal evolution of the gaps and the echo structures.
9.2 On the unsolved riddles
From all the unsolved riddles, we consider that the three most important questions still unsolved are: (a) how is the enhancement of NEIS echoes modulated or suppressed (Obs04, Obs11), (b) what are the physics behind FAIs (type B) (Obs19, Obs23), and (c) what is the frequency dependence of NEIS and FAI echoes (Obs24). We believe that solving these three questions, might help to understand the remaining riddles (e.g., zonal asymmetry (Obs15) and solar variability (Obs23) of type B echoes).
Previously, Chau and Kudeki (2013) suggested that the modulator and suppressant of 150-km enhancements might be due to photoelectrons and field-aligned currents. The photoelectron distributions have been shown to be important, but neither the EPPIC simulations nor the UHI theory have included the effects of field-aligned currents. These currents could be the results of complex neutral dynamics acting in the region along B lines.
The UHI theory does not explain the existence of perpendicular-only echoes (type B) since inverse Landau and cyclotron damping cannot occur strictly perpendicular to the magnetic field. However there must be some common governing physics between echoes, given that they share many features (e.g., forbidden regions, necklace shape, daytime, etc.). FAI echoes might be initially NEIS echoes that have gone unstable as the pole describing the equilibrium spectrum of NEIS crosses over from the stable side of the complex frequency plane into the unstable one. This transition cannot be explained by the UHI mechanism, and likely relies on some localized chemistry (e.g., metallic ions), that in turn is the result of neutral dynamics (e.g., tides), similar to the case of sporadic E.
The third major unsolved question, i.e., frequency dependence, might be answered, at least for the NEIS echoes, by improving the EPPIC simulations as well as the UHI theory. In the case of EPPIC simulations higher resolution, more accurate photoelectron distributions and more realistic collisions should help characterize the NEIS at the observed (and not observed) wavelengths. Longley et al. (2020), suggested that incorporating weak-turbulence theory (non-linear terms) to the UHI theory might also help to understand the frequency dependence of NEIs while explaining how the electron modes excited by the UHI convert to the observed ion modes.
9.3 Suggested future observations
To solve all three questions a combination of new observations as well as new developments in simulations and theory are needed. Some qualitative suggestions for simulations and theory improvements have been mentioned above.
In the case of new measurements, here we list some challenging suggestions:
• Multi-frequency and multi-beam along B collocated observations would help to quantify NEIS and FAI echoes occurrence, their relation to type A and type B, and their frequency dependence. These observations could be realized at JRO, Gadanki and perhaps the proposed equatorial MU radar (e.g., Yamamoto et al., 2014), given their sensitivity and beam-pointing capabilities.
• High sensitive ion-line and plasma-line measurements at higher frequencies at ALTAIR. As mentioned above current incoherent scatter measurements of the daytime valley region over ALTAIR have not reported any indication of 150-km echoes (e.g., Kudeki et al., 2006). High sensitive experiments, e.g., maximizing duty cycle and staying at a fix angle for a longer time, should be conducted to confirm the absence or present of 150-km echoes. Even if the echoes are not observed, plasma-line experiments should reveal enhanced plasma lines in the 150-km region in accordance to the existing UHI theory. These experiments might require the use of parallel acquisition system with a relative wide band (±∼5 MHz).
• Daytime lidar measurements covering the LLVR altitudes. High sensitive resonance lidars have been shown to sample these altitudes, at least at night over different latitudes (e.g., Chu et al., 2021, and references therein). Since ground-based lidars require clear-sky conditions, any location at low latitudes would be good, but collocated with a high-power large-aperture radar would be better.
• In situ measurements of electron densities be s, electric fields, currents, and photoelectron distributions would contribute to solve the remaining riddles as well as to verify or challenge the existing theories. They could be performed locally via dedicated rocket campaigns at low latitudes, preferably around a high-power large-aperture radar, or globally on board very low Earth orbiting satellites (e.g., Sarris et al., 2020). Previous LLVR rocket measurements have not shown signatures typically associated to FAIs, however knowing that FAIs do not occur as frequent as NEIS, future observations should be focused on identify NEIS signatures. These considerations are relevant for the recent white paper related to a future rocket campaign under the magnetic equator, that includes research of 150-km echoes (Space-Science-Community, 2018).
• High resolution temporal winds at lower ionospheric altitudes (i.e., 90–120 km) connecting to LLVR altitudes, both north and south, would be needed to understand the observed Ne variability and possibly to characterize field-aligned currents. Ground-based measurements are being pursued with multistatic specular meteor radars (e.g., Chau et al., 2021) but only up to 100–105 km altitude. Satellite measurements, like those from ICON/MIGHTI (e.g., Englert et al., 2017; Harding et al., 2021), could be a good complement if they are routinely made over JRO and with a processing that allows strong horizontal wind shears.
• Three-dimensional radar imaging measurements of 150-km echoes at JRO. Initial 2D imaging experiments have shown that 150-km echoes present kilometer-scale structures in the east-west direction (i.e., transverse to B. Given the modularity of JRO’s main array and the wide SNR range of 150-km echoes, MIMO (Multiple-Input, multiple-output) techniques can help implementing 3D radar imaging with unprecedented resolution (e.g., Urco et al., 2018, 2019). We expect these measurements also to contribute to the separation of NEIS and FAIs and possibly understand their spatial behavior and evolution.
• New and improved measurements of 150-km echoes at other longitudes with less sensitive systems. Less sensitive systems like the 30-MHz systems at Sao Luis and Gadanki (e.g., Rodrigues et al., 2011; Patra et al., 2018) might contribute to study the longitudinal dependence of the echoes. From the UHI theory, a longitudinal dependence is expected given the longitudinal dependence of B (e.g., Alken et al., 2021). For example, the separation between wide gaps should be larger over Gadanki than Jicamarca for the same Ne profile, given Gadanki’s ∼66% larger |B|. The Doppler shifts from these systems will also contribute to the understanding of the longitudinal behavior of other low-latitude aeronomy processes (e.g., Kelley et al., 2007; Stolle and Liu, 2014; Yamazaki et al., 2017).
A full understanding of daytime LLVR echoes is far from being achieved. Their complete knowledge may well represent the last unexplored Frontier in the theory of fluctuations in a plasma teetering at the edge of thermal equilibrium (Chau and Kudeki, 2013).
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