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The impact of meridional winds on the onset and evolution of equatorial plasma bubbles (EPBs) is reviewed. The conventional wisdom had been that transequatorial meridional winds have a stabilizing effect on the development of EPBs during equatorial spread F (ESF). However, this result is based on a uniform transequatorial meridional wind. Subsequently, it was demonstrated that a non-uniform meridional wind could have a stabilizing or destabilizing effect on EPB formation depending on the direction of wind gradient. The destabilization of EPBs associated with equatorward flowing meridional winds has recently been investigated during a midnight temperature maximum event and a geomagnetic storm. Although the neutral wind is a direct destabilizing influence in these cases, the large decrease in the Pedersen conductance caused by meridional equatorward winds is the primary reason for the large increase in the growth rate of the generalized Rayleigh-Taylor instability. We review the theoretical and modeling studies of this topic as well as observational studies that have been made to assess the relationship between meridional winds and ESF.
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1 INTRODUCTION
The subject of the impact of meridional winds on the development of equatorial plasma bubbles (EPBs) has received considerable attention over the last 35 years (Huba and Krall, 2013; Huba et al., 2023; Huba and Lu, 2024). The generalized Rayleigh-Taylor instability (GRTI) (Sultan, 1996; Huba, 2022) is believed responsible for the generation of EPBs (Booker and Wells, 1938; Haerendel, 1974; Hysell, 2000) and a number of theoretical studies have focused on the impact of meridional winds on the GRTI to assess their role in EPB development.
The first study was performed by Maruyama (1988). He demonstrated that a uniform transequatorial meridional wind enhances the field-line integrated Pedersen conductivity and that this can reduce the growth rate of the generalized Rayleigh-Taylor instability. Zalesak and Huba (1991) extended the analysis of Maruyama (1988) to consider the direct effect of the wind on the development of the instability. They found that, in fact, the instability can be completely stabilized for a sufficiently strong meridional wind. These results were borne out in a 3D simulation study by Krall et al. (2009).
The work of Maruyama (1988) spurred interest in observational studies to assess the relationship between meridional winds and equatorial spread [image: image] (ESF). The study by Mendillo et al. (1992) was limited to only two nights but the observations suggested the meridional wind suppressed (ESF) on one of the nights. A subsequent study (Mendillo et al., 2001) did not find convincing evidence for the “wind suppression” mechanism for ESF. In contrast, the observational study by Abdu et al. (2006) concluded that magnetic meridional winds negatively influence ESF development by reducing the pre-reversal enhancement electric field and direct suppression of the instability. Yet in other studies, Devasia et al. (2002) and Jyoti et al. (2004) found that under certain circumstances equatorward neutral winds appeared to be needed for ESF to develop. Thus, the observational studies of the impact of meridional winds on EPB development is mixed: in some cases the wind appears to suppress ESF, and in other cases the wind appears necessary to generate ESF.
A possible resolution to these “conflicting” observations was suggested by Huba and Krall (2013). They revisited this problem and demonstrated that a non-uniform meridional wind could have a stabilizing or destabilizing effect on EPB formation depending on the direction of wind gradient. Thus, the exact nature of the meridional wind is a key factor in how it affects the development of EPBs.
Recently, Huba et al. (2023) and Huba and Lu (2024) focused on equatorward flowing neutral winds and showed that they can be very destabilizing and generate EPBs. The primary reason for the large increase in the growth rate of the GRTI is a large decrease in the Pedersen conductivity. This is in contrast to the work of Maruyama (1988) who found that a uniform transequatorial meridional wind increased the Pedersen conductivity which led to a decrease in the growth rate of the GRTI.
We review the aforementioned theoretical and modeling studies, as well as the observational studies relating measurements of the meridional wind to the onset and evolution of ESF.
2 THEORY
The theory of the stabilizing effects of meridional winds on the Rayleigh-Taylor instability was first developed by Maruyama (1988) and expanded upon by Zalesak and Huba (1991). Krall et al. (2009) elaborated on the theory and confirmed the stabilizing influence of meridional winds on the GRTI through numerical simulation studies using SAMI3/ESF (Huba et al., 2008). Recently, a more thorough analysis of the GRTI was presented by Huba (2022).
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Gravity being directed downwards, [image: image] and [image: image] is always positive (destabilizing) in the bottomside [image: image]-layer. [image: image] provides both positive and negative contributions depending on the sign of [image: image]; here, [image: image] is the meridional wind and [image: image] is the E [image: image] B drift in the meridional plane.
In Figure 1 we show a schematic indicating the important factors that affect the growth rate of the Rayleigh-Taylor instability associated with a meridional wind. In this figure we show a meridional wind (dark blue vector) in the northward direction and an upward density gradient (dark green vector) in the bottomside [image: image] layer. The components of the meridional wind relative to the geomagnetic field are also shown: [image: image] is the component along the geomagnetic field and [image: image] is the component transverse to the geomagnetic field.
[image: Figure 1]FIGURE 1 | Schematic of the impact of meridional wind components on the growth rate and conductivity.
First, the component of the neutral wind along the geomagnetic field [image: image] alters the local conductivity because of collisional drag on the ions. When the wind moves the plasma to higher altitudes [image: image] the conductivity is decreased and when the wind moves the plasma to lower altitudes [image: image] is increased. For a uniform meridional wind this leads to an increase in the field-line integrated Pedersen conductivity (for the ionosphere-thermosphere models used in Maruyama (1988); Krall et al. (2009)). This reduces the growth rate of the instability because [image: image] is in the denominator in Equation 1 and is the stabilizing effect first recognized by Maruyama (1988). However, if the meridional wind has a gradient such the [image: image] this stabilizing effect is mitigated or possibly reversed. Alternatively, if [image: image] then the stabilizing effect is amplified (Huba and Krall, 2013).
Second, the component of the neutral wind transverse to the geomagnetic field [image: image] is a stabilizing influence when [image: image] which is the case for [image: image]; it is a destabilizing influence when [image: image] which is the case for [image: image]. The affect on the growth rate is complicated because it involves the field-line integration of neutral wind weighted by the Pedersen conductivity as shown in Equation 3. For the case of a uniform neutral wind, the stabilizing influence dominates and can completely stabilize the instability for a sufficiently strong meridional wind. This is the stabilizing effect described by Zalesak and Huba (1991). However, non-uniform meridional winds can have a destabilizing affect on the instability when [image: image], i.e., [image: image] in Figure 1. This effect is especially pronounced for the case of equatorward winds when the meridional wind both reduces the field-line integrated conductivity and is directed opposite to the density gradient (Huba and Krall, 2013).
3 MODELING
Krall et al. (2009) performed an extensive simulation study of the impact of the meridional wind on the development of equatorial plasma bubbles (EPBs). They used a constant transhemispheric meridional wind and their results confirmed the results of Maruyama (1988) and Zalesak and Huba (1991). As an example we show Figure 2 which plots the maximum vertical E [image: image] B velocity ([image: image]) as a function of time for different values of the meridional wind. The slope of each curve is a proxy for the growth rate. As the meridional neutral wind speed increases the slope of each curve up to 50 m/s decreases indicating a stabilizing effect. For the case where the wind speed is 60 m/s the slope is negative indicating the instability is completely suppressed as suggested by Zalesak and Huba (1991).
[image: Figure 2]FIGURE 2 | Line plots showing [image: image] versus local time for no wind (solid), 20 m/s (dashes), 40 m/s (long dashes), and 50 m/s (dash-dot), and 60 m/s (lower solid line). [from Krall et al. (2008)].
Huba and Krall (2013) expanded the previous work of Krall et al. (2009) to include an inhomogeneous meridional wind; they demonstrated that, depending on the direction of the latitudinal gradient of the wind, the meridional wind could be stabilizing or destabilizing. Specifically, a wind profile with a positive gradient as a function of latitude [image: image] is a stabilizing influence on the generalized Rayleigh-Taylor instability; however, a wind profile with a negative gradient [image: image] can have a destabilizing influence. Here, [image: image] is the meridional wind and [image: image] is the geographic latitude and is positive towards the north pole.
As “extreme” cases, they considered equatorward flowing winds [image: image] and poleward flowing winds [image: image]. The wind profile used was
[image: image]
where [image: image] 40 m/s and [image: image].
The results are shown in Figure 3 where the labels [image: image] and [image: image] refer to equatorward winds and poleward winds, respectively. Figure 3A shows the meridional wind profiles as a function of latitude based on Equation 4. Figure 3B shows the maximum upward [image: image] drift as a function of time for the equatorward case and poleward case meridional wind profiles. The case for no meridional wind is labeled “0” (dashed curve). The growth times of the instability in each case is as follows: 80eq (13 min), 0 (22 min), and 80po (41 min). Thus, the equatorward meridional wind profile is destabilizing while the poleward meridional wind profile is stabilizing relative to the case of no meridional wind.
[image: Figure 3]FIGURE 3 | Plots of (A) the meridional neutral wind profiles as a function of latitude for [image: image] m/s, and (B) maximum upward [image: image] drift velocity as a function of time. [from Huba and Krall (2013)].
The contrast in the development of the generalized Rayleigh-Taylor instability for the equatorward and poleward meridional wind cases is exemplified in Figure 4. Electron density contours are shown at time [image: image] 20:44 LT as a function of longitude and altitude for cases 80eq (top) and 80po (bottom). The equatorward flow case has a well-developed plasma bubble that extends to almost 800 km while the poleward flow case has only developed a minor density undulation on the bottomside [image: image] layer.
[image: Figure 4]FIGURE 4 | Contour plots of the electron density at time [image: image] 20:44 LT for the cases 80eq (top) and 80po (bottom). [from Huba and Krall (2013)].
The modeling results described above were based on the SAMI3/ESF code (Huba et al., 2008) which models a narrow range of longitude at night; nominally about [image: image] in longitude as shown in Figure 4. Recently, progress has been made in modeling the development of EPBs on a global scale (Huba and Liu, 2020) using the coupled SAMI3/WACCM-X code. Specifically the SAMI3 model (Huba and Joyce, 2010) has been one-way coupled to the global whole earth model WACCM-X (Liu et al., 2018). Here, the thermospheric variables (i.e., neutral densities, temperature, and winds) calculated by WACCM-X are used as inputs to SAMI3. There is no feedback from SAMI3 to WACCM-X though. The global models are run at high resolution in both latitude and longitude ([image: image] [image: image]–[image: image]) which corresponds to grid scales [image: image] 50–70 km.
Huba et al. (2023) investigated the development of an EPB during a period of low geomagnetic activity at solar minimum near the summer solstice using the coupled SAMI3/WACCM-X code. The parameters used were for August 22 with F10.7 = 71.6, F10.7A = 72.4, Ap = 6 and Kp = 1. The role of the meridional wind on the EPB growth is highlighted in Figure 5 which shows contour plots of the electron density (a, b), E × B velocity (c, d), zonal neutral wind (e, f), meridional neutral wind (g, i), latitude derivative of the meridional neutral wind (h, j), and neutral temperature (k, l) at times 11:59 UT (left panels) and 12:29 UT (right panels) as a function of latitude and altitude at longitude [image: image]. As stated in Huba et al. (2023) we note the following. The early uplift of the EPB is apparent in Figure 5A at latitude [image: image] with the development of ionization crests at [image: image] as well as the enhanced E [image: image] B drift in the flux tubes with apex heights [image: image] 400–500 km. At this time, there is also a reduction in both the zonal neutral wind (Figure 5E) and meridional neutral wind (Figure 5G). The meridional neutral wind is “equatorward” at latitude [image: image] [image: image], i.e., it is directed northward for [image: image] and is directed southward [image: image]. This leads to a strong (negative) meridional gradient as well as an increase in the neutral temperature (Figure 5K) (i.e., midnight temperature maximum). Thirty minutes later, at 12:29 UT, the EPB has now fully developed and risen to [image: image] 600 km (Figure 5B). The E [image: image] B drift inside the EPB has increased substantially to [image: image] 180 m/s (Figure 5D). The zonal neutral wind remains relatively weak (few 10 s m/s) at [image: image] (Figure 5F) but the meridional neutral wind is northward with a velocity [image: image] 200 m/s (Figure 5H) at [image: image]. The derivative of the meridional neutral wind has significantly decreased (Figure 5I) at this latitude and the peak has shifted northward. Lastly, there is a relatively broad midnight temperature maximum in latitude (Figure 5L) (Herrero et al., 1993). Additionally, Meriwether et al. (2008) show both positive and negative gradients in the wind at ∼ 19:30 LT over Arequipa, Peru. They found converging (i.e., equatorward) neutral wind flows 1–2 hrs prior to the MTM. We note that there were several other bottom side irregularities in longitude away from [image: image] that did not develop EPBs. The important difference is that there were strong “equatorward” flows at [image: image] and not at the other longitudes with irregularities.
[image: Figure 5]FIGURE 5 | Contour plots of the electron density (A, B), E [image: image] B velocity (C, D), zonal neutral wind (E, F), meridional neutral wind (G, I), latitude derivative of the meridional neutral wind (H, J), and neutral temperature (K, L) at times 11:59 UT (A, C, E, G, I) and 12:29 UT (B, D, F, H, K) as a function of latitude and altitude at longitude [image: image].
The reason for the development of the EPB in Figure 5 is described in Figure 6 from Huba et al. (2023). This figure shows line plots of the (a) electron density [image: image], E [image: image] B velocity [image: image], derivative of the meridional neutral wind [image: image], and (b) the Pedersen conductance as a function of time at longitude [image: image] and altitude 400 km, as well as (c) the maximum GRTI growth rates ([image: image]) in the altitude range 250–800 km and the Pedersen conductance. In Figure 6A the electron density reaches a minimum of [image: image] 2 [image: image] [image: image] at 12:15 UT and the E [image: image] B velocity reaches a maximum of 120 m/s at 12:30 UT. Significantly, the derivative of the meridional neutral wind reaches a minimum of [image: image] −70 m/s/deg at 12:00 UT. In Figure 6B we see a large increase in the GRTI growth rate [image: image] starting at [image: image] 11:45 UT and peaking at [image: image] 12:15 UT. During this period there is over an order-of-magnitude decrease in the Pedersen conductance [image: image]. Decomposing the growth rate into the gravitational [image: image] and wind/drift [image: image] components we find that the dominant driving term is gravity; the wind/drift term leads to a positive growth rate but is much smaller than that associated with gravity. The reason for this is the large decrease in the Pedersen conductance that affects [image: image] much more than [image: image] as evident in Equations 2, 3.
[image: Figure 6]FIGURE 6 | Line plots of (A) the electron density [image: image], E × B velocity [image: image], derivative of the meridional wind [image: image], (B) the maximum GRTI growth rates ([image: image]) in the altitude range 250–800 km. Here, local midnight is at 11:12 UT and the midnight temperature maximum (labeled MTM) occurs at [image: image] 01:18 LT.
The aforementioned simulation study was for quiet geomagnetic conditions and generated a single EPB that rose to [image: image] 600 km. However, a recent simulation study of the September 2018 (Huba and Lu, 2024) found that a series of large-scale EPBs formed in the western Pacific sector during the recovery phase of the storm on 8 September 2017. They attributed this behavior to large, equatorward flowing neutral winds caused by high latitude heating of the thermosphere during the storm.
The simulation used the coupled SAMI3/WACCM-X code to model the days 6–8 September 2017. The geophysical parameters considered are F10.7 = 134.9, 130.4, 118.5, F10.7A = 84.3, 84.3, 84.3, and Ap = 8, 36, 106 for each day, respectively. In Figure 7 contour plots of the electron density (a, e), meridional wind (b, f), E [image: image] B drift (d, h) (all at 494 km), and the Pedersen conductance (c, g) on September 8 are shown. The left panels (a, b, c, d) are at 14:14 UT and the right panels (e, f, g, h) are at 15:29 UT. There are “weak” EPBs evident in the longitude range [image: image] W to [image: image] W evident in Figure 7A; these are fossil EPBs that had formed earlier at 13:59 UT Of note, there are strong equatorward flowing meridional winds in the northern hemisphere between [image: image] E and [image: image] W and in the southern hemisphere between [image: image] E and [image: image] W in Figure 7B. There is a decrease in the Pedersen conductance in both the low- and mid-latitude regions associated with the equatorward winds as indicated in Figure 7C. Lastly, there is an increase in the E [image: image] B drift perpendicular to the magnetic field in the meridional plane (i.e., at the magnetic equator the drift is vertical while at mid-latitudes it has vertical and latitudinal components) in Figure 7D.
[image: Figure 7]FIGURE 7 | Contour plots of the electron density (A, E), meridional wind (B, F), E [image: image] B drift (D, H) (all at 394 km), and the Pedersen conductance (C, G). The left panels (A–D) are at 14:14 UT and the right panels (E–H) are at 15:29 UT.
Figures 7E–H correspond to Figures 7A–D but 75 min later at 15:29 UT. The equatorward meridional winds in Figure 7F have become more intense closer to the equator as well as a reduction in the Pedersen conductance at low- to mid-latitudes. However, the most striking features that have developed are shown in Figures 7E, H. In Figure 7E a span of EPBs developed in the longitude range [image: image] [image: image] E to [image: image] E; several extend in latitude from [image: image] −[image: image] to [image: image]. Subsequently, several EPBs rise to over 2,000 km. Attendant with these EPBs are large E [image: image] B velocities that exceed 200 m/s as shown in Figure 7H.
4 OBSERVATIONS
The initial observational studies of the relationship between transhemispheric meridional winds and ESF focused on the suppression of ESF because of the work by Maruyama (1988). Mendillo et al. (1992) performed a two-day case study using the ALTAIR radar and optical imaging data. They found that ESF was suppressed on the first night (14 August 1988) but not the next night (15 August 1988). They attribute the suppression of ESF on the first night to a north-to-south meridional wind based on a reduction of the northern meridional gradient in 6,300 Å airglow. A subsequent study by Mendillo et al. (2001) during the Multi-Instrumented Studies of Equatorial Thermospheric Aeronomy (MISETA) campaign found “no convincing evidence for the wind suppression mechanism.”
Thampi et al. (2006) developed a prediction parameter [image: image] based on observations that combined electrodynamic processes and meridional winds. The former is related to the E [image: image] B uplift of the ionosphere due to the pre-reversal enhancement of the eastward electric field and the latter to the asymmetry in the equatorial ionization crests (EIA) caused by the transhemispheric wind. They reported that an “EIA asymmetry alone does not suffice to make a deterministic forecast for the generation of ESF on a given day” because ESF was not observed on some days with a strong EIA asymmetry while observed on other days with a strong EIA asymmetry. This supports the suggestion that the actual behavior of the meridional wind can enhance or suppress ESF.
Maruyama et al. (2007) developed an ionosonde network in the Southeast Asian sector consisting of a meridional chain and a pair near the equator designed to estimate the meridional wind based on nighttime ionospheric height variations. Maruyama et al. (2009) used this network to infer the meridional winds for the spring and fall equinoxes in 2004 and 2005, and correlated the results with the occurrence of equatorial irregularities. They found that the transequatorial meridional winds were larger in September than March, and suggested that this was why equatorial irregularities occurred less frequently in September than in March. Numerical simulations were performed using the SAMI3/ESF model to support this contention. A Brazilian study during 1999 and 2001 by Abdu et al. (2006) also concluded that magnetic meridional winds negatively influence ESF development by reducing the pre-reversal enhancement electric field and direct suppression of the instability.
On the other hand, Devasia et al. (2002) and Jyoti et al. (2004) found that under certain circumstances equatorward neutral winds appeared to be needed for ESF to develop. Specifically, Devasia et al. (2002) argued that when the h’F base height of the [image: image]-layer is below 300 km, equatorward winds appear necessary to trigger ESF. However, they suggest that under these conditions there is a downward neutral wind that amplifies the instability; they did not consider changes in the conductance that could impact the instability. Jyoti et al. (2004) found a similar result and suggested that the effect of an equatorward neutral wind impacted the equatorial ionization anomaly (EIA), the equatorial temperature and wind anomaly (ETWA), and neutral dynamics to effectively enable instability at lower h’F heights (<300 km) via a downward wind (Sekar and Raghavarao, 1987).
Sreekumar and Sripathi (2016), Sreekumar and Sripathi (2017) studied nighttime thermospheric meridional winds in the Indian sector during the period March–December 2013. They derived the wind structure based on the h’F and hpF2 methods using ionosonde data. Comparing the results of the two methods to the HWM07 empirical wind model, it was found that the h’F was in better agreement. They related their h’F wind measurements to GPS scintillation data (i.e., an indicator of equatorial spread [image: image]) and found that longer duration scintillation events were associated with equatorward winds while non-scintillation days the winds were poleward.
Gao et al. (2023) studied the relationship between geomagnetic substorms and the occurrence of equatorial spread [image: image]. They used Jicamarca incoherent and coherent (JULIA) radar measurements to identify periods of equatorial spread [image: image], and an AL-based identification algorithm (Newell and Gjerloev, 2011) to identify substorm activity. They find a distinct correlation between ESF and substorms. Specifically, in the post-sunset sector (1,800–2,400 LT) the ESF occurrence rate was a maximum [image: image] 0.5 h after sunset, while in the post-midnight sector (0000–0006 LT) it was [image: image] 3.0–3.5 h after midnight. They attributed the former to a prompt penetration field enhancing the pre-reversal upward E [image: image] B drift, and the latter to the disturbance dynamo electric field generating an upward E [image: image] B drift. This last result is consistent with the stormtime simulation study by Huba and Lu (2024). In particular, an upward E [image: image] B drift developed prior to the development of post-midnight EPBs on the storm day (shown in their Figure 5C). On the previous (non-storm) day the post-midnight drift was negative.
Zhan and Rodrigues (2018) investigated the dynamics of equatorial spread [image: image] in the American sector during the June solstice. Using incoherent scatter radar measurements and the ionosphere model SAMI2 (Huba et al., 2000) in conjunction with GRTI theory they also found that equatorward meridional winds are destabilizing. However, in their analysis they found that the equatorward winds increased the conductance and that the increase in the GRTI growth rate was attributed to a modification of the electron density profile.
5 DISCUSSION
Although not surprising, the results of this paper highlight the potential importance of meridional neutral winds in the development of EPBs during equatorial spread [image: image]. Nominally, EPBs form in the post-sunset sector and are usually associated with enhanced upward E [image: image] B drifts (e.g., [image: image] 30 m/s) driven by the pre-reversal eastward electric field (e.g., Hysell et al., 2015). For this situation it is not clear meridional winds play a significant role in the development of ESF. However, during periods of low solar activity (e.g., F10.7 [image: image] 80) the post-sunset E [image: image] B is typically small (Scherliess and Fejer, 1999) and ESF is unlikely to occur. On the other hand, for example, there are observations of ESF occurring in the post-midnight sector during solar minimum conditions (during the June solstice) in the absence of post-sunset EPBs (Heelis et al., 2010; Li et al., 2011; Zhan et al., 2018). During these periods it appears that the meridional wind can play a pivotal role in the generation of EPBs at the onset of ESF (Huba et al., 2023).
It also appears meridional winds can play a dramatic role in the development of large-scale EPBs during magnetic storms (Gao et al., 2023; Huba and Lu, 2024). During geomagnetic storms, heating of the thermosphere at high-latitude generates strong modifications to both the zonal and meridional winds that propagates equatorward over a period of several hours. This can lead to an upward E [image: image] B drift in the midnight sector because of modification of the zonal wind, and to an enhancement in the growth rate of the GRTI associated with the reduction in conductance caused by equatorward neutral winds.
The dominant theme of this review is that meridional winds can affect the onset and evolution of EPBs during ESF, primarily by modification of the conductance which directly impacts the growth rate of the GRTI. This doesn’t necessarily obviate the possibility of other factors playing a roll such as seeding mechanisms (e.g., gravity waves), modification of the lower [image: image] layer gradient, or downward vertical winds. Moreover, the state of the ionosphere-thermosphere system is also a factor. For the theoretical and modeling studies described in this review, equatorward winds decrease the conductance while poleward winds increase the conductance as shown in Figure 1. It is possible that this is not always the case (e.g., Zhan and Rodrigues, 2018) and the blanket statement that “equatorward winds promote the development of ESF and poleward winds suppress the development of ESF” may not be universally true.
We also note that Kherani et al. (2005) presented a theoretical and modeling study of the collisional interchange instability. In this work a linear, local analysis was performed that considered a 3D potential equation (in contrast to the current analysis which assumes equipotential field lines). They found that a meridional wind can generate a density gradient along the magnetic field line that has a stabilizing influence on the instability when considering parallel oscillations (e.g., [image: image]).
In conclusion, additional measurements of the neutral wind, in conjunction with observations of EPBs and ESF, are needed to provide a clearer understanding of ESF onset and evolution, and in particular the day-to-day variability of ESF. To this end the Ionospheric Connections Explorer (ICON) satellite mission data provides an invaluable resource for neutral wind and plasma data to address this problem (Immel et al., 2018).
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