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Abstract
This study provides a physical mechanism for the temporary intensification of wintertime sporadic E layers (EsLs) in 2009. It is widely accepted that vertical wind shears control EsL formations. EsL intensity is minimal in winter, partially because of the weakened vertical wind shears. Despite the wintertime minimum EsL intensity, temporary intensifications of EsLs occurred for 10–30 days in some winters, the cause of which remains unclear. In this study, we conducted month-long EsL simulations in 2009 and 2011, the years when both wintertime EsL (WiEsL) intensification and sudden stratospheric warming (SSW) occurred, and when neither did, respectively. The simulations aimed to reveal the physical mechanisms of the WiEsL intensification in 2009. We succeeded in reproducing the occurrence and non-occurrence of temporary WiEsL intensification in 2009 and 2011, respectively, observed by an ionosonde at Kokubunji, Japan, although day-to-day variations in WiEsL intensity were not reproduced well. Evidently, the temporary WiEsL intensification is attributed to vertical ion convergence (VIC) intensification at altitudes of 100–120 km between 4 and 8 local time (LT) and particularly after 15 LT. The VIC intensification is caused primarily by the vertical wind shears of SW2 tides, westward propagating semi-diurnal tides with wavenumber 2. The SW2 intensification is driven by the major SSW in January–February 2009. Additionally, 6–8-day planetary waves can also affect the WiEsL intensification superposed on the SW2 amplification effects.
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Introduction
Layering structures appearing in the ionospheric E region are called sporadic E layers (EsLs). The EsLs primarily comprise long-living metal ions such as Fe[image: $$^+$$], Mg[image: $$^+$$], and Ca[image: $$^+$$] (Kopp 1997). The metal ions are supplied into the lower ionosphere by meteor injections (e.g., Carrillo-Sánchez et al. (2015); Plane et al. (2015)). It is well established that the vertical shears of horizontal winds gather metal ions vertically and form thin EsLs, which is called the wind shear theory (Whitehead 1961; Axford 1963; Haldoupis 2011). The vertical horizontal-wind shears are primarily driven by the semi-diurnal and diurnal tides (e.g., Christakis et al. (2009); Haldoupis (2011)). This implies connections between the EsLs and lower atmospheric variations through tidal variations.
EsL intensity is minimal in winter (e.g., Wu et al. (2005); Haldoupis et al. (2007); Arras et al. (2008); Chu et al. (2014); Shinagawa et al. (2017); Arras and Wickert (2018)). The minimum wintertime EsL (WiEsL) intensity is partially due to the background metal ion distributions (e.g., Haldoupis et al. (2007); Chu et al. (2014); Yu et al. (2021); Wu et al. (2021)). Meteor injections into the lower ionosphere are considered to influence the background metal ion distributions (Haldoupis et al. 2007; Chu et al. 2014; Yeh et al. 2014). Recent global simulations indicated that inter-hemispheric ion transport is crucial for metal ion distribution variations (Yu et al. 2021; Wu et al. 2021). Another possible factor for the WiEsL intensity minimum is vertical wind shear weakening (Chu et al. 2014; Yeh et al. 2014; Shinagawa et al. 2017; Yu et al. 2019; Shinagawa et al. 2021). Shinagawa et al. (2021) demonstrated that the vertical ion convergence (VIC) driven by wind shears correlates with seasonal EsL occurrences deduced from radio occultation observations.
Despite the winter minimum of EsL intensity, temporary intensifications of WiEsLs have been observed since the 1950 s at the latest (Smith 1957; Finney and Smith 1960). Temporary WiEsL intensifications persist for 10–30 days and are considered to be caused by major meteor showers, which increase the background metal ion density (Whitehead 1989; Chandra et al. 2001; Maruyama et al. 2003; Jacobi et al. 2013). However, temporary WiEsL intensifications have not always been observed in conjunction with major meteor showers (Maruyama et al. 2003; Yeh et al. 2014; Shinagawa et al. 2021). For example, in Fig. 1 of Shinagawa et al. (2021), temporary WiEsL intensifications were observed around 40 day of year (DOY) and 340 DOY in 2009 at Kokubunji, Japan. The period of intensification around 340 DOY corresponds well to the Geminid meteor shower, which occurs annually, peaking in activity around December 13. In contrast, the period of intensification around 40 DOY does not correspond to the main meteor shower periods during wintertime, that is, the Geminid and Quadrantid meteor shower periods (the peak of the Quadrantid meteor shower occurs around January 3). Previous studies have shown that EsL intensifications occur with a delay of 2–3 days or 1–2 weeks from major meteor showers (Sinno 1980; Jacobi et al. 2013). However, the WiEsL intensification around 40 DOY in 2009 occurred more than two weeks after the peak of the Quadrantid meteor showers. It should be noted that recent studies demonstrated that the sporadic micrometeoroids with approximately 10[image: $$^{-11}$$]–10[image: $$^{-4}$$] g are the main source of metal ions in the ionosphere rather than meteor showers (Plane 2012; Rapp et al. 2012; Plane et al. 2015). Thus, EsL intensity does not necessarily relate to the major meteor showers.
Jacobi et al. (2013) suggested that factors other than meteor showers, such as wind shear variations, are required to control temporary WiEsL intensifications. However, previous studies have shown that, on average, vertical wind shears are weak during the wintertime (Yeh et al. 2014; Shinagawa et al. 2017; Yu et al. 2019; Luo et al. 2021). The weak vertical wind shears cannot account for temporary WiEsL intensifications. Thus, the physical mechanisms of the WiEsL intensification around 40 DOY in 2009 are still unknown.
A sudden stratospheric warming (SSW) event occurred at the northern high latitudes in late January 2009 (e.g., Pedatella and Forbes (2010); Pedatella et al. (2014); Butler et al. (2017)). SSW events can change wind distributions not only at high latitudes but also at mid and low latitudes (Liu and Roble 2002; Jin et al. 2012; Tang et al. 2020). Tang et al. (2020) demonstrated that midlatitude EsL intensity can be affected by the lunar tides, which are enhanced by SSW events. However, links between EsL intensity and SSW events through wind distributions have not been examined extensively. The period of an SSW event in 2009 corresponds well to the WiEsL intensification around 40 DOY as observed by the ionosonde at Kokubunji. This implies a possible link between the SSW event and WiEsL intensification in 2009.
Recently, we have developed a local ionospheric model including metal ion transport and chemical processes. The model is coupled with the neutral winds of the ground-to-topside model of atmosphere and ionosphere for aeronomy (GAIA model) (Jin et al. 2011). The GAIA model succeeded in reproducing many features of the major SSW event in 2009 (Jin et al. 2012). Thus, we can simulate EsL intensity variations under the wind changes caused by the SSW event in 2009. Using the model, in this study, we aimed to demonstrate the physical mechanisms of the temporary WiEsL intensification observed in 2009. EsL simulations were performed, and the simulation results were compared with the ionosonde observations at Kokubunji, Japan.

Model and data
We utilized the same ionospheric model developed by Andoh et al. (2020), excluding the metal ion species and a location of the numerical domain. Details of the numerical model were described by Andoh et al. (2020, 2022). The center of the numerical domain was set to Kokubunji with the geographic coordinates of 35.7[image: $$^\circ$$]N and 139.5[image: $$^\circ$$]E and the geomagnetic coordinates of 26.8[image: $$^\circ$$]N and 151.1[image: $$^\circ$$]E. We used Fe[image: $$^+$$] as a proxy for metal ions in the model because Fe[image: $$^+$$] is one of the most abundant ions in the EsLs (Kopp 1997). The chemical reactions associated with Fe and Fe[image: $$^+$$] were obtained from Chu and Yu (2017), and their reaction numbers in Chu and Yu (2017) were R1, R3–R5, R7–R8, and R11–R17 (Rutherford et al. 1972; Nahar et al. 1997; Bautista et al. 1998; Helmer et al. 1998; Plane et al. 1999; Vondrak et al. 2006; Woodcock et al. 2006; Bones et al. 2016). The initial Fe and Fe[image: $$^+$$] densities were estimated from Feng et al. (2013) using the following equations:[image: $$\begin{aligned}{} &amp; {} N_{Fe}(z) =10^{10} \times \exp \left\{ -\frac{(z-85)^2}{230}\right\} , \end{aligned}$$]

 (1)


[image: $$\begin{aligned}{} &amp; {} N_{Fe^+}(z) = {\left\{ \begin{array}{ll} 10^9 \times \exp \left\{ -\frac{(z-95)^2}{40}\right\} &amp;{} \text {(below 95 km)}, \\ 10^9 \times \exp \left\{ -\frac{(z-95)^2}{300}\right\} &amp;{} \text {(above 95 km)}, \end{array}\right. } \end{aligned}$$]

 (2)


where z is the altitude [km]. These profiles are shown in Fig. 1. They were uniformly distributed in the horizontal domain as an initial condition. To remove the initial transients, the simulations were run for 48 h, and the simulation results of the first 24 h were discarded.[image: ]
Fig. 1Initial profiles of Fe and Fe[image: $$^+$$] densities used as an initial condition


The geomagnetic fields were taken from the IGRF-12 model (Thébault et al. 2015). The neutral species densities, except Fe, and neutral temperature were constrained using the NRLMSISE-00 model (Picone et al. 2002). The Ap and F10.7 indices for each simulated day were obtained from the World Data Center for Geomagnetism in Kyoto (http://​wdc.​kugi.​kyoto-u.​ac.​jp/​wdc/​Sec3.​html) and NOAA/NCEI (https://​www.​ngdc.​noaa.​gov/​stp/​spaceweather.​html), respectively.
The neutral wind velocity was obtained from the GAIA model (Jin et al. 2011). The atmospheric portion of the GAIA model below 40 km is constrained with meteorological reanalysis data via a nudging method (Jin et al. 2012). This method enables the GAIA model to generally reproduce the neutral winds including the atmospheric tides that propagate from the lower atmosphere to the ionosphere (Miyoshi et al. 2017). Previously, we used neutral winds as the input for EsL simulations and succeeded in reproducing the day-to-day variations in the low- and midlatitude EsLs for the first time (Andoh et al. 2020, 2022). The GAIA-modeled neutral winds were linear-interpolated in the vertical direction and spline-interpolated in the horizontal direction to adopt the grid spacing of our ionospheric model.[image: ]
Fig. 2Daily average foEs as observed by the ionosonde at Kokubunji in 2009 (upper panel) and 2011 (lower panel). The ranges in yellow indicate the periods from 24 DOY (January 24) to 54 DOY (February 23) when the temporary WiEsL intensification was observed in 2009


In this study, we utilized foEs ([image: $$\approx 9\sqrt{N_e}$$]; N[image: $$_e$$] is the electron density) observed by an ionosonde located at Kokubunji, Japan. The ionosonde observation is operated by the National Institute of Information and Communications Technology in Japan (https://​wdc.​nict.​go.​jp/​IONO/​HP2009/​ISDJ/​index-E.​html). Figure 2 shows the daily average foEs (DAfoEs) observed by the ionosonde at Kokubunji in 2009 (upper panel) and 2011 (lower panel). The ranges in yellow indicate the periods of WiEsL intensification in 2009. We chose 2011 as a reference year of WiEsL intensity variations because no major SSW events occurred (Butler et al. 2017) and DAfoEs variations were not perturbed significantly. The DAfoEs values in both 2009 and 2011 exhibit 6–8-day cycles and, in general, summer maximum and winter minimum. However, within the ranges in yellow, DAfoEs values increase in 2009 only, which is the WiEsL intensification. No major meteor shower occurs around these periods in this range annually. Hence, the temporary WiEsL intensification in the range in yellow cannot be explained by the major meteor showers.
To elucidate the mechanisms of the temporary WiEsL intensification in 2009, we conducted month-long EsL simulations from 24 DOY (January 24) to 54 DOY (February 23) in 2009 and 2011. As shown in Fig. 2, the intensification of WiEsLs occurred evidently during the period in 2009, but not in 2011. To calculate foEs from the simulation, we obtained the altitudes at which the metal ion density was maximum at each local time, and the simulated foEs was deduced from the electron density at the altitudes. The simulated foEs was multiplied by [image: $$\sqrt{2}$$] because our model included only Fe[image: $$^+$$], but not Mg[image: $$^+$$]. Previous observations have shown that the EsL density approximately equals the summation of Fe[image: $$^+$$] and Mg[image: $$^+$$] densities (Kopp 1997). In the EsLs, the Mg[image: $$^+$$] density was roughly equivalent to Fe[image: $$^+$$] density. Thus, the simulated EsL density should be roughly doubled, and the simulated foEs should be [image: $$\sqrt{2}$$] times.

Results and discussion
[image: ]
Fig. 3Histograms of the observed (first column) and simulated (second column) DAfoEs values at Kokubunji from 24 to 54 DOY in 2009 and 2011. The vertical axis represents the counts of days, and the horizontal axis represents the intensity of DAfoEs.


Figure 3 shows the histogram comparison between the observed (first column) and simulated (second column) DAfoEs values at Kokubunji from 24 to 54 DOY in 2009 and 2011. The vertical axis represents counts of days, and the horizontal axis represents the intensity of DAfoEs. For instance, the observed DAfoEs in 2011, in the lower-left panel of Fig. 3, are between 2.0 and 2.5 MHz in 24 days. The DAfoEs values in 2009 were distributed between 2.0 and 5.0 MHz in the observation and between 1.5 and 5.5 MHz in the simulation. In 2011, the DAfoEs values were generally below 3.0 MHz both in the observation and simulation. Most of the DAfoEs values in 2011 were around 2.0 MHz. A comparison of the simulated/observed DAfoEs values in 2009 with those in 2011 showed that the simulated/observed DAfoEs values in 2009 were higher. The observed and simulated DAfoEs values higher than 3.0 MHz appeared in 15 and 11 days out of 31 days in 2009, but in only 0 and 3 days out of 31 days in 2011. Thus, more intense EsLs occurred both in observations and simulations of 2009 than in those of 2011, which is the WiEsL intensification. The simulation successfully reproduced the occurrence and non-occurrence of temporary WiEsL intensification in 2009 and 2011, respectively.[image: ]
Fig. 4Day-to-day variations in the simulated and observed DAfoEs values from 24 to 54 DOY in 2009 and 2011. The solid and dashed lines indicate the simulated and observed DAfoEs variations, respectively


However, the day-to-day variations of DAfoEs values were not reproduced well in the simulation, as shown in Fig. 4. Figure 4 shows the day-to-day DAfoEs variations in the observation (dashed lines) and simulation (solid lines) in 2009 and 2011. Both observations and simulations showed 6–8 day cycle DAfoEs variations in the two years. Moreover, the DAfoEs was perturbed and amplified more severely in 2009 than in 2011, which shows the temporary WiEsL intensification. However, day-to-day DAfoEs variations in the simulations differ from those in the observations. As indicated by Andoh et al. (2021), the EsL intensity observed by the ionosondes (i.e., DAfoEs) is influenced by the horizontal EsL movements and structures. Hence, in the ionosonde observations, the spatial EsL variations can be confused with the temporal EsL variations. The ionosondes cannot completely observe the day-to-day variations in EsL intensity, and it is reasonable that the day-to-day DAfoEs variations in the simulation were not consistent with those observed by the ionosonde. We need both 3D observations and simulations to investigate the day-to-day EsL intensity variations. Thus, in this study, we did not comprehensively analyze these factors but rather investigated the average, weeks-long EsL features during the temporary WiEsL intensification period.
It should be pointed out that uncertainties in the neutral winds of the GAIA model, used for inputs, could also cause discrepancies in day-to-day variations in DAfoEs between the observations and simulations. The GAIA model does not fully reproduce atmospheric gravity waves because of its coarse grid spacing. Atmospheric gravity waves are considered to generate day-to-day variations in atmospheric tides (Miyoshi and Fujiwara 2008; Yiğit and Medvedev 2017). Furthermore, the stratospheric and mesospheric winds in the GAIA model could modulate the thermospheric tides propagating from the lower atmosphere, which may cause disagreements between simulated tides and real ones in the lower thermosphere. These uncertainties could affect day-to-day variations in the simulated tides in the lower thermosphere, and influence day-to-day variations in the simulated EsLs in this study.
We then investigated the mechanisms underlying the temporary WiEsL intensification in the simulation for 2009. In the present simulation, we did not incorporate meteor injections. The simulated temporary WiEsL intensification in 2009 occurred as a result of the VIC variations due to neutral winds. We further examined when the VIC variations caused the temporary intensification of the simulated WiEsLs and at which altitudes. The VIC can be calculated as follows:[image: $$\begin{aligned} VIC&amp;= -\frac{\partial w_i}{\partial z}, \end{aligned}$$]

 (3)


[image: $$\begin{aligned} w_i&amp;= \left( \frac{1}{1+\xi ^2}(\vec {V}_n\cdot \vec {b})\vec {b}+\frac{\xi }{1+\xi ^2}\vec {V}_n\times \vec {b}+\frac{\xi ^2}{1+\xi ^2}\vec {V}_n\right) \cdot \vec {e}_z, \end{aligned}$$]

 (4)


where w[image: $$_i$$] is the vertical ion velocity, [image: $$\xi$$] is the ratio of the ion-neutral collision frequency to the ion gyrofrequency, [image: $$\vec {b}$$] is the unit vector of the geomagnetic fields, [image: $$\vec {V}_n$$] is the neutral wind velocity, and [image: $$\vec {e}_z$$] is the vertical unit vector. The positive VIC indicates enhancements in the ion density and vice versa.
EsL intensity is related to VIC, especially below 120 km altitude (Shinagawa et al. 2017; Yu et al. 2019; Shinagawa et al. 2021; Sobhkhiz-Miandehi et al. 2022; Yamazaki et al. 2022). Furthermore, at midlatitudes, the diurnal tides that can form EsLs below 100 km are weak, and EsLs are not affected significantly by VIC below 100 km (Andoh et al. 2020; Yamazaki et al. 2022). Therefore, EsL intensity at mid-latitudes is considered to be affected by VICs, especially between 100 and 120 km altitudes. Figure 5 shows the daily VIC averaged at the heights of 100 and 120 km in 2009 and 2011 (upper and lower panels, respectively) from 24 to 54 DOY. The daily and height-averaged VICs tended to be positive in 2009, compared with those in 2011. With these higher VICs in 2009, the EsL intensity was higher in 2009 than in 2011.[image: ]
Fig. 5Daily VICs averaged between 100 and 120 km from 24 to 54 DOY in 2009 (upper panel) and 2011 (lower panel)

[image: ]
Fig. 6VIC variations averaged between 24 and 54 DOY in 2009 (upper panel) and 2011 (lower panel). The altitudes of 100–120 km are surrounded by blue dashed lines


Figure 6 shows the vertical gradients of vertical ion velocity, that is, VICs averaged over the simulation period in 2009 and 2011. We note that EsLs appear in the positive VIC regions. In Fig. 6, the periodic VIC variations are observed between 100 and 120 km in both years. At the heights of 100–120 km, clear differences in the positive VIC regions in 2009 and 2011 appeared between 4 and 8 LT and particularly after 15 LT. Between 4 and 8 LT, the positive VIC regions descended from 120 to 110 km in 2009 but not in 2011. After 15 LT, the VIC neared 8.0[image: $$\times$$]10[image: $$^{-4}$$] s[image: $$^{-1}$$] in 2009 and neared 3.0[image: $$\times$$]10[image: $$^{-4}$$] s[image: $$^{-1}$$] in 2011. The VIC differences in each year, particularly the VIC enhancement after 15 LT, caused a stronger VIC between 100 and 120 km altitude in 2009 than in 2011. The semi-diurnal tides drove the morning and evening VIC intensification, and the diurnal tides drove the evening VIC intensification. Consequently, the evening intensification was stronger than the morning intensification.
Previous studies have revealed that the vertical wind shears in the lower thermosphere are generally weak during wintertime (e.g., Shinagawa et al. (2017); Yu et al. (2019); Yamazaki et al. (2022)). However, we showed that wintertime vertical wind shears could be intensified, as shown in Fig. 6. We then investigated which diurnal and semi-diurnal tides drive the VIC intensification in 2009. The semi-diurnal and diurnal tides with wavenumbers from −3 to [image: $$+$$]3 were extracted from the neutral winds of the GAIA model during the simulation period, from 24 to 54 DOY at 35.7[image: $$^\circ$$]N and 110 km altitudes. The following fitting function was used in the extraction (e.g., Yamazaki (2018); Griffith and Mitchell (2022)):[image: $$\begin{aligned} \sum _{T,s} A_{T,s}\cos \left\{ 2\pi \left( \frac{t}{T}+s\frac{\lambda }{360}\right) -\phi _{T,s} \right\} + B, \end{aligned}$$]

 (5)


where A is the amplitude of the wave, t is the universal time (in days), T is the period of the wave (in days), s is the zonal wavenumber, [image: $$\lambda$$] is the longitude (in degrees), [image: $$\phi$$] is the phase of the wave, and B is the background value. In this study, abbreviated expressions were used for the atmospheric tidal components. For example, SW2 tides mean westward propagating semi-diurnal tides with wavenumber 2, and DE1 tides mean eastward propagating diurnal tides with wavenumber 1.[image: ]
Fig. 7Extracted amplitudes of the diurnal tides (upper panel) and semi-diurnal tides (lower panel) with wavenumbers from −3 to [image: $$+$$]3 at 35.7[image: $$^\circ$$]N and 110 km altitude between 24 and 44 DOY. The blue and green bars represent the tidal amplitudes for 2009 and 2011, respectively


Figure 7 shows the extracted amplitudes of diurnal (upper panel) and semi-diurnal (lower panel) tidal components with wavenumbers from −3 to [image: $$+$$]3 at 35.7[image: $$^\circ$$]N and 110 km altitudes. The blue and green bars represent the tidal amplitudes in 2009 and 2011, respectively. Note that the vertical axis range differs in each panel. In the upper panel, there are no diurnal tidal components showing evident enhancement only in 2009. The amplitudes of the diurnal components are generally lower than 10 m/s in both years. The DE1, DE2, and DE3 tides are greater in 2009 than in 2011. In the lower panel, SW2 tides, the migrating semi-diurnal tides, are the most dominant components. The SW2 amplitudes were 63 and 33 m/s in 2009 and 2011, respectively. The other semi-diurnal components show amplitudes lower than 10 m/s. The SW2 amplification is more significant than DE1, DE2, and DE3 amplifications. The SW2 amplitudes are greatest in Fig. 7, and SW2 tides amplify particularly in 2009. Thus, SW2 tides are the most plausible drivers of VIC intensification in 2009.[image: ]
Fig. 8VIC variations averaged between 24 and 54 DOY in 2009 (upper panel) and 2011 (lower panel) without SW2 tides. The altitudes of 100–120 km are surrounded by blue dashed lines


Fig. 8 shows VIC variations averaged between 24 and 54 DOY in 2009 (upper panel) and 2011 (lower panel) without SW2 tides. The altitudes of 100–120 km are surrounded by blue dashed lines. At the altitudes of 100–120 km, the positive VIC at the LTs of 6–9 and 16–22 h in 2009 is weaker as compared to Fig. 6. The intense VIC, which was [image: $$\sim$$]8.0[image: $$\times$$]10[image: $$^{-4}$$] s[image: $$^{-1}$$] between 18 and 19 LT in Fig. 6 for 2009, weakens to [image: $$\sim$$]3.0[image: $$\times$$]10[image: $$^{-4}$$] s[image: $$^{-1}$$] and becomes compatible with that for 2011 without SW2 tides, as shown in Fig. 8. This indicates that SW2 tides are the most important tidal component for VIC intensification at the altitude and LT ranges.[image: ]
Fig. 9Wavelet spectra of SW2 tides in 2009 at 110 km altitude, 35.7[image: $$^\circ$$]N, and 139.5[image: $$^\circ$$]E

[image: ]
Fig. 10Altitude–latitude cross-section of zonal-mean zonal winds (ZMZWs) between 2009 and 2011 from the surface to the ionospheric E region. The ZMZWs were averaged during the simulation period (24–54 DOY). The red and blue colors indicate the eastward and westward winds, respectively.


A possible mechanism of the SW2 tide amplification is zonal-mean zonal wind (ZMZW) variations in the high-latitude stratosphere due to the major SSW event in 2009 (e.g., Pedatella and Forbes (2010); Jin et al. (2012); Pedatella et al. (2014)). The ZMZWs in the wintertime high-latitude stratosphere can change from eastward to westward owing to SSW events. Jin et al. (2012) demonstrated that the midlatitude SW2 tides can be amplified more significantly as the inter-hemispheric asymmetry of the ZMZW direction becomes largely reduced in the stratosphere. Figure 9 shows daily variations of SW2 amplitudes from 1 to 59 DOY in 2009, as obtained by the wavelet analysis using the Morlet mother function. The simulation period, 24–54 DOY, is encircled by a dashed square. The SW2 amplitudes begin being amplified at 24 DOY, the time when the major SSW event occurred (Jin et al. 2012; Pedatella et al. 2014). SW2 amplitudes have their peak at around 38 DOY and decrease gradually after 38 DOY. The SW2 amplitude variations correspond generally to simulated DAfoEs variations in Fig. 4. Figure 10 shows the ZMZWs in the altitude and latitude cross sections averaged from 24 to 54 DOY in 2009 and 2011. These ZMZWs were obtained from the neutral winds of the GAIA model. As indicated by black square 1, the ZMZWs are generally westward in the northern stratosphere at high latitudes in 2009, but eastward in 2011. The westward direction of the ZMZWs is a typical feature of major SSW events (e.g., Liu and Roble (2002); Jin et al. (2012); Koushik et al. (2022)). The inter-hemispheric asymmetry of the ZMZW direction in Fig. 10 is more evident in 2011 than in 2009. Therefore, according to Jin et al. (2012), SW2 tides can more significantly amplify in 2009 than in 2011, which is consistent with the SW2 amplitudes of the midlatitude ionosphere in the present simulation shown in Fig. 7. Thus, the ZMZW variations triggered by SSW events are a possible factor for the midlatitude SW2 amplification and WiEsL intensification in the simulation for 2009.
The perturbed behaviors of DAfoEs during the WiEsL intensification event in the simulation, as shown in Fig. 4, were attributed to tidal modulations by planetary waves (PWs). Tidal modulations by PWs are important for day-to-day variations of the tides in the ionosphere (e.g., Forbes (1996); Liu et al. (2007); Chang et al. (2011); Pedatella et al. (2012a)). We extracted zonal PWs from the neutral wind data using the same method as that in the tidal extraction. We found that the zonal PW amplitudes of wave number 1 (PW1) differed significantly between 2009 and 2011. Figure 11 shows the zonal PW1 amplitudes between 24 and 54 DOY in 2009 (left panel) and 2011 (right panel) at 35.7[image: $$^\circ$$]N and 110 km altitude where the VIC enhancement occurred. Evidently, the zonal PW1 amplitudes are lower in 2011 than in 2009. The zonal PW1 amplitudes with the 6–8-day periodicity reached more than 10 m/s in 2009 but not in 2011.[image: ]
Fig. 11Amplitudes of the zonal PWs with wave number 1 from 24 to 54 DOY at 110 km altitude and 35.7[image: $$^\circ$$]N in 2009 (left panel) and 2011 (right panel)

[image: ]
Fig. 12Wavelet spectra of PW1s with 2–10-day periodicity in 2009 (upper panel) and 2011 (lower panel) at 110 km altitude, 35.7[image: $$^\circ$$]N, and 139.5[image: $$^\circ$$]E


Figure 12 shows the wavelet spectra of zonal PW1s with 2–10-day periodicity from 1 to 59 DOY in 2009 (upper panel) and 2011 (lower panel) at 110 km altitude and 35.7[image: $$^\circ$$]N, obtained using the Morlet mother function. The simulation period is emphasized by the dashed square. The amplification of 6–8-day PWs can be observed only in 2009 before 42 DOY, the time when the evident temporary WiEsL intensification occurred in the simulation as shown in Fig. 4. Therefore, the SW2 tides can be modulated by the amplified 6–8-day PWs in 2009 during the temporary WiEsL intensification event. We note that the 6–8-day periodicity in foEs variations was previously reported by various groups (e.g., Haldoupis and Pancheva (2002); Pancheva et al. (2003a); Zuo and Wan (2008)). The 6–8-day PWs can be an important factor for WiEsL intensification in 2009. The Fourier analysis was performed for the observed and simulated DAfoEs in 2009 of Fig. 4, and shown in Fig. 13. The 6–8-day oscillations are evident in both the observation and simulation of 2009. These Fourier amplitudes for the simulated DAfoEs correspond well to the amplitudes of PW1s in Fig. 7. Thus, EsL intensity can be influenced by the 6–8-day PW1s in the WiEsL intensification in 2009.[image: ]
Fig. 13Fourier amplitudes for simulated DAfoEs (left column) and observed DAfoEs (right column) from 24 to 54 DOY in 2009 at 35.7[image: $$^\circ$$]N and 139.5[image: $$^\circ$$]E


The PW amplification in 2009 is likely due to the strong westward ZMZWs in the ionospheric E region, as shown in black square 2 in Fig. 10. Some PWs in the ionosphere are considered to be secondary waves excited by the in situ dissipation of the PW-modulated gravity waves (Forbes 1996; Meyer 1999; Forbes et al. 2018). Secondary PWs can be sustained only in the westward ZMZWs. The stronger westward ZMZWs impose a weaker dissipation on the PWs (Forbes 1995). Hence, the PW signatures in Fig. 11 are more dominant in the ionosphere in 2009, where the stronger westward ZMZWs exist at altitudes between 100 and 140 km encircled by black square 2, than in 2011.
We note that the GAIA model did not include the mechanisms to produce lunar tides, and the temporary WiEsL intensification of the present simulation cannot be ascribed to the lunar tide modulation during SSW events as reported by Tang et al. (2020). The migrating semi-diurnal lunar tides are amplified during SSW events (Pedatella et al. 2012b; Pedatella and Liu 2013), and EsLs are affected by the migrating semi-diurnal lunar tides (Sobhkhiz-Miandehi et al. 2022). To completely understand the connections between EsLs and SSW events, we should conduct global EsL simulations including the lunar tidal effects. Furthermore, the neutral winds of the GAIA model did not include chemical mechanisms of SW2 amplifications owing to ozone density variations in the stratosphere/mesosphere (e.g., Lindzen and Chapman (1969); Pancheva et al. (2003b)). Nevertheless, the present simulation reproduced the occurrence of temporary WiEsL intensification in 2009; thus, these effects on temporary WiEsL intensification might be minor. Further analysis including lunar tide effects during SSW events may be necessary to fully understand the generation mechanisms of WiEsL intensification, which will be addressed in future work.
A recent study on winds in the ionosphere showed that the vertical wind shears reproduced by the global ionospheric model were weaker than the observed shears (England et al. 2022). This may be due to the fact that global ionospheric models with the coarse grid spacing could not resolve small-scale gravity waves (Liu 2017). In the present simulation, we used the neutral winds of the GAIA model, and their vertical wind shears could be weaker than the real ones. Sherman and She (2006) reported that strong vertical wind shears occurred at [image: $$\sim$$]100 km altitude and midlatitudes in winter. These strong vertical wind shears might form intense EsLs in winter and cause temporary WiEsL intensification.
In this study, we used the identical metal ion distributions for 2009 and 2011 as initial conditions. Spatial variations in the background metal ion distributions were not considered. Metal ions might converge locally owing to global wind circulation (Yu et al. 2021; Wu et al. 2021), horizontal convergence driven by PWs (Shalimov and Haldoupis 2002), and meteor injections (Feng et al. 2013). Such local metal ion convergence may control the occurrence and day-to-day variations of temporary WiEsL intensification. Furthermore, PW phase variations can also affect day-to-day EsL variations through tidal modulations.
It is well accepted that the VIC driven by tides is the main driver for EsL formations (Christakis et al. 2009; Haldoupis 2012; Andoh et al. 2022). However, this study scrutinized which LT and altitude VIC affect most significantly WiEsL intensification. Furthermore, relationships between amplified SW2 tides caused by SSWs and EsL intensity have not been reported till now, although the lunar tides are considered to affect EsL intensity (Tang et al. 2020). Our numerical EsL model led these new insights, succeeding in reproducing the WiEsL intensification occurrence in 2009 for the first time.

Summary and conclusions
We employed a regional ionospheric model coupled with the neutral winds of a whole atmospheric model to elucidate the possible mechanisms of the temporary WiEsL intensification in 2009. The period of WiEsL intensification corresponded well to that of the SSW event in 2009, which implied links between EsL intensity and the SSW event.
The simulated EsL intensity variations were compared with the variations observed by an ionosonde at Kokubunji, Japan during a temporary WiEsL intensification period. In the simulation, the temporary WiEsL intensification occurred only in 2009 and not in 2011. The simulation reproduced successfully the occurrence of the temporary WiEsL intensification observed by the ionosonde in Japan, although it did not reproduce well the day-to-day variations in EsL intensity. The temporary WiEsL intensification in 2009 was ascribed to VIC enhancement at altitudes between 100 and 120 km. The simulated VIC strengthened between 4 and 8 LT and particularly after [image: $$\sim$$]15 LT.
Although wintertime vertical wind shears have been considered to be weak, the present simulation showed that vertical wind shears can intensify in winter. The enhanced migrating semi-diurnal tides, i.e., SW2 tides, had the most significant effects on VIC intensification in 2009. A possible mechanism of the SW2 tidal amplification is ZMZW variations due to the major SSW event in January–February 2009. Combined with the SSW effects, tidal modulations by 6–8-day PWs can also affect EsL intensity variations in the WiEsL intensification event. These results provided valuable insights into the relationship between wintertime EsL intensity and lower atmospheric variations such as SSW events. We emphasize that this is the first study to succeed in reproducing WiEsL intensification occurrences driven by SSW events and exhibit a connection between VIC and WiEsL intensification, which was not examined by the previous studies.
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