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Abstract
The present study aims to reveal horizontal sporadic E (Es) movements driven by atmospheric diurnal/semi-diurnal tides using a three-dimensional (3D) ionospheric model. Horizontal Es movements have been investigated since the mid-twentieth century, using a variety of 1D/2D observational techniques. However, there are no comprehensive studies that explain the different results asserted by the observations. Herein, we performed 3D Es simulations at mid- and low-latitudes. This is the first study to investigate horizontal Es movements from a 3D perspective. We found that the Es layers are constrained at the zonal-wind shear nodes above [image: $$\sim$$]110 km, but transported by horizontal winds below [image: $$\sim$$]110 km. The Es layers that descend with the downward tidal phases move southward. The descending Es layers move westward as they lag behind the zonal-wind shear nodes. The Es layers that stagnate at [image: $$\sim$$]100 km are transported by the semi-diurnal tides. In general, the descending and stagnating Es layers do not move eastward. This is because the Es layers diffuse vertically in the eastward/northward wind region or in the early stage of formation in the eastward/southward wind region. The horizontal Es movement tendency in the simulations agreed with and provided a general explanation for previous observations.
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Introduction
Sporadic E (Es) layers are highly dense plasma layering structures that appear in the ionospheric E region. The Es layers consist mainly of metal ions (e.g., Mg[image: $$^+$$], Fe[image: $$^+$$], and Ca[image: $$^+$$]) and are also known as metal/metallic ion layers (e.g., Huba et al. 2019; Andoh et al. 2021). A variety of observations (e.g., Whitehead 1970, 1989; Mathews 1998; Haldoupis 2012; Raizada et al. 2020; Obenberger et al. 2021; Sun et al. 2021) and simulations (e.g., Mathews and Bekeny 1979; Carter and Forbes 1999; Resende et al. 2016; Andoh et al. 2020, 2022) have been conducted to elucidate temporal and spatial variations in the Es layers.
Wind shear theory is a widely accepted formation mechanism of Es layers at geomagnetic mid-latitudes (Whitehead 1961; Axford 1963). It should be noted that, in this study, we use “geomagnetic” to refer to the latitudes in geomagnetic coordinates, and do not explicitly use “geographic” to refer to the latitudes in geographic coordinates. According to wind shear theory, the vertical shear of horizontal winds drives vertical ion convergence and creates Es layers. The meridional winds above [image: $$\sim$$]130 km and zonal winds below [image: $$\sim$$]130 km control the vertical ion convergence because of the ion–neutral frictional force along the magnetic fields and vertical Lorentz force, respectively. The meridional wind vertical shears that cause Es layer formation are characterized by poleward winds above and equatorward winds below, and those of zonal winds are characterized by westward winds above and eastward winds below. This wind shear theory can explain the vertical Es dynamics. However, this cannot explain the mechanism of horizontal Es movements.
Horizontal Es movements have been investigated extensively at mid- and low-latitudes (Whitehead 1989; Maeda and Heki 2014; Muafiry et al. 2018; Sun et al. 2021, and references therein). In meridional Es movements, some observations have found that the Es layers move with the meridional phases of the semi-diurnal tides (Koizumi 1969; Beynon et al. 1972; Rao and Rao 1972; Tanaka 1979; Maeda and Heki 2015). However, a southward tendency of horizontal Es movements has also been observed (Beynon et al. 1972; Sun et al. 2021). In zonal Es movements, it has been reported that the Es layers move westward rather than eastward (Koizumi 1969; Beynon et al. 1972; Kolawole and Derblom 1978; Tanaka 1979; Sun et al. 2021). However, Beynon et al. (1972) and Tanaka (1979) also observed eastward Es movements, likely owing to semi-diurnal tides. No physical mechanism has been provided for the different horizontal Es movements. This is probably because the horizontal Es movements have not been discussed in terms of both altitude and local time at which Es layers appear.
Previous studies estimated horizontal Es movements from one-dimensional or two-dimensional observations (e.g., Koizumi 1969; Beynon et al. 1972; Tanaka 1979; Maeda and Heki 2015; Sun et al. 2021). These observations cannot distinguish between the spatial and temporal evolution of the Es layers. Recently, numerical simulations have revealed the three-dimensional (3D) dynamics and distribution of Es layers (Huba et al. 2019; Andoh et al. 2021; Wu et al. 2021). Andoh et al. (2021) showed that horizontal Es movements are crucial for Es layer sporadicity. They also suggested a westward moving tendency of the Es layers. This is because the Es layers lag behind the zonal-wind shear nodes, where the zonal wind velocity is zero, and become embedded in the westward wind regions. However, they did not fully investigate the relationship between atmospheric tides and horizontal Es movements in terms of the Es layer altitude and local time. Moreover, the simulated Es layers at mid-latitudes were formed by semi-diurnal tides and not by diurnal tides. It is well known that diurnal tides also play a key role in the formation of Es layers especially at low-latitudes (Whitehead 1989; Mathews 1998; Haldoupis 2011, 2012). Further 3D investigations are needed to reveal the horizontal Es movements caused by both semi-diurnal and diurnal tides.
As mentioned earlier, horizontal Es movements are considered to be caused by ion transport due to semi-diurnal/diurnal tides (e.g., Tanaka 1979; Maeda and Heki 2015; Sun et al. 2021). Diurnal tides are stronger at low-latitudes than at mid-latitudes (Hagan et al. 1999; Manson et al. 1999; Oberheide et al. 2015). Diurnal tides can propagate up to [image: $$\sim$$] 110 km at low-latitudes (Hagan and Forbes 2002; Oberheide et al. 2015; Solomon and Roble 2015). Semi-diurnal tides are stronger at mid-latitudes than at low-latitudes (Hagan et al. 1999; Manson et al. 1999; Oberheide et al. 2015). A combination of semi-diurnal and diurnal tides can result in different horizontal Es movements between mid-latitudes and low-latitudes.
Recently, we have performed Es simulations at low- and mid-latitudes (Andoh et al. 2020, 2022). We succeeded in reproducing the day-to-day variations in the observed Es layers formed by diurnal and semi-diurnal tides. In this study, we simulated 3D structures of mid-latitude and low-latitude Es layers. We aimed to reveal how diurnal and semi-diurnal tides drive the horizontal Es movements in terms of the local time and Es layer altitudes, and attempted to provide a general mechanism for horizontal Es movements.

Methods
Model description
We utilized the same numerical, local, ionospheric model employed in Andoh et al. (2022). This model solves the chemical and physical processes of NO[image: $$^+$$], O[image: $$_2^+$$], O[image: $$^+$$], and Mg[image: $$^+$$]. A detailed description of the ionospheric model is provided in Andoh et al. (2020, 2022). The horizontal domain of the ionospheric model was 20[image: $$^\circ$$] latitude [image: $$\times$$] 20[image: $$^\circ$$] longitude with a 0.25[image: $$^\circ$$] grid spacing. The altitudinal coverage ranged from 85 to [image: $$\sim$$]220 km with a 0.5–2 km grid spacing. The neutral density and temperature were constrained using the NRLMSISE-00 model (Picone et al. 2002). Geomagnetic fields were obtained from the IGRF-12 model (Thébault et al. 2015). 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 3D neutral winds were obtained from the GAIA model (Ground-to-topside model of Atmosphere and Ionosphere for Aeronomy) (Jin et al. 2011, 2012). The atmospheric portion of the GAIA model assimilates weather reanalysis data below 40 km (Jin et al. 2012). Therefore, the GAIA model can reproduce realistic atmospheric waves that propagate from the lower atmosphere to the ionosphere (Miyoshi et al. 2018). In fact, using the neutral winds of the GAIA model, our numerical model succeeded in reproducing the Es layers at mid- and low-latitudes observed by a lidar at Tokyo and the incoherent scatter radar at Arecibo (Andoh et al. 2020, 2022). The GAIA model neutral wind grid spacing is 2.8[image: $$^\circ$$] longitude, 2.8[image: $$^\circ$$] latitude, and 0.2 scale height above the tropopause (Miyoshi et al. 2017). The GAIA model neutral winds were interpolated to adapt to the ionospheric model grid spacing. Due to the large grid spacing of the GAIA model, we focused on hundred-kilometer-scale Es layer structures in this study.
To assess the effects of the semi-diurnal and diurnal tides on horizontal Es movements, we investigated low- and mid-latitude Es layers simulated as Andoh et al. (2020, 2022). In both the mid-latitude and low-latitude Es simulations, Mg[image: $$^+$$] was used as a proxy for metal ions. To simulate the mid-latitude Es layers, the center of the horizontal numerical domain was set to 35.7[image: $$^\circ$$]N latitude and 139.4[image: $$^\circ$$]E longitude (26.9[image: $$^\circ$$] geomagnetic latitude; 48.9[image: $$^\circ$$] inclination) around Tokyo, Japan. To simulate the low-latitude Es layers, it was set to 18.3[image: $$^\circ$$]N latitude and 66.8[image: $$^\circ$$]W longitude (27.2[image: $$^\circ$$] geomagnetic latitude; 45.7[image: $$^\circ$$] inclination) around the Arecibo radar. Both Japan and Arecibo are located in geomagnetic mid-latitude regions.

Variable definitions
We have summarized the definitions of the variables to examine 3D Es layer dynamics caused by atmospheric tides. The ion velocity driven by neutral winds ([image: $$\overrightarrow{V}_{i,wind}$$]) was calculated using the following equation:[image: $$\begin{aligned} \overrightarrow{V}_{i,wind}= \frac{\xi ^2}{1+\xi ^2}\overrightarrow{V}_n +\frac{\xi }{1+\xi ^2}(\overrightarrow{V}_n\times \overrightarrow{b}) + \frac{1}{1+\xi ^2}(\overrightarrow{V}_n\cdot \overrightarrow{b})\, \overrightarrow{b}, \end{aligned}$$]

 (1)


with[image: $$\begin{aligned} \xi= \frac{\nu _{in}}{\Omega _i}, \end{aligned}$$]

 (2)


where [image: $$\overrightarrow{V}_n$$] is the neutral wind velocity, [image: $$\overrightarrow{b}$$] is the unit vector of the geomagnetic field, [image: $$\nu _{in}$$] is the ion–neutral collision frequency, and [image: $$\Omega _i$$] is the ion gyro-frequency. The positive direction of [image: $$\overrightarrow{V}_{i,wind}$$] is vertically upward, southward, and eastward. The first, second, and third terms on the right-hand side represent the ion motions together with neutrals, Lorentz forced ion motions, and ion–neutral frictional forced ion motions constrained along the geomagnetic fields, respectively.
We calculated compression and transport effects on ion density variations by winds. Based on the ion continuity equation, ion density variations controlled by winds were defined as:[image: $$\begin{aligned} \frac{\partial N_i}{\partial t}&amp;= -N_i\nabla \cdot \overrightarrow{V}_{i,wind}-\overrightarrow{V}_{i,wind}\cdot \nabla N_i. \end{aligned}$$]

 (3)


The first and second terms in the right-hand side show density variations by compression and transport, respectively. Comparing those variables, we can investigate which term is effective for Es layer density variations. Es layer dynamics is considered to be controlled primarily by vertical compression, and thus, we need to examine how horizontal transport affects Es layer dynamics compared to vertical compression. Because our ionospheric numerical model used spherical coordinates, the vertical, meridional, and zonal differential flux density (VDFD, MDFD, and ZDFD) of metal ions, that is a summation of compression and transport, were defined as:[image: $$\begin{aligned} VDFD= &amp; {} - \frac{1}{r^2} \frac{\partial }{\partial r}(r^2w_{i,wind}N_i), \end{aligned}$$]

 (4)


[image: $$\begin{aligned} MDFD= &amp; {} -\frac{1}{r\sin \theta } \frac{\partial }{\partial \theta }(\sin \theta v_{i,wind}N_i), \end{aligned}$$]

 (5)


[image: $$\begin{aligned} ZDFD= &amp; {} -\frac{1}{r\sin \theta } \frac{\partial }{\partial \phi }(u_{i,wind}N_i), \end{aligned}$$]

 (6)


where r, [image: $$\theta$$], and [image: $$\phi$$] are the radius, colatitude and longitude, respectively. w[image: $$_{i,wind}$$], v[image: $$_{i,wind}$$], and u[image: $$_{i,wind}$$] are the vertical, meridional, and zonal components of [image: $$\textbf{V}_{i,wind}$$]. The vertical, meridional, and zonal compression (VC, MC, and ZC) of metal ions were defined as:[image: $$\begin{aligned} VC= &amp; {} -\frac{N_i}{r^2} \frac{\partial }{\partial r}(r^2w_{i,wind}), \end{aligned}$$]

 (7)


[image: $$\begin{aligned} MC= &amp; {} -\frac{N_i}{r\sin \theta } \frac{\partial }{\partial \theta }(\sin \theta v_{i,wind}), \end{aligned}$$]

 (8)


[image: $$\begin{aligned} ZC= &amp; {} - \frac{N_i}{r\sin \theta } \frac{\partial }{\partial \phi }(u_{i,wind}). \end{aligned}$$]

 (9)


The vertical, meridional, and zonal ion transportation (VT, MT, and ZT) of metal ions were defined as:[image: $$\begin{aligned} VT= &amp; {} - w_{i,wind} \frac{\partial N_i}{\partial r}, \end{aligned}$$]

 (10)


[image: $$\begin{aligned} MT= &amp; {} -\frac{v_{i,wind}}{r} \frac{\partial N_i}{\partial \theta }, \end{aligned}$$]

 (11)


[image: $$\begin{aligned} ZT= &amp; {} -\frac{u_{i,wind}}{r\sin \theta } \frac{\partial N_i}{\partial \phi }. \end{aligned}$$]

 (12)


The units of the variables in Eqs. 4, 5, 6, 7, 8, 9, 10, 11, 12 are m[image: $$^{-3}$$] s[image: $$^{-1}$$]. The positive values of these nine variables indicate ion density enhancements and vice versa.


Results
Figure 1 displays the temporal variations in (a, d) Mg[image: $$^+$$] ion density, (b, e) zonal winds (eastward positive), and (c, f) meridional winds (southward positive). The upper three plots are those at Tokyo, Japan (35.7[image: $$^\circ$$]N and 139.4[image: $$^\circ$$]E) on June 3, 2015 (a–c). The three lower plots are those at Arecibo (18.3[image: $$^\circ$$]N and 66.8[image: $$^\circ$$]W) on October 20, 1998 (d–f). The locations shown in the upper and lower panels are the numerical domain centers for the mid- and low-latitude cases, respectively. The contours in Fig. 1a and d show the geomagnetic zonal wind velocity. The geomagnetic zonal winds (u[image: $$_m$$]) are calculated as:[image: $$\begin{aligned} u_m=u_n\cos D + v_n\sin D, \end{aligned}$$]

 (13)


where D is the geomagnetic field declination, and [image: $$u_n$$] and [image: $$v_n$$] are the zonal and meridional winds, respectively. Again, we use “geomagnetic” to refer to geomagnetic coordinate latitudes, and do not use explicitly “geographic” to refer to geographic coordinate latitudes.
We chose the specific two dates because it was obvious that the semi-diurnal tides are dominant at mid-latitudes (Fig. 1b and c) and that the diurnal tides are dominant at low-latitudes (Fig. 1e and f). These are typical characteristics of the mesosphere and lower thermosphere at mid- and low-latitudes (Hagan et al. 1999; Manson et al. 1999; Hagan and Forbes 2002; Oberheide et al. 2015; Solomon and Roble 2015). It is well known that diurnal and semi-diurnal tides are the most crucial tides for Es layer dynamics (Mathews and Bekeny 1979; Whitehead 1989; Mathews 1998; Haldoupis et al. 2006; Haldoupis 2011, 2012). Therefore, on the two days, we could investigate the general horizontal Es layer movements by neutral winds.
In Fig. 1a, the daytime Es layer descends from 115 km at 6 LT to 103 km at 11 LT. It broadens and stagnates at [image: $$\sim$$]103 km between 11 and 18 LT. The nighttime Es layers descend from 110 km and 0 LT to 103 km and 6 LT, and from 125 km at 18 LT to 96 km at 24 LT. The daytime Es layer lags behind the geomagnetic zonal-wind shear nodes, where the geomagnetic zonal wind velocity is zero, especially after 8 LT. This lag is caused by the more frequent ion–neutral collisions that inhibit the vertical ion motions in the lower altitudes. The nighttime Es layers also deviate from the geomagnetic zonal-wind shear nodes. As shown in Fig. 1b and c, the semi-diurnal tides prevail, but the diurnal tides do not at mid-latitudes. The daytime and nighttime Es layers are formed by the semi-diurnal tides. At low-latitudes, the upper Es layer appears at 120 km and 8 LT and descends to 105 km at 24 LT with the geomagnetic zonal-wind shear nodes. The lower Es layer descends from 105 km at 2 LT to 95 km at 17 LT, as shown in Fig. 1d. It lags slightly behind the geomagnetic zonal-wind shear nodes after 13 LT. As shown in Fig. 1e and f, at low-latitudes, the diurnal tides prevail below [image: $$\sim$$]110 km, and the semi-diurnal tides prevail above [image: $$\sim$$]110 km. The lower Es layer is formed by the diurnal tides, and the upper Es layer is formed by both semi-diurnal and diurnal tides.
Hereafter, we examined the horizontal Es movements at mid- and low-latitudes, comparing them to the local wind distributions at the same altitudes and local times. We focused on the semi-diurnal tidal effects at mid-latitudes and the diurnal tidal effects at low-latitudes for horizontal Es movements.
Horizontal Es movements driven by semi-diurnal tides
Figure 2 shows the horizontal distributions at 112.5 km and 7 LT of (a) Mg[image: $$^+$$] density, (b) zonal winds (eastward positive), and (c) meridional winds (southward positive) at mid-latitudes around Japan. The altitude and local time correspond to those of the daytime descending Es layer (DEsL) in its early stage, as shown in Fig. 1a, which is denoted by the magenta cross at 7 LT. The contours in Fig. 2a represent the geomagnetic zonal wind velocity. Figure 2a shows that the daytime Es layer forms near the geomagnetic zonal wind shear nodes. The Es layer spreads at 32–43[image: $$^\circ$$]N and 137–147[image: $$^\circ$$]E. It occurs near the geomagnetic zonal-wind shear nodes, where the geomagnetic zonal wind velocity is zero. As shown in Fig. 2b and c, around the Es layer, the zonal winds are weak (within ±12.5 m/s), and the meridional winds are nearly 50 m/s southward.
To distinguish the temporal and spatial variations in the Es layers on the horizontal cross-sections, the Es density variation mechanisms were examined from a 3D perspective. Figure 3 displays the horizontal distributions of the variables defined by Eqs. 4, 5, 6, 7, 8, 9, 10, 11, 12 at 112.5 km and 7 LT. The color range is between [image: $$-4.0\times 10^4$$] and [image: $$4.0\times 10^4$$] m[image: $$^{-3}$$] s[image: $$^{-1}$$]. Positive variable values indicate ion density enhancements, and vice versa. The first, second, and third columns show the compression, transportation, and differential flux density, respectively. The first, second, and third rows show density variations due to vertical dynamics (VC, VT, and VDFD), meridional dynamics (MC, MT, and MDFD), and zonal dynamics (ZC, ZT, and ZDFD), respectively. The fourth row shows the total variables displayed in the first, second, and third rows. In the first column, VC is on the order of 10[image: $$^4$$] m[image: $$^{-3}$$] s[image: $$^{-1}$$], and MC and ZC is on the order of 10[image: $$^2$$] m[image: $$^{-3}$$] s[image: $$^{-1}$$]. VC is greater than MC and ZC, as predicted by wind shear theory. The total VC, MC, and ZC are approximately equivalent to VC, as shown in the fourth row of the first column. In the second column, VT is on the order of 10[image: $$^4$$] m[image: $$^{-3}$$] s[image: $$^{-1}$$], and MT and ZT are on the order of 10[image: $$^3$$] m[image: $$^{-3}$$] s[image: $$^{-1}$$] and 10[image: $$^2$$] m[image: $$^{-3}$$] s[image: $$^{-1}$$], respectively. VT is greater than MT and ZT because the Es layer has intense vertical density variations, that is, a large [image: $$\frac{\partial N_i}{\partial z}$$]. Consequently, VDFD is greater than MDFD and ZDFD as shown in the third column. The total of these three variables is nearly equal to VDFD. Therefore, the temporal evolution in 3D Es structures above [image: $$\sim$$]110 km are determined primarily by vertical ion dynamics (VC and VT). In other words, above [image: $$\sim$$]110 km, the structural variations in the Es layers are ascribed to those of the vertical zonal-wind shears. Hence, hereafter, we focus on horizontal Es movements below [image: $$\sim$$]110 km driven by diurnal and semi-diurnal tides.
We note that ions can be transported by horizontal winds above [image: $$\sim$$]110 km; however, for Es layer dynamics, horizontal transport is negligible compared to vertical transport and compression above [image: $$\sim$$]110 km, as shown in Fig. 3. This is because vertical ion convergence time is small above [image: $$\sim$$]110 km. In other words, the ion gyrofrequency is not small in relative to ion–neutral collision frequency above [image: $$\sim$$]110 km. Above [image: $$\sim$$]110 km, Es layers are formed generally at the location where vertical ion convergence is strong, and not move with neutrals.
Figure 4 shows the same results as Fig. 2 but at 103 km and 17 LT. Figure 4a displays the horizontal distribution of the stagnating Es layer (SEsL) at [image: $$\sim$$]103 km in Fig. 1a, whose altitude and local time are denoted by the magenta cross at 17 LT. In Fig. 4a, the Es layer extends from 28[image: $$^\circ$$]N and 147[image: $$^\circ$$]E to the northwest. The Es layer is present near, but not constrained at the geomagnetic zonal-wind shear nodes because it ascends by the Lorentz force due to the geomagnetic eastward winds after 16 LT, as shown in Fig. 1a. The Es layer is located in the weak zonal wind regions (within ±12.5 m/s), Fig. 4b. It spreads over the northward and southward wind regions, Fig. 4c. We note that the horizontal velocity of the Es layer was generally equivalent to the horizontal wind velocity below [image: $$\sim$$]110 km.
Figure 5 shows the same results as Fig. 3, but at 103 km and 17 LT. The color range is between [image: $$-1.5\times 10^5$$] and [image: $$1.5\times 10^5$$] m[image: $$^{-3}$$] s[image: $$^{-1}$$]. The color range is greater than that shown in Fig. 3 because the Es layer becomes denser as it descends. In the first column, VC is on the order of 10[image: $$^5$$] m[image: $$^{-3}$$] s[image: $$^{-1}$$], and MC and ZC are on the order of 10[image: $$^4$$] m[image: $$^{-3}$$] s[image: $$^{-1}$$]. VC is greater than MC and ZC. It should be noted that the ratio of VC to MC and ZC decreases in Fig. 5, compared to that in Fig. 3. This is because, below [image: $$\sim$$]110 km, the ion gyrofrequency becomes much smaller than the ion–neutral collision frequency (Haldoupis 2011), and the vertical ion movements driven by the Lorentz force are inhibited by frequent ion–neutral collisions, compared to those at higher altitudes. The total VC, MC, and ZC are generally equivalent to VC. In the second column, MT is equivalent to VT on the order of 10[image: $$^5$$] m[image: $$^{-3}$$] s[image: $$^{-1}$$]. As asserted above, this is because of the frequent ion–neutral collisions. However, ZT, whose order is 10[image: $$^4$$] m[image: $$^{-3}$$] s[image: $$^{-1}$$], is smaller than MT and VT because the Es layer exists near the zonal wind-shear nodes as shown in Fig. 4a and 4b. Thus, in horizontal movements, the Es layer is prone to move in the meridional direction rather than in the zonal direction. The direction of the horizontal Es movement can be estimated from the MT. A negative MT appears at around 32[image: $$^\circ$$]N and 146[image: $$^\circ$$]E. A positive MT appears at around 31[image: $$^\circ$$]N and 146[image: $$^\circ$$]E. The positional relationship between the negative and positive MT regions indicates southward Es movements, which correspond to the meridional wind direction. In the third column, VDFD and MDFD are greater than ZDFD, and their total is approximately the summation of VDFD and MDFD. Compared to the Es layer above 110 km, the Es layer below 110 km is affected more significantly by the horizontal ion dynamics.
In Fig. 5, we showed that the Es layers can be transported by the meridional winds below [image: $$\sim$$]110 km. In addition, they can be transported by zonal winds when the layers deviate from the zonal-wind shear nodes. Below [image: $$\sim$$]110 km, the Es layers lag behind the geomagnetic zonal-wind shear nodes, which generally correspond to zonal-wind shear nodes. Consequently, they are left in the westward wind regions. The upper three panels in Fig. 6 show the horizontal distributions at 107 km and 3 LT of (a) Mg[image: $$^+$$] ion, (b) zonal, and (c) meridional winds to show the zonal movements of the Es layers. The altitude and local time are denoted by the magenta cross at 3 LT in Fig. 1a. As shown in Fig. 1a, the Es layer, whose horizontal distribution is displayed in Fig. 6a, deviates from the geomagnetic zonal-wind shear nodes. From Fig. 6b and c, the Es layer is located in the westward and southward wind regions. The meridional winds are smaller than [image: $$\sim$$]25 m/s southward, and zonal winds are nearly 50 m/s westward. The lower four panels in Fig. 6 show the (d) vertical, (e) meridional, (f) zonal, and (g) total transportation of the Es layer in Fig. 6a. The order of VT and ZT is 10[image: $$^4$$] m[image: $$^{-3}$$] s[image: $$^{-1}$$], and MT is 10[image: $$^3$$] m[image: $$^{-3}$$] s[image: $$^{-1}$$]. Clearly, ZT is equivalent to VT, and total transportation is generally the summation of ZT and VT. This indicates that the Es layer moves westward as it lags behind the geomagnetic zonal-wind shear nodes.
As a brief summary, below [image: $$\sim$$]110 km, MT and/or ZT become equivalent to VC and VT. Thus, the Es layers below [image: $$\sim$$]110 km are transported horizontally by local winds. The Es layer movement direction is determined by the wind direction. The DEsLs are embedded in the southward wind regions, and move southward, as shown in Fig. 5. Lagging behind the geomagnetic zonal-wind shear nodes, the DEsLs become embedded in the westward wind regions and to move westward, as shown in Fig. 6. The SEsLs at [image: $$\sim$$]100 km, which deviate from the geomagnetic zonal-wind shear nodes, are horizontally transported by semi-diurnal tides there. Considering the phase variations in the semi-diurnal tides, Fig. 1b, the SEsLs tend to move westward at 9–15 and 21–3 LT, and eastward at 3–9 and 15–21 LT. From Fig. 1c, the SEsLs tend to move southward during pre-noon and pre-midnight and northward during post-noon and post-midnight.

Horizontal Es movements driven by diurnal tides
Figure 7 shows the horizontal distributions of (a) Mg[image: $$^+$$] density, (b) zonal winds (eastward positive), and (c) meridional winds (southward positive) at low-latitudes around Arecibo at 103 km and 6 LT. The Es structure corresponds to the lower Es layer in Fig. 1d, whose altitude and local time are denoted by the magenta cross at 6 LT. The contours in Fig. 7a represent the geomagnetic zonal wind velocity. The Es layer shows a two-banded structure; the southern one elongates between 59[image: $$^\circ$$] and 68[image: $$^\circ$$]W in the east–west direction, and the northern one elongates between 59[image: $$^\circ$$] and 68[image: $$^\circ$$]W in the northwest–southeast direction. The two-banded structure exists near, but is not constrained at, the geomagnetic zonal-wind shear nodes, where the geomagnetic zonal wind velocity is zero. The two-banded Es structure is embedded in the westward wind regions, as shown in Fig. 7a and b. However, the westward wind is weak (within ±12.5 m/s). The layer is embedded in the southward wind regions, Fig. 7c. The southward winds exceed 50 m/s.
Figure 8 shows the same results as Fig. 3, but at 103 km and 6 LT at low-latitudes around Arecibo. Its color range is between [image: $$-2.0\times 10^7$$] and [image: $$2.0\times 10^7$$] m[image: $$^{-3}$$] s[image: $$^{-1}$$]. In the first column, VC is on the order of 10[image: $$^7$$] m[image: $$^{-3}$$] s[image: $$^{-1}$$], and ZC and MC is on the order of 10[image: $$^6$$] m[image: $$^{-3}$$] s[image: $$^{-1}$$]. Thus, VC driven by diurnal tides is greater than MC and ZC. The total compression in the fourth row is equivalent to VC. In the second column, MT and VT are on the order of 10[image: $$^7$$] m[image: $$^{-3}$$] s[image: $$^{-1}$$], and ZT is on the order of 10[image: $$^6$$] m[image: $$^{-3}$$] s[image: $$^{-1}$$]. MT is equivalent to VT, which is the same as in the mid-latitude case. ZT is smaller than MT because the lower Es layer is located generally in the regions where the zonal wind velocity is zero, as shown in Fig. 7a and b. In the third column, VDFD and MDFD are greater than ZDFD. The total differential flux density in the fourth row is nearly equal to the summation of VDFD and MDFD. The lower Es layer in Fig. 1d is generated by the vertical compression due to the geomagnetic zonal-wind shear driven by diurnal tides. However, under strong vertical wind-shears driven by diurnal tides, the lower Es layer can be modified by horizontal transport due to the horizontal winds; therefore, its behavior cannot be explained only by vertical ion dynamics, as in the mid-latitude case.


Discussion
3D ionospheric simulations at mid- and low-latitudes were performed to reveal the horizontal movements of the Es layers driven by diurnal and semi-diurnal tides. We found that above [image: $$\sim$$]110 km, the spatial and temporal variations in the Es layers are controlled mainly by VC and VT, as shown in Fig. 2. VC is equivalent to VT, whose order is 10[image: $$^4$$] m[image: $$^{-3}$$] s[image: $$^{-1}$$]. The horizontal Es movements above [image: $$\sim$$]110 km are not influenced by horizontal compression and transport, on the order of 10[image: $$^2$$] m[image: $$^{-3}$$] s[image: $$^{-1}$$] (MC, ZC, and ZT) and 10[image: $$^3$$] m[image: $$^{-3}$$] s[image: $$^{-1}$$] (MT). Below [image: $$\sim$$]110 km, horizontal transport is equivalent to VT and VC, as shown in Figs. 5, 6 and 8. In Figs. 5 and 8, the order of the VC, VT and MT is 10[image: $$^5$$] and 10[image: $$^7$$] m[image: $$^{-3}$$] s[image: $$^{-1}$$], and that of MC, ZC, and ZT is 10[image: $$^4$$] and 10[image: $$^6$$] m[image: $$^{-3}$$] s[image: $$^{-1}$$], respectively. Comparing MT and ZT for the DEsLs, MT is generally larger than ZT because the Es layers are formed near the zonal-wind shear nodes. However, as shown in Fig. 6, the more the Es layers deviate from the geomagnetic zonal-wind shear nodes, the more frequently they move westward.
From Figs. 3, 5, 6, and 8, it was revealed that, below [image: $$\sim$$]110 km, the Es layers are transported by the local winds. To summarize the horizontal Es movements, a schematic diagram of relationships between Es layers and (a-b) semi-diurnal tides and (d-e) diurnal tides is shown in Fig. 9. The top plots illustrate the relationship between the Es layers and zonal winds of the tides, and the middle plots illustrate that of the Es layers and meridional winds of the tides. The vertical axis represents altitudes, and the horizontal axis represents local time. The black lines in the bottom panels, 9c and 9f, indicate the temporal variations in the movement directions (N, W, S, and E) of the Es layers due to tides. In other words, the black lines indicate the wind directions at the heights of the Es layers in the top and middle rows of Fig. 9.
In Fig. 9a, the Es layers are formed near the zonal-wind shear nodes of the semi-diurnal tides above [image: $$\sim$$]110 km in the pre-noon and pre-midnight sectors, as the Es layer in Fig. 2. The Es layers descend and lag behind the nodes, and become embedded in the westward wind regions at 9–15 LT and 21–3 LT, as the Es layer in Fig. 6. Subsequently, the Es layers stagnate at approximately 100 km after noon and midnight. Thus, the Es layer can move eastward roughly after 6 LT and 18 LT, as that in Fig. 3. In Fig. 9b, given the rotational tidal phase variations, the DEsLs exist in the southward wind regions primarily during the pre-noon and pre-midnight periods. Therefore, the Es layers formed by semi-diurnal tides tend to move southward while they descend. When the Es layers stagnate at [image: $$\sim$$]100 km, they move northward during the post-noon and post-midnight periods. The Es movements caused by the semi-diurnal tides are summarized by black lines in Fig. 9c.
SEsLs around 100 km are expected to be blown by the zonal winds of semi-diurnal tides. They move westward rather than eastward. As shown in Fig. 9, the SEsLs penetrate from the westward/southward wind regions into the westward/northward wind regions after [image: $$\sim$$]12 and 24 LT. In the westward/northward wind regions, the metal ions diverge vertically, and Es layers decrease in density. Most Es layers disappear in this region. Few Es layers can further penetrate the eastward/northward wind region, roughly after 6 and 18 LT. The sparse metal ions ascend to above 110 km because of the upward Lorentz force driven by the eastward winds. In the eastward/southward wind region, metal ions converge vertically at approximately 120 km. As shown in the present simulation, Fig. 1a, the SEsL at [image: $$\sim$$]103 km diffuses after [image: $$\sim$$] 17 LT in the eastward/northward wind regions. The diffused metal ions gather and form a nighttime Es layer in the southward/westward wind regions.
In Fig. 9d, the Es layer forms near the zonal-wind shear nodes of the diurnal tides around dawn. The Es layer descends and lags behind the nodes, and exists in the westward wind regions at a local time of 6–18 h. In Fig. 9e, as in the semi-diurnal tide case, the Es layer exists in the southward wind regions at a local time of 6–18 h. Thus, the Es layer formed by diurnal tides tends to move southward, as the Es layer in Fig. 7. The Es layer hardly moves eastward or northward. This is because, even if it stagnates below 100 km, the density of the Es layer decreases rapidly owing to the three-body reactions of metal ions before being blown by the eastward or northward winds. These Es movements are summarized by a black line in Fig. 9f.
To further confirm the horizontal Es movement shown in Fig. 9, we show the 3D trajectory of the metal ions comprising the DEsL and SEsL from 8 to 17 LT on June 3, 2015 at mid-latitudes. The trajectories of the metal ions were calculated using the simulated 3D ion velocity. The trajectory started at 8 LT when the DEsL began to be formed at an altitude of 110 km, 38.45[image: $$^\circ$$]N, and 138.2[image: $$^\circ$$]E. It ended at 17 LT, 97.5 km altitude, 38.45[image: $$^\circ$$]N, and 133.7[image: $$^\circ$$]E because the SEsL diffused and became non-visible after 17 LT, as with the SEsL in Fig. 1a. The upper panel of Fig. 11 shows the 3D trajectory of the metal ions within the DEsL and SEsL. The lower left three panels display the altitude, latitude, and longitude variations in the metal ion trajectory. The lower right panel displays the zonal/meridional ion velocity along the trajectory (eastward/southward positive).
At the beginning of the trajectory, at 8 LT, the metal ions converge in an altitude of 110 km (38.45[image: $$^\circ$$]N and 138.2[image: $$^\circ$$]E). The converging metal ions form the DEsL. The DEsL descends to [image: $$\sim$$]100 km at 12 LT (35.7[image: $$^\circ$$]N and 136.9[image: $$^\circ$$]E). After [image: $$\sim$$]12 LT, the DEsL becomes the SEsL, which persists at [image: $$\sim$$]100 km, as shown in the trajectory altitude panel. The SEsL moves horizontally as shown in the trajectory latitude and longitude panel. At the end of the trajectory, at 17 LT, the SEsL is present at 97.5 km (38.45[image: $$^\circ$$]N and 133.7[image: $$^\circ$$]E). From the lower right panel, the DEsL, which corresponds to the trajectory between 8 LT and 12 LT, moves southward and westward. As time passed, the westward velocity of the DEsL gradually increases, which indicates that the DEsL lags behind the zonal-wind shear nodes. The meridional movement of the SEsL, which corresponds to the trajectory after 12 LT, turns from southward to northward after 13 LT. The SEsL always moves westward. We note that the horizontal ion velocity approximately equals the horizontal wind velocity. These horizontal Es movements are consistent with the horizontal Es movements in the lower left panel of Fig. 9. The horizontal movements of the overall Es layers can be described schematically as Fig. 9.
We emphasize that horizontal Es movements are affected by both semi-diurnal and diurnal tides. Thus, we must consider the relationship between the Es layers and semi-diurnal/diurnal tides in Fig. 9 at the same time. Moreover, neutral winds in the mesosphere and lower thermosphere (MLT) region result from the superposition of both semi-diurnal/diurnal tides and other small-scale gravity waves (Liu et al. 2014; Yiğit and Medvedev 2017). Semi-diurnal and diurnal tides exhibit day-to-day variability (Miyoshi and Fujiwara 2003; Pedatella et al. 2012). To investigate the horizontal Es movements, the above-mentioned variations in the neutral winds in the MLT region, in addition to the relation presented in Fig. 9, must be considered.
The present simulations revealed that the Es movements above [image: $$\sim$$]110 km are not attributed to horizontal wind transport, but to vertical structural Es variations. This result does not dispute previous observations of horizontal Es movements. This is because radio waves and total electron content (TEC) observations can detect denser Es layers more frequently. Sparse Es layers may be difficult to observe using such techniques. It is known that most Es layers become denser as they descend and exhibit their maximal density below 110 km (Haldoupis et al. 2020). For this reason, most previous studies aimed to observe horizontal Es movements below [image: $$\sim$$]110 km (e.g., Tanaka 1979; Maeda and Heki 2015; Sun et al. 2021).
Previous observations have reported that Es layers have a westward moving tendency (Koizumi 1969; Beynon et al. 1972; Tanaka 1979; Sun et al. 2021). We found that the DEsLs move westward rather than eastward because they lag behind the geomagnetic zonal-wind shear nodes that form the Es layers. However, we should point out the differences between geomagnetic and geographic zonal winds owing to the declination of geomagnetic fields. This is because metal ions gather in the geomagnetic zonal-wind shear nodes to form the Es layers, but not the geographic zonal-wind shear nodes. It should be noted that, in this paragraph, we explicitly use “geographic” to avoid any confusion. The geographic zonal winds (u[image: $$_n$$]) and geographic meridional winds (v[image: $$_n$$]) driven by atmospheric tides are described by the following equations (Mathews and Bekeny 1979; Haldoupis et al. 2006):[image: $$\begin{aligned} u_n= &amp; {} -V_0\sin \left( \frac{2\pi }{\lambda _z}z+\phi _t\right) , \end{aligned}$$]

 (14)


[image: $$\begin{aligned} v_n= &amp; {} V_0\cos \left( \frac{2\pi }{\lambda _z}z+\phi _t\right) , \end{aligned}$$]

 (15)


where V[image: $$_0$$] is the maximum amplitude, [image: $$\lambda _z$$] is the vertical wavelength, and [image: $$\phi _t$$] is the time-dependent phase of the tides, and z is the altitudes. Thus, using Eqs. 13–15, the geomagnetic zonal winds driven by the tides are calculated as:[image: $$\begin{aligned} u_m= &amp; {} -V_0\sin \left( \frac{2\pi }{\lambda _z}z+\phi _t\right) \cos D + V_0\cos \left( \frac{2\pi }{\lambda _z}z+\phi _t\right) \sin D\nonumber \\= &amp; {} -V_0\sin \left( \frac{2\pi }{\lambda _z}z-D+\phi _t\right) . \end{aligned}$$]

 (16)


The positive directions of the geomagnetic/geographic zonal winds and geographic meridional winds are geomagnetic/geographic eastward and southward, respectively. Figure 10 depicts the relationship among u[image: $$_n$$], v[image: $$_n$$], and u[image: $$_m$$] at an arbitrary time. We assumed that D was -15 degrees, which generally corresponds to the largest declination around the eastern America at geomagnetic mid-latitudes (Thébault et al. 2015). The vertical axis represents the vertical tidal wavelength altitude. The horizontal axis represents the tidal amplitude. The geomagnetic and geographic zonal-wind shear nodes are indicated by the green and blue dots, respectively. The deviation of the two nodes is highlighted in yellow. The deviation between the two nodes was calculated as [image: $$\frac{\lambda _{z}}{24}$$]. Estimated from Fig. 1b, c and e, f, the vertical wavelength of the semi-diurnal and diurnal tides is approximately 60 km and 25 km, respectively. As shown in Fig. 10, the Es layers can move geographically eastward, at the geomagnetic zonal-wind shear nodes. However, DEsLs can have a westward movement tendency because the Es layers descend and lag behind the geomagnetic zonal-shear nodes (Haldoupis 2011, 2012; Andoh et al. 2020, 2021). This indicates that the Es layers move into the geographic westward wind regions over time. Therefore, lagging behind the nodes, the Es layers move geographically westward more frequently than eastward. It should be noted that around the great negative declination region, such as in the South Atlantic anomaly, the Es layers may move more frequently in the eastward direction.
Beynon et al. (1972) and Tanaka (1979) observed the eastward Es movements in addition to the westward tendency of the Es movements. This is not compatible with observations in which the Es layers move westward rather than eastward (Koizumi 1969; Sun et al. 2021). The discrepancy of the zonal Es movements among the previous observations can be explained by the local time and Es layer altitudes, as shown in Fig. 9. Given the relationship shown in the left column of Fig. 9, intense SEsLs may be sustained in the eastward wind regions after 6 and 18 LT. This time-dependent eastward Es movement coincides generally with the movement direction variations presented in Beynon et al. (1972) and Tanaka (1979). Beynon et al. (1972) reported that the Es layers moved eastward generally after 7 and 16 LT except in November, when they moved eastward after 13 LT. Tanaka (1979) observed eastward Es movements after 6 and 18 LT, in addition to around 12 LT. Some inconsistencies between our simulations and the previous observations may be caused by the day-to-day variations in the tides and/or atmospheric gravity waves (Miyoshi and Fujiwara 2003; Pedatella et al. 2012; Liu et al. 2014; Yiğit and Medvedev 2017).
The discrepancy between the observed meridional Es movements can also be described by the local time and Es layer altitudes. Recent TEC observations showed a controversial result that all the Es layers move southward around China (Sun et al. 2021) or the Es layers are blown by semi-diurnal tides around Japan (Maeda and Heki 2015). Maeda and Heki (2015) proposed that Es layers move mainly northward in 10–14 LT and mainly southward in 17–19 LT. Their results seem not to correspond to our summarized results in Fig. 9. However, we emphasize that the Es layers in Fig. 9 are just an example. The descending velocity and stagnation altitudes of Es layers can be different in reality. Based on the meridional phase variations of semi-diurnal tides in Fig. 9, SEsLs between 100 and 110 km can move northward in 12–18 LT and southward in 18–24 LT. Further, considering day-to-day variations of semi-diurnal tides such as presented in Fig. 1c, our results can explain horizontal Es movements presented in Maeda and Heki (2015). Sun et al. (2021) clearly observed DEsLs, but not SEsLs, as shown in their Fig. 7. The observed Es layers move southward and not northward, which is consistent with our simulated descending layers at mid- and low-latitudes. Overall, to discuss the horizontal Es movements, we must consider the Es layer altitude and the local time, as in Sun et al (2021).
It should be noted that Maeda and Heki (2014, 2015) investigated smaller-scale Es structures than Sun et al (2021). In our simulations, the Es structures whose scale is smaller than a hundred kilometers were not reproduced well due to the coarse neutral wind resolution. Es layers can be affected by atmospheric gravity waves (e.g., Chimonas 1971; Obenberger et al 2021). Thus, the horizontal Es movements presented in Maeda and Heki (2014, 2015) might result from phase propagations of atmospheric gravity waves, as with the traveling ionospheric disturbances (Miyoshi et al 2018). We need to further investigate horizontal Es movements driven by other factors than atmospheric tides to reveal comprehensive mechanisms of horizontal Es movements.
At low-latitudes, Es layers formed by diurnal tides are more frequently observed than those formed by semi-diurnal tides (Christakis et al 2009) because diurnal tides are stronger and semi-diurnal tides are weaker at low-latitudes than at mid-latitudes (Hagan and Forbes 2002; Oberheide et al 2015; Solomon and Roble 2015). This indicates that DEsL can be observed more frequently at low-latitudes than at mid-latitudes. We suggest that the low-latitude Es layers may move southward more frequently than the mid-latitude Es layers do. The horizontal Es movements can have latitudinal dependence.
We note that horizontal Es movements can be affected not only by diurnal and semi-diurnal tides but also by higher-order tides such as terdiurnal and quarter-diurnal tides. Previous studies indicated that EsL dynamics can be affected by terdiurnal and quarter-diurnal tides in some seasons (e.g., Haldoupis et al 2006; Haldoupis and Pancheva 2006; Jacobi et al 2019; Oikonomou et al 2022). Terdiurnal and quarter-diurnal tides may influence seasonal variations of horizontal Es movements. To confirm this, more simulations and observations of horizontal Es movements are necessary for all seasons. This is future work.[image: ]
Fig. 1Temporal variations in a, d Mg[image: $$^+$$] ion density; b, e zonal winds (eastward positive); and c, f meridional winds (southward positive). The upper three plots are those at Tokyo, Japan (35.7[image: $$^\circ$$]N and 139.4[image: $$^\circ$$]E) on June 3, 2015 (a–c). The lower three plots are those at Arecibo (18.3[image: $$^\circ$$]N and 66.8[image: $$^\circ$$]W) on October 20, 1998 (d–f). The contours in Fig. 1a and d show the geomagnetic zonal wind velocity. Thick contours represent 0 m/s, and dashed and solid contours represent geomagnetic westward and eastward winds with 20 m/s intervals, respectively. The magenta crosses in subplots a and d indicate the altitudes and local times at which horizontal Es movements were investigated in this study
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Fig. 2Horizontal distributions at 112.5 km and 7 LT for a Mg[image: $$^+$$] density, b zonal winds (eastward positive), and c meridional winds (southward positive) at mid-latitudes around Japan. The contours in Fig. 2a represent the geomagnetic zonal wind velocity
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Fig. 3Horizontal distributions at 112.5 km altitude and 7 LT of the compression, transportation, and differential flux density (first, second, and third columns). The first, second, and third rows show density variations due to vertical dynamics (VC, VT, and VDFD), meridional dynamics (MC, MT, and MDFD), and zonal dynamics (ZC, ZT, and ZDFD), respectively. The fourth row shows the total variables displayed in the first, second, and third rows. The color range is between [image: $$-4.0\times 10^4$$] and [image: $$4.0\times 10^4$$] m[image: $$^{-3}$$] s[image: $$^{-1}$$]

[image: ]
Fig. 4Horizontal distributions as in Fig. 2, but at 103 km and 17 LT

[image: ]
Fig. 5Horizontal distributions as in Fig. 3, but at 103 km and 17 LT. The color range is between [image: $$-1.5\times 10^4$$] and [image: $$1.5\times 10^4$$] m[image: $$^{-3}$$] s[image: $$^{-1}$$]
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Fig. 6The upper three panels show the horizontal distributions at 107 km and 3 LT of a Mg[image: $$^+$$] density, b zonal, and c meridional winds. The lower four panels show the d vertical, e meridional, f zonal, and g total transportation of the Es layer in Fig. 6a. The color range is between [image: $$-2.0\times 10^4$$] and [image: $$2.0\times 10^4$$] m[image: $$^{-3}$$] s[image: $$^{-1}$$]
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Fig. 7Horizontal distributions of a Mg[image: $$^+$$] density, b zonal winds (eastward positive), and c meridional winds (southward positive) at low-latitudes around Arecibo at 103 km and 6 LT. The Es structures correspond to the lower Es layer in Fig. 1d. The contours in Fig. 7a represent the geomagnetic zonal wind velocity

[image: ]
Fig. 8Horizontal distributions as in Fig. 3, but at 103 km and 6 LT at low-latitudes around Arecibo. The color range is between [image: $$-2.0\times 10^7$$] and [image: $$2.0\times 10^7$$] m[image: $$^{-3}$$] s[image: $$^{-1}$$]

[image: ]
Fig. 9Schematic diagram of relationships between Es layers and a, b semi-diurnal tides and d, e diurnal tides. The top plots a and d display the Es layers and the zonal tide component. The middle plots display the Es layers and the meridional tide component. The vertical axis represents altitude and horizontal axis represents local time. The black lines in the bottom panels c and f indicate the temporal variations in the movement directions (N, W, S, and E) of the Es layers due to the tides

[image: ]
Fig. 10Relation of the geomagnetic/geographic zonal winds and geographic meridional winds driven by the atmospheric tides calculated by Eqs. 14, 15, 16. The vertical axis represents the altitude in the vertical wavelength, and the horizontal axis represents tidal amplitudes. The geomagnetic and geographic zonal-wind shear node is highlighted by the green and blue dots, respectively. The deviation of the two nodes is highlighted in yellow

[image: ]
Fig. 11a 3D trajectory of the metal ions. b Altitude trajectory variation. c Latitude and d longitude trajectory variation. e Zonal/meridional ion velocity along the trajectory (eastward/southward positive)



Conclusion and summary
We attempted to reveal horizontal Es movements driven by atmospheric diurnal/semi-diurnal tides using a 3D ionospheric model. There have been no comprehensive studies to explain the different results of horizontal Es movements asserted from a variety of observations. Moreover, horizontal Es movements have been deduced from 1D or 2D observations. To assess the horizontal Es movements from a 3D perspective, in this study, we performed 3D Es simulations at mid- and low-latitudes.
Horizontal Es movements are driven by two different mechanisms depending on altitudes. We found that the Es layers are constrained at the zonal-wind shear nodes above [image: $$\sim$$]110 km, and horizontal Es movements above [image: $$\sim$$]110 km result from spatio-temporal variations of vertical ion convergence regions. In contrast, Es layers are transported horizontally by horizontal winds below [image: $$\sim$$]110 km. Below [image: $$\sim$$]110 km, the Es layers that descend with the downward diurnal/semi-diurnal tide phases move southward and westward. The DEsLs tend to move southward rather than westward because they occur near the zonal-wind shear nodes, where the zonal wind velocity is zero. As the DEsLs lag behind the zonal-wind shear nodes, the layers become embedded in the westward wind regions, and move westward. When the Es layers stagnate at [image: $$\sim$$]100 km, they can move in the meridional and zonal directions with diurnal/semi-diurnal tidal phase variations. In general, the DEsLs and SEsLs do not move eastward. This is because the Es layers diffuse vertically in the eastward/northward wind region and are in the early stage of forming in the eastward/southward wind region. The horizontal Es movement mechanism revealed by this study agrees with and provides a general explanation for previous observations.
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