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Abstract
The total electron content (TEC) data derived from the GAIA (Ground-to-topside model of Atmosphere Ionosphere for Aeronomy) is used to study the seasonal and longitudinal variation of occurrence of medium-scale traveling ionospheric disturbances (MSTIDs) during daytime (09:00–15:00 LT) for the year 2011 at eight locations in northern and southern hemispheres, and the results are compared with ground-based Global Positioning System (GPS)-TEC. To derive TEC variations caused by MSTIDs from the GAIA (GPS) data, we obtained detrended TEC by subtracting 2-h (1-h) running average from the TEC, and calculated standard deviation of the detrended TEC in 2 h (1 h). MSTID activity was defined as a ratio of the standard deviation to the averaged TEC. Both GAIA simulation and GPS observations data show that daytime MSTID activities in the northern and southern hemisphere (NH and SH) are higher in winter than in other seasons. From the GAIA simulation, the amplitude of the meridional wind variations, which could be representative of gravity waves (GWs), shows two peaks in winter and summer. The winter peak in the amplitude of the meridional wind variations coincides with the winter peak of the daytime MSTIDs, indicating that the high GW activity is responsible for the high MSTID activity. On the other hand, the MSTID activity does not increase in summer. This is because the GWs in the thermosphere propagate poleward in summer, and equatorward in winter, and the equatorward-propagating GWs cause large plasma density perturbations compared to the poleward-propagating GWs. Longitudinal variation of daytime MSTID activity in winter is seen in both hemispheres. The MSTID activity during winter in the NH is higher over Japan than USA, and the MSTID activity during winter in the SH is the highest in South America. In a nutshell, GAIA can successfully reproduce the seasonal and longitudinal variation of the daytime MSTIDs. This study confirms that GWs cause the daytime MSTIDs in GAIA and amplitude and propagation direction of the GWs control the noted seasonal variation. GW activities in the middle and lower atmosphere cause the longitudinal variation. [image: ../images/40623_2021_1369_Figa_HTML.png]
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	IGRF
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Introduction
Several investigators have studied the traveling ionospheric disturbances (TIDs) since 1940, using a variety of techniques (Beynon 1948; Bowman 1968; Chan and Villard 1962; Chimonas and Hines 1970; Davis and Darosa 1969; Francis 1973; Heisler 1957; Martyn 1959; Munro 1950; Pierce and Mimno 1940; Soicher 1988). The most successful interpretation of these observations is that the TIDs are corresponding to disturbances of the neutral atmosphere associated with the passage of internal atmospheric gravity waves (GWs) (Hines 1960). Then, theoretical explanation of precise nature of the causal connection between the GW and the resulting ionospheric disturbances was given by Hooke (1968). This theory suggests that meridional component of neutral wind oscillation due to the GWs can effectively generate the TIDs through the ion-neutral collision process. Based on the characteristics of wavelength and phase speed, TIDs are classified into two categories, viz large-scale TIDs (LSTIDs) and medium-scale TIDs (MSTIDs) (Hunsucker 1982). LSTIDs have horizontal wavelength longer than 1000 km, phase speed of 400–1000 m/s, and period ranging from 30 min to 3 h. Horizontal wavelength, phase speed, and period of MSTIDs are several hundred kilometres, 250–1000 m/s, and 15 min to 1 h, respectively. MSTIDs have been observed by various techniques (Amorim et al. 2011; Duly et al. 2013; Frissell et al. 2014; Kotake et al. 2007; Narayanan et al. 2014; Otsuka et al. 2013).
It is well understood that LSTIDs are mostly generated during the geomagnetic disturbed conditions (Francis 1973; Gardner and Schunk 2010, 2011; Tsugawa et al. 2003; Zhou et al. 2012). On the other hand, it has been believed that MSTIDs are generated in association with GWs originated in the lower/middle atmosphere. MSTIDs are observed both in the daytime and in the nighttime. In the northern hemisphere (NH), during the daytime they frequently propagate towards south or southeast direction, and in the nighttime the preferential propagation direction is southwest with phase front alignment in the northwest to southeast direction. The difference in the propagation direction of MSTIDs suggests that the causative mechanism of daytime and nighttime MSTIDs is different (Kotake et al. 2006; Tsugawa et al. 2007). The nighttime MSTID is caused by the electrodynamical processes (i.e. Perkins instability associated with E- and F-region coupling processes) (Cosgrove et al. 2004; Makela and Otsuka 2012; Otsuka et al. 2007, 2009; Saito et al. 2008), and the daytime MSTID is generated by the atmospheric GWs (MacDougall et al. 2009). In this study, we are focusing on the relationship between the daytime MSTIDs and GWs. The nighttime MSTIDs, which could be generated by the electrodynamical processes, are beyond the scope of this study.
Although there are many investigations that deal with the daytime MSTIDs (e.g., Figueiredo et al. 2018; Huang et al. 2019) earlier, mechanisms which determine the seasonal variation of the daytime MSTIDs are still argued. Using 3-year TEC data at six different regions in the world, Kotake et al. (2006) studied the seasonal, longitudinal and latitudinal variations of the daytime and nighttime MSTID activities. They found that the daytime MSTID activity is higher during winter in all the six regions, and suggested that GWs could be a possible causative mechanism of the daytime MSTIDs. Park et al. (2014) showed the maximum occurrence of medium-scale GWs in winter by using the thermospheric density data obtained on the CHAMP (Challenging Minisatellite Payload) satellite. Using 1-year data of SuperDARN radar, Frissell et al. (2014) reported the local time dependency of the daytime MSTID occurrence, and argued that in addition to GWs generated in the lower atmosphere, geomagnetic activity may have some contribution to the generation of the daytime MSTIDs. Modelling studies on daytime MSTIDs could give an exclusive information of the source of generation of MSTIDs. However, such modelling studies are limited.
Recently, using a month data of a high-resolution version of GAIA model in solar minimum year of 2009, Miyoshi et al. (2018) studied the role of GWs originated in the lower atmosphere for the generation of daytime MSTIDs, and pointed out that the simulated MSTIDs have similar characteristics to those obtained with GPS-TEC observations. Their results suggest that GAIA can successfully reproduce the daytime MSTIDs. In the present study, we investigate the seasonal and longitudinal variations of the daytime MSTID activity in both northern and southern hemispheres for the year 2011 by using the high-resolution GAIA model simulations, and the obtained results are compared with the GPS-TEC observations. Moreover, we also made an attempt to understand the possible causative mechanism for the seasonal and longitudinal variations of the daytime MSTIDs.
Data set and method of analysis
The method carried out to estimate the MSTID activity from the observation and model simulations are detailed in this section.
GPS-TEC data
TEC is calculated from pseudorange and carrier phase data obtained with dual-frequency GPS receivers installed all over the world. To study the seasonal and longitudinal variations of MSTID activity, we used GPS data for the whole year of 2011 at eight different regions consisting of four locations in each hemisphere viz., Western United States of America (35° N, 115° W) hereafter WUSA, Eastern United States of America (45° N, 68° W) hereafter EUSA, Europe (45° N, 09° E) and Japan (35° N, 140° E) in the NH and South America (35° S, 73° W), South Africa (25° S, 27°E), Australia (25° S, 134° E) and New Zealand (44° S, 169° E) in the SH. The locations of the GPS receivers used in the present study are shown in Fig. 1. Two receivers are used in Europe, South Africa, and Australia, respectively, three receivers are used in WUSA, EUSA, South America, and New Zealand, respectively, and six receivers are used in Japan.[image: ../images/40623_2021_1369_Fig1_HTML.png]
Fig. 1Location of the GPS receivers used in the present study


Perturbation components of TEC are derived by subtracting the 1-h running average from the time sequence of TEC for each satellite receiver pair. Then, the perturbation component of slant TEC is converted into the vertical TEC by multiplying the slant factor (Saito et al. 1998). Perturbations obtained from this method are believed to be caused by MSTIDs (Kotake et al. 2006). To study the MSTID activity statistically, we calculated the standard deviation of the perturbation TEC within 1 h for each satellite receiver path every hour. The MSTID activity is defined as the ratio between the standard deviation of the perturbation and 1-h average absolute TEC. The MSTID activity is statistically studied by Kotake et al. (2006). Their results show that seasonal and local time variations of the MSTID activity are consistent with those of MSTID occurrence rate obtained from visual inspection of two-dimensional maps of TEC perturbations (Kotake et al. 2007; Otsuka et al. 2011) and 630-nm nighttime airglow observations (e.g., Shiokawa et al. 2003). The absolute TEC is derived based on the method reported by Otsuka et al. (2002). In this study, both perturbation and absolute TEC with satellite elevation angle larger than 55° are used in order to reduce effects of cycle slips. The MSTID activities obtained from different satellites and receivers are averaged for each region. Monthly averages of MSTID activities are calculated to study seasonal and longitudinal variations of MSTID activity.
An overview of the GAIA model
The Ground-to-topside of Atmosphere and Ionosphere for Aeronomy (GAIA) model is an atmosphere–ionosphere coupled model that covers whole atmospheric region from the ground surface to the upper thermosphere/ionosphere without any artificial boundaries between the lower and upper regions. It is an integration of three models, viz. a General Circulation Model (GCM) of the neutral atmosphere, an ionosphere model, and an electrodynamics model. A detailed description of GAIA can be found in the following references (Jin et al. 2011; Miyoshi et al. 2011, 2012; Shinagawa et al. 2017). In the present study, we have used a high-resolution version of GAIA model with horizontal and vertical resolution of about 1° in longitude by about 1° in latitude and 0.2 scale height, respectively. This means that the model can resolve atmospheric waves with horizontal wavelength larger than 375 km (Miyoshi et al. 2018). This model includes a full set of physical processes applicable for the whole atmospheric region. Schemes for moist convection, a hydrological cycle, boundary layers, and radiation as well as the effect of mountains and land–sea contrasts are also included. In the thermosphere, the model incorporates the interaction processes between the plasma and the neutral species, such as ion drag, Joule heating, and auroral precipitation heating. GAIA uses tilted dipole magnetic field. The output data with temporal resolution of 10 min are analysed in this study.
Atmospheric waves with horizontal scales less than 2000 km in the troposphere and lower stratosphere are spontaneously generated in the model. This means that GWs are generated via meteorological processes, such as moist convection, surface topography, and jet/front instability. Furthermore, the model can simulate the upward propagation of these GWs from the troposphere to the middle and upper atmospheres. For the ionospheric part, the dynamics and chemical processes of the major ion species (O+, O2+, N2+, and NO+) are taken into account (Shinagawa 2009). The coupling processes between the plasma and the neutrals are also included. In this simulation, day-to-day variations in the F10.7 cm flux are taken into account, and geomagnetically quiet condition is assumed. In the present study, GAIA-simulated TEC data are used to derive the MSTID activity by the same method of the GPS observation but perturbation components of TEC are derived by subtracting the 2-h running average from the sequence of vertical TEC and standard deviation of the perturbation is calculated in 2-h. Note that TEC in GAIA is an integration of the plasma density in altitude below 3170 km. The MSTID activity is defined as the ratio between the standard deviation of the perturbation and 2-h averaged absolute TEC. Then, monthly averages of the MSTID activity are calculated to study the seasonal variation. To identify the possible causative mechanism of seasonal variations of MSTID activity, meridional wind and electron density are used to investigate GW activity and effect of GW on the plasma density perturbations in the ionosphere.
Results
In the present study, we validate the GAIA-simulated daytime MSTID activities with GPS observations by investigating seasonal and longitudinal variations of the MSTID activity at different locations at middle latitudes. Furthermore, the meridional wind perturbations simulated by GAIA are used to argue the possible causative mechanisms for the seasonal and longitudinal variations of daytime MSTID.
Seasonal variation of daytime MSTID activity: northern hemisphere
Figure 2 shows seasonal and local time variations of (top) GPS-observed MSTID activity, and (middle and bottom) MSTID activity and standard deviation of meridional wind perturbations obtained from the GAIA simulation, respectively, at different regions, viz. WUSA, EUSA, Europe and Japan in the NH for the year 2011. In each panel, the horizontal axes and vertical axes represent the month and local time (LT), respectively. It should be noted that an enhancement of the MSTID activity at sunrise (03:00–07:00 LT) and sunset (17:00–19:00 LT) is not the signature of MSTID, but the effect of the rapid increase (decrease) of TEC. Therefore, these enhancements around sunrise and sunset are not considered for the discussion. From the top and middle panels, it is clear that MSTID activities obtained from both GPS observations and GAIA simulation are smaller during the daytime than during the nighttime. Similarly, the standard deviation of meridional wind variation is smaller during the daytime than the nighttime. Both GPS observations and GAIA simulation show that the daytime MSTID activity at all of the four locations is the highest in winter, and that the maximum activity during the daytime occurs at different local time for the different locations. For example, the daytime MSTID activity is the highest around 09:00–15:00 LT in winter (particularly, January and February) over the WUSA and EUSA in GAIA and 09:00–12:00 LT in GPS observations. The standard deviation of meridional wind variation at these locations are high around 09:00–15:00 LT during winter. In Japan and Europe, the daytime MSTID activity and wind variation are larger in the afternoon. In the European sector, the daytime MSTID activity is less in the noon (12:00–13:00 LT) and higher before noon and afternoon in both observation and simulation.[image: ../images/40623_2021_1369_Fig2_HTML.png]
Fig. 2Local time and seasonal variations of (top and middle) MSITD activities obtained from GPS observation and GAIA model simulation, and (bottom) standard deviation of meridional wind variation at an altitude of 300 km in GAIA model at four different locations in the northern hemisphere, viz. Western USA, Eastern USA, Europe and Japan


In order to investigate the seasonal variation of MSTID activity, we have averaged the MSTID activity and standard deviation of wind variation over daytime (09:00–15:00 LT) for all the four locations (Fig. 3). In Fig. 3, the left vertical axis denotes the MSTID activity, and the right vertical axis indicates the standard deviation of zonal and meridional wind variation. The MSTID activity from the observation and GAIA simulation is shown by the red and black curves, respectively. Error bar with the observed MSTID activity represents its standard deviation. The standard deviation of zonal and meridional wind variation is shown by the blue curves. In all the four locations, the maximum daytime MSTIDs occur during the winter months (December, January and February) in both observation and model simulations. A secondary peak appears during the summer months (June, July and August) in WUSA (in both GPS observation and GAIA simulation) and European in GPS observation. The secondary peak is not seen in the EUSA and Japanese sectors. This implies that GAIA can successfully reproduce the seasonal variation of the daytime MSTID activity. Furthermore, the standard deviation of zonal and meridional wind variation simulated by GAIA also shows a primary peak in winter and a secondary peak in summer in the EUSA and Japanese sectors. Over WUSA, the primary peak is noticed in January (a winter month) and the secondary peak is observed during summer as well as in December (a winter month). In contrast, over the Europe, the primary peak is observed in summer and the secondary peak is observed in winter. Amplitude of the zonal and meridional wind variations which could be caused by GWs in the thermosphere show semi-annual variations with maxima in solstices and minima in equinox whereas that daytime MSTID activity is the largest in winter. The wind variation peak during winter suggests that neutral atmospheric GW activity may be the potential source for the generation of MSTIDs in GAIA simulation (further details are given in the discussion section). Most of the month’s observed MSTID activity is higher than the GAIA-simulated one in all the four locations.[image: ../images/40623_2021_1369_Fig3_HTML.png]
Fig. 3Seasonal variation of daytime (09:00–15:00 local time averaged) MSTID activity in GPS observation (red), and GAIA simulation (black) at (left top) Western USA, (right top) Eastern USA, (left bottom) Europe and (right bottom) Japan in the northern hemisphere. Error bar indicates the standard deviation of MSTID activity. Standard deviation of zonal and meridional wind variation at an altitude of 300 km, simulated by GAIA is shown by the blue curves


Seasonal variation of daytime MSTID activity: southern hemisphere
Figure 4 shows the seasonal and local time variations of daytime MSTID activity obtained from GPS observation and GAIA simulation and standard deviation of meridional wind variation over the SH for the year 2011. The format of this figure is the same as that of Fig. 2, but for South America, South Africa, Australia and New Zealand in SH. MSTID activity and standard deviation of wind variations are smaller during the daytime than those during the nighttime at all the four locations, which is similar to the NH. Both GPS observation and GAIA simulation show that the daytime MSTID activity in SH is primarily high during winter months (May, June and July). The standard deviation of meridional wind variation during daytime is also high during the winter at all the four locations. The standard deviation of meridional wind variation during daytime is higher over South America and New Zealand than South Africa and Australia.[image: ../images/40623_2021_1369_Fig4_HTML.png]
Fig. 4Same as Fig. 2, but for different location in the southern hemisphere viz., South America, South Africa, Australia and New Zealand in SH


To understand the seasonal variation of the daytime MSTIDs, we have averaged the MSTID activity over daytime between 09:00 and 15:00 LT in the same way as that for NH. Figure 5 shows seasonal variation of daytime-averaged MSTID activity in GPS observation (red), and GAIA simulation (black) at the four locations in the southern hemisphere. The standard deviation of the observed MSTID activity is represented as error bar. Maximum of the daytime MSTID activity appears during winter (May, June and July) in both observation (red) and model simulation (blue). The seasonal variation of the daytime MSTID activity obtained from GPS observations is well reproduced in the GAIA model whereas the daytime MSTID activity in South America in the GAIA simulation is smaller than that in the GPS observations. On the other hand, the standard deviation of zonal and meridional wind variation from the GAIA simulation (blue dashed curve) shows two peaks; one is in winter and the other is in summer whereas standard deviation of zonal (blue curve with dot) wind variation at Australia does not show clear seasonal variation. Note that from Figs. 3, 5, it is clear that most of the locations the seasonal variation of MSTID activity is larger than the standard deviation. Therefore, the seasonal difference is significant enough. The standard deviation of both zonal and meridional wind variation show similar seasonal variation with comparable amplitude except for South America. At South America, standard deviation of meridional wind show a peak in winter, but such a peak is not discernible for zonal wind variations. Seasonal variation of the meridional wind variations resembles that of the MSTID activity rather than zonal wind variations, suggesting that the meridional component of the wind variation control the MSTIDs. The further discussion focuses on the meridional wind variations. Peak value in the standard deviation of meridional wind variation is comparable between winter and summer at South America (~ 15.5 m/s in summer and ~ 15.3 m/s in winter) and Australia (~ 13.9 m/s in summer and ~ 13.5 m/s in winter). On the other hand, at South Africa, meridional wind variation in summer is higher (~ 15.5 m/s) than winter (~ 13.9 m/s). The winter maximum of standard deviation of wind coincides with maximum of daytime MSTID activity, suggesting that GWs can be a possible source of daytime MSTID. However, the double peak of wind variation in both winter and summer raises a question. Why is the MSTID activity small in summer although the amplitude of the meridional wind variations is high? The plausible reason is investigated in the discussion section.[image: ../images/40623_2021_1369_Fig5_HTML.png]
Fig. 5Same as Fig. 3, but different locations in the southern hemisphere, viz. South America, South Africa, Australia and New Zealand in SH


Longitudinal variation of daytime MSTID activity
We studied the longitudinal variation of daytime MSTID activity by comparing the peak amplitudes of daytime MSTID activity in all the four locations in GAIA and GPS observation for the NH and SH separately. Please note here that, the peak amplitude is the maximum MSTID activity observed in a particular season for each location. Longitudinal variation of daytime MSTID activity in (left) NH and (right) SH is shown in Fig. 6. In NH, the peak daytime MSTID activity is higher in Japan (1.9% and 2.0%) than USA (1.3% and 1.4%) in both observation and model simulation. GPS observation shows maximum MSTID activity in South America (2.0%) and minimum in Australia (1.4%) in SH. Longitudinal variation of the daytime MSTID activity is reversed from that in NH. However, the GAIA simulation shows a maximum in New Zealand (1.8%), a minimum in Africa (1.2%), and a secondary maximum in South America (1.6%). Over all, in NH, GAIA can successfully reproduce the longitudinal variation of the daytime MSTID activity, but in SH it shows some discrepancy, especially over the South American sector.[image: ../images/40623_2021_1369_Fig6_HTML.png]
Fig. 6Comparison of longitudinal variation of daytime MSTID activity during the maximum occurrence period (i.e. January in northern hemisphere and July in southern hemisphere) in GPS observation (black lines) and GAIA simulation (red lines) in (left) NH (right) SH. Horizontal axis denotes longitude, and vertical axis represents the MSTID activity


To investigate the causative mechanism of longitudinal variation of the daytime MSTID activity in GAIA model, we compared the MSTID activity with the standard deviation of meridional wind variation during winter as a function of longitude. Figure 7 shows the comparison of the MSTID activity with standard deviation of meridional wind variation in winter in (left) NH and (right) SH. In NH, the wind variation shows similar tendency (i.e. higher in Japanese sector than USA) with MSTID activity at all the three locations except Europe in December. In SH, on the other hand, the daytime MSTID activity and standard deviation of wind variation show similar tendency, which is a decrease from the South American sector (73° W) to the South African sector (27° E) and an increase towards the New Zealand sector (169° E).[image: ../images/40623_2021_1369_Fig7_HTML.png]
Fig. 7Comparison of longitudinal variation of GAIA-simulated daytime MSTID activity and standard deviation of meridional wind variations during the maximum occurrence period (i.e. December in NH and July in SH) in GPS observation (blue). Horizontal axis denotes the longitudes, and vertical axis at the left and right sides represent the MSTID activity and standard deviation of meridional wind variation, respectively


Discussion
Using TEC acquired from the dual-frequency GPS receiver data, we derived the MSTID activity at different locations in both northern and southern hemispheres (four locations in each hemisphere) for the year 2011, and studied the seasonal and longitudinal variations of the daytime MSTID activity and compared the seasonal and longitudinal variations of the GAIA-simulated MSTID activity with GPS-observed MSTID activity for each location of the GPS receivers. Additionally, using the standard deviation of meridional wind variations simulated by GAIA, we also investigate the possible causative mechanism of seasonal and longitudinal variations of daytime MSTID activity.
There are many studies of MSTID during daytime. Most of these studies are carried out in the NH (Ishida et al. 2008; Ding et al. 2011; Frissell et al. 2014, 2016; Onishi et al. 2009) and few studies over the SH (e.g., Figueiredo et al. 2018; Huang et al. 2019; Vadas et al. 2019). Moreover, most of them are case studies. In literature, few studies reported the seasonal variation of daytime MSTIDs using GPS-TEC or satellite in situ observation. They suggest that irrespective of geographical longitudes the daytime MSTID occurrence is more in winter than summer in both NH and SH (Kotake et al. 2006; Park et al. 2014). In the present investigation, the GPS-TEC observations and GAIA simulation shows that the daytime MSTID in both NH and SH is higher in winter than in other seasons. This result is consistent with the previous studies. We have found that GAIA model can successfully reproduce the seasonal variation of daytime MSTIDs (Figs. 2, 3, 4, 5). Furthermore, the standard deviation of zonal and meridional wind variations, which is representative of neutral atmospheric perturbations in the GAIA model also displays seasonal variation of a primary peak in winter at most of the locations and a secondary peak in summer in both NH and SH.
Seasonal variation of GWs in the thermosphere shows semi-annual variations with maxima in solstices and minima in equinox whereas that daytime MSTID activity is the largest in winter. However, the primary peak of the standard deviation of meridional wind variations has good agreement with the seasonal variation of daytime MSTID activity. This suggests that GW cause the daytime MSTIDs, and that the seasonal variation of the daytime MSTID activity is controlled by that of GW activity, as suggested by earlier reports (Bowman 1968; Chimonas and Hines 1970; Hunsucker 1982).
In the F-region, ions move only along the geomagnetic field line (B) through the ion-neutral collisions whereas the ion motion across B is restricted because the ion gyro-frequency is much higher than the ion-neutral collision frequency. (Hooke 1968) showed the electron density perturbation [image: $$(\frac{{N}_{e}^{^{\prime}}}{{N}_{e}})$$] caused by the GW in the ionosphere, as follows:[image: $$\frac{{N_{e}^{^{\prime}} }}{{N_{e} }} = i\omega^{ - 1} u_{\parallel } \left[ {\frac{1}{{N_{e} }}\frac{{\partial N_{e} }}{\partial z}\sin I - ik_{\parallel } } \right],$$]

 (1)


where [image: $$\omega$$] is the angular frequency of the GW, [image: $${u}_{\parallel }$$] and [image: $${k}_{\parallel }$$] are the neutral wind perturbation velocity and wave number of the GW parallel to the ambient magnetic field, respectively, and [image: $$I$$] is the magnetic dip angle. GW in the neutral atmosphere causes field aligned ion motion with velocity equal to [image: $${u}_{\parallel }$$] through ion-neutral collision. The first term of the right-hand side in Eq. (1) indicate the electron density perturbations caused by the vertical displacement of the F layer. At the bottom side of the F layer, where [image: $$\frac{{\partial N}_{e}}{\partial z}$$] is positive, [image: $$\frac{{N}_{e}^{^{\prime}}}{{N}_{e}}$$] decreases (increases) when the ion moves upward (downward) (Nelson 1968). The second terms of the right-hand side in Eq. (1) indicates the convergence and divergence of ions along the geomagnetic field line. It should be noted that the neutral particle motion caused by GWs is incompressible, but that the ion is compressible because the ion motion is restricted to the direction parallel to the geomagnetic field.
As per Eq. (1), the electron density perturbation ([image: $$\frac{{N}_{e}^{^{\prime}}}{{N}_{e}}$$]) is proportional to neutral wind perturbation velocity parallel to B ([image: $$u_{\parallel }$$]), that is, [image: $$\left| {\frac{{N_{e}^{'} }}{{N_{e} }}} \right|~\;\alpha \left| {~u_{\parallel } } \right|$$]. This suggests that GW with large amplitude could cause larger electron density perturbation than that with smaller amplitudes (Hooke 1968). Present GAIA simulations show that amplitude of meridional wind perturbation is larger in winter. This suggests that the GWs induced large electron density perturbations in winter. As a result, MSTID activity also becomes high in winter.
As shown in the result section, the seasonal variation of the standard deviation of meridional wind variation has two peaks, viz. a winter primary peak and summer secondary peak. The winter peak of the meridional wind variation coincides with the winter peak of the MSTID activity. At South Africa, the wind variation in summer is higher than in winter, but the MSTID activity is smaller in summer than winter. In order to understand the plausible reason for this inconsistent feature, we have looked into the seasonal variation of standard deviation of daytime monthly mean meridional wind variations (top panel) and electron density variations (middle panel) as well as the monthly mean TEC and MSTID activity (bottom panel) over the South African sector (25° S, 27° E), as shown in Fig. 8. The meridional wind and electron density variations are estimated by subtracting the 2-h running average of meridional wind and electron density, respectively. Using the daytime (07:00–17:00 LT) meridional wind and electron density variations standard deviation of wind and electron density variation for every 2 h are calculated for each day. Followed by the daytime (09:00–15:00 LT) mean and monthly mean of wind and electron density standard deviation are calculated. The altitude profile of monthly mean of daytime meridional wind and electron density variations are shown in Fig. 8a, b, respectively. From these figures, it is found that magnitude of the wind variation around 200–300 km altitudes is comparable in summer (in particular January and February) and winter (May–June–July) although on December, magnitude of the wind variation is less than that of January and February. On the other hand, the electron density variation around 200–300 km altitudes is higher in winter than summer (Fig. 8b). Consequently, as shown in Fig. 8, the MSTID activity is higher in winter. It also raises a following question. Although the amplitude of wind variation is comparable between summer and winter, why is the electron density variation higher during winter than summer?[image: ../images/40623_2021_1369_Fig8_HTML.png]
Fig. 8Altitude and seasonal variations of the daytime (09:00–15:00 LT) monthly mean standard deviation of (top) meridional wind variations and (middle) electron density variations over the South African (25° S, 27° E) for the year 2011. Bottom panel show daytime time monthly mean TEC and MSTID activity over South Africa in the same period


To clarify the above question, we investigate effects of the propagation direction of the GWs on MSTID activity. In GAIA simulation, Miyoshi et al. (2018) have shown that the GWs propagate equatorward in winter hemisphere and poleward in summer hemisphere. An important point to be noted here is that on average the trans-hemispheric thermosphere wind blows from summer hemisphere to winter hemisphere, which means the meridional wind flow equatorward (poleward) direction in summer (winter) hemisphere. Therefore, the GWs propagate windward. This feature can be explained as below. The linear dispersion relation for high frequency GWs is expressed as[image: $$m^{2} = \frac{{N^{2} }}{{\left( {c - u} \right)^{2} }}$$]

 (2)


where [image: $$m$$] is the vertical wavenumber, [image: $$N$$] is the Brunt Väisälä frequency, [image: $$c$$] is the phase speed and [image: $$u$$] is the background wind in the direction of wave propagation. When GWs propagate in the same direction as the background wind, [image: $${\left(c-u\right)}^{2}$$] becomes small, resulting in increase in [image: $$m$$] and decrease in the vertical wavelength of GWs. The GWs with small vertical wavelength could likely dissipate due to the viscosity. When GWs propagate in the opposite direction to the background wind, the vertical wavelength becomes large. This condition could allow the GWs to propagate upward for a long distance with little dissipation. In this study, using the GAIA simulations, we investigate meridional wind and plasma density variations on typical days in winter (07 June 2011) and summer (08 January 2011) over South Africa in SH. Left panels of Fig. 9 show the altitude–latitude cross section (20–30° S in latitudes) of (top) meridional wind variation and (bottom) electron density variation at 13:42 LT on 08 January 2011. In these figures, magnetic field (taken from GAIA) line with a constant dip angle of − 45° is also shown as a black dotted line. The right panels show the latitudinal average of standard deviation of (top) meridional wind variation and (bottom) electron density variation at 13:42 LT. It is to be noted here is that in the current case, the standard deviation of wind and electron density variations are calculated over the period of 12:42–14:42 LT (the time when the MSTID is observed), and the obtained standard deviations are averaged over the latitudes from 20° S to 30° S. From the left panels, it is found that the phase fronts are elongated from upward-poleward to downward-equatorward, indicating poleward propagation of GW. In the right panels, the maximum amplitude of standard deviation of wind variation (~ 25 m/s) and electron density variation (~ 16%) are noted around an altitude of 250 km. The format of Fig. 10 is same as that of Fig. 9, but for 07 June 2011 standard deviation of wind and electron density variations are calculated over the period of 14:42–16:42 LT, when daytime MSTID in winter is seen. In left panels of Fig. 10, the phase front of the perturbations is elongated from upward-equatorward to poleward-downward, indicating the equatorward propagation of GW. From the right panels, it is found that maximum amplitude of (top) mediational wind and (bottom) electron density variations, which appear around an altitude of 230 km, are 15.6 m/s and 19%, respectively. Comparing the amplitude of the meridional wind and electron density variations between summer and winter, it is found that the amplitude of the meridional wind perturbation is larger in summer than winter, but that the electron density variation is larger in winter than summer. This result indicates that propagation direction of GWs affect magnitude of the electron density variations resulting in MSTID.[image: ../images/40623_2021_1369_Fig9_HTML.png]
Fig. 9Results of GAIA simulation at South Africa at 13:42 LT on 8 January, 2011: (Left) altitude–latitude cross section of (top) meridional wind and (bottom) electron density perturbations and altitude–latitude variation of a magnetic field (taken from GAIA model) line with constant dip angle (~ 45°) at 250 km is also shown (black dotted lines) in these figures. (Right) Altitude profiles of standard deviation of (top) meridional wind and (bottom) electron density variations. The standard deviations are averaged over 20–30° S latitudes

[image: ../images/40623_2021_1369_Fig10_HTML.png]
Fig. 10Same as Fig. 9, but for a typical day (07 June 2018) at 15:42 LT in SH winter


Due to GWs, the neutral particles oscillate in the direction parallel to the phase front of GWs in the horizontal distance and altitude cross section. Therefore, for the poleward-propagating GWs, the neutral particles oscillate in the direction from upward-poleward to downward- equatorward. This direction is nearly perpendicular to the geomagnetic field lines. Instead, for the equatorward-propagating GWs, the oscillation of neutral particle is from upward-equatorward to poleward-downward. The direction is nearly parallel to the geomagnetic field lines. As mentioned earlier, the ions in the F-region move only along the geomagnetic field line through the ion-neutral collisions. The ion perturbation velocity induced by GWs is equal to [image: $${u}_{\parallel }$$], which is the neutral wind velocity projected to the geomagnetic field line. The ion perturbation velocity is larger for the equatorward-propagating GWs than that for the poleward-propagating GWs because the neutral wind velocity perturbation parallel to the geomagnetic field line is larger for equatorward-propagating GWs than the poleward-propagating GWs. Therefore, the present result suggests that propagation direction of the GW is responsible for the fact that the amplitude of electron density perturbation and thus, daytime MSTIDs are larger in winter than summer. Consequently, the seasonal variation of standard deviation of meridional wind variation shows two peaks in winter and summer, whereas the MSTID activity shows a peak in winter.
In the latitude–altitude cross section of wind variation, shown in the top left panels of Figs. 9, 10, the phase front of GW is not connected below an altitude of approximately 120 km, suggesting that the GWs causing the daytime MSTIDs do not propagate directly from the lower atmosphere. This suggests that the GWs causing the daytime MSTIDs in the ionosphere are secondary GWs which might be generated around the mesosphere and lower thermosphere region at altitudes of 90–120 km (Miyoshi et al. 2018; Vadas et al. 2019). When the zonal winds in the stratosphere and/or mesosphere are strong, upward propagating GWs are likely to dissipate because the most of GWs reach their critical level and the vertical wavelength of GWs becomes short. The secondary GWs are excited when a dissipation of GWs occurs. Therefore, the secondary GWs are likely excited in summer and winter when the winds are strong (Miyoshi et al. 2015, 2018). The secondary GWs can propagate in all directions except the direction perpendicular to the body force direction (Vadas and Liu 2009) so that from dissipation of zonally propagating GWs by the zonal winds, the secondary GWs having the meridional component of the propagation can be excited. Upward propagation of these secondary GWs into the thermosphere could be responsible for the seasonal variation of GWs activity in the thermosphere with two peaks in winter and summer.
The GPS-TEC observations show that notable longitudinal variation of daytime MSTID in both hemispheres; the daytime MSTID activity in winter in NH is higher over Japan than USA, and the MSTID activity in winter in SH is the highest in South America. This feature is consistent with an earlier report by Kotake et al. (2006), who have shown the MSTID activity obtained from the GPS-TEC data in the world in the three years (1998, 2000, and 2001). Using the 10-year data of neutral density measured on the CHAMP satellite, Park et al. (2014) have studied the climatology of daytime medium-scale GWs in the thermosphere. Their findings show that during local winter at mid-latitudes (in general), thermospheric GW activity shows much stronger longitudinal variation in the SH than NH, and that during June solstice, GW activity near Andes and Antarctic peninsula is higher than any other locations. Trinh et al. (2018), who have analysed thermospheric neutral density obtained on the satellite missions of the GOCE and CHAMP, have shown that GW activities in winter in NH are higher at EUSA and Japan, and that GW activities in winter in SH are higher over the South American sector. These seasonal and longitudinal variations of the daytime medium-scale GWs are consistent with those of the MSTID activity shown in the present study. Especially, both MSTID activity and GWs in the thermosphere is high in winter over South America. Jiang et al. (2003, 2004) have shown that GW variances at an altitude of ~ 38 km in the stratosphere, which could be mountain-generated GWs are larger in winter in both NH and SH. Mountain waves break in the middle atmosphere and could generate secondary and tertiary GWs, as discussed above. Vadas et al. (2019) analysed traveling atmospheric disturbances (TADs) over the southern Andes observed by GOCE satellite on 5 July 2010. They found that nearly all of the GWs had intrinsic horizontal phase velocity of 245–630 m/s, they argued that GWs with such large horizontal phase velocity could not come from below ~ 80 km in altitude because acoustic velocity in the lower atmosphere is approximately 300 m/s. Thus, they suggested that the TAD hotspots observed over the Andes/Antarctic peninsula in winter results from the generation of secondary and tertiary GWs (i.e. multi-step processes). These results suggest that high daytime MSTIDs activity over South America, shown in GPS observations, could be caused by high activity of mountain GWs launched from Andes Mountains.
As shown in Fig. 6, GAIA well reproduces the longitudinal variation of the daytime MSTID activity, especially in the NH, where the daytime MSTID activity is the highest over Japan and the lowest over WUSA. Amplitude of meridional wind variations simulated by GAIA also show similar longitudinal variations (Fig. 7), suggesting that the longitudinal variation of the GW activity in the thermosphere is responsible for the longitudinal variation of the daytime MSTID activity. In the SH, both daytime MSTID and amplitude of the wind variations simulated by GAIA are larger at South America and New Zealand (Fig. 7). However, they do not show a distinct enhancement at South America, unlike the MSTID activity obtained from the GPS-TEC observations.
Note that there is difference in the dip angle derived from GAIA (tilted dipole magnetic field) and actual dip angle. The dip angle taken from GAIA is compared with that taken from International Geomagnetic Reference Field (IGRF) 13 model (http://​www.​geomag.​bgs.​ac.​uk/​data_​service/​models_​compass/​igrf_​calc.​html). The difference of the dip angles at the eight locations where the MSTID activity is investigated in this study is found to be less than 4° except South Africa and South America, where the dip angle difference is [image: $$\sim$$] 18° and [image: $$\sim$$] 7°, respectively. Consequently, the dip angle discrepancy in GAIA could not cause significant discrepancy in MSTID activity except South Africa and South America. At (25°S, 27°E) in South Africa, the dip angles taken from GAIA and IGRF are − 45° and − 63°, respectively. According to Eq. (1), the electron density perturbation depends on the dip angle as [image: $${u}_{\parallel }$$], [image: $$\mathrm{sin}I$$], and [image: $${k}_{\parallel }$$] depend on the dip angle. Thus, difference in the dip angle causes difference in the electron density perturbation amplitude. As an example, we consider an equatorward-propagating GW with horizontal wavelength of 666 km, vertical wavelength of 170 km, and amplitude of the neutral wind perturbation of 15.6 m/s. These parameters are taken from GW simulated by GAIA for the case over South Africa in summer. The estimated electron density perturbation caused by the above GW at dip angles of − 45° and − 63° is 15.5% and 11.9% to the background plasma density, respectively. Consequently, the dip angle discrepancy may cause approximately 30% overestimation of MSTID activity in GAIA. This difference is comparable to the difference between MSTID activities obtained from GAIA and observation at South Africa in winter, but the MSTID activity in GAIA is smaller than the observed MSTID activity. Likewise, at south America (35° S, 73° W), the dip angles taken from GAIA and IGRF are − 43° and − 36°, respectively. For the above mentioned wave parameters, the dip angle discrepancy of 7° at South America is estimated to cause 6% difference of MSTID activities. However, the difference between GAIA and observed MSTID activity is 33% (see Fig. 5), that is ~ 27% larger than the dip angle discrepancy estimation of GAIA and IGRF. Therefore, the dip angle discrepancy in GAIA may not be a major reason of difference between MSTID activities obtained from GAIA and observation.
Using high-resolution general circulation model, Miyoshi et al. (2014) studied the latitude–longitude variations of GW energy in the thermosphere at June and December solstices. They have shown that at middle latitudes between 25 and 45° S in SH, GW activities are stronger over the New Zealand sector and South American sector than over the South African sector. This longitudinal variation of GW activity is consistent with that of amplitude in the meridional wind variations simulated in GAIA. As shown in Fig. 7, both MSTID activity and amplitude of the wind variations simulated by GAIA show the similar longitudinal variations, indicating that the daytime MSTIDs activity depend on GW activity in the GAIA simulations. Absence of the daytime MSTID activity enhancement as South America, in GAIA simulations, may be under estimation of the GW activities induced by the mountain waves launched from the Andes.
Summary and conclusions
We have statistically investigated TEC variations observed by GPS receivers for the whole year 2011 at eight locations (Western and Eastern United States of America, Europe, and Japan in the NH and South America, South Africa, Australia, and New Zealand in the SH) in order to reveal seasonal, and longitudinal variations of MSTIDs activity during daytime. Seasonal and longitudinal variations of the daytime MSTIDs simulated by the high-resolution GAIA are compared with those obtained from the GPS observations. Moreover, an attempt is made to investigate the possible causative mechanism of seasonal and longitudinal variation of daytime MSTID activity. The major findings are as follows:	a.GAIA simulation shows the amplitude of the zonal wind variation is comparable to that of the meridional wind variation and both zonal and meridional wind variations display similar seasonal variation in the thermosphere, i.e. two peaks in summer and winter. Note that zonal wind variations cannot be known from MSTID because the ion moves only along the magnetic field line.

 

	b.The winter peak in amplitude of the meridional wind variations coincides with the winter peak in the daytime MSTID activity. This is because GWs with large amplitude are responsible for MSTIDs in winter.

 

	c.Although amplitude of the meridional wind variations is large in summer, the MSTID activity does not increase in summer. At South Africa, the amplitude of meridional wind variations is larger in summer than winter, whereas the MSTID activity is smaller in summer than winter. The GAIA simulation shows that GWs propagate toward equator in winter and poleward in summer. The ion perturbation velocity is larger for the equatorward-propagating GWs than that for the poleward-propagating GWs because the neutral wind velocity perturbation parallel to the geomagnetic field line is larger for equatorward-propagating GWs than the poleward-propagating GWs. Therefore, the propagation direction of the GW is responsible for the largest MSTID activity in winter.

 

	d.The GPS-TEC observations show that notable longitudinal variation of daytime MSTID activity in winter in both hemispheres; the daytime MSTID activity in winter in NH is higher over Japan than USA, and the MSTID activity in winter in SH is the highest in South America. From the comparison with previous works regarding global distribution of GW activities in middle and lower atmosphere, mountain waves launched from the Andes Mountains could increase GW activities resulting in the high daytime MSTID activities over South America.

 




As a conclusion, GAIA can successfully reproduce the seasonal and longitudinal variation of the daytime MSTID activity. The propagation direction of GWs causes the seasonal variation. The global distribution of GW activities in the middle and lower atmosphere cause the longitudinal variation.
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