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Abstract
Using TIME3D-IGGCAS model, we simulated the east–west differences in F-region peak electron density (NmF2) in the Far East mid-latitude region near the longitudinal sectors with very clear zonal variations of geomagnetic declination, and mainly analyzed the influence of the geomagnetic field configuration on the east–west differences. We found that, after removing the longitudinal variations of neutral parameters, TIME3D-IGGCAS can better represent the observed relative east–west difference (Rew) features. Rew is mainly negative (West NmF2 > East NmF2) at noon and positive (East NmF2 > West NmF2) at evening–night. The magnitude of daytime negative Rew is weaker in winter and stronger in summer, and the daytime Rew shows two negative peaks around two equinoxes. With the increasing solar flux level, the magnitude of Rew mainly becomes larger, and the two daytime negative peaks slightly shift to June Solstice. With the decreasing geographical latitude, Rew mainly becomes positive, and the two daytime negative peaks slightly shift to June Solstice. Our simulation also suggested that the thermospheric zonal wind plays an important role in the formation of the ionospheric east–west differences in the Far East mid-latitude region. The observed solar activity dependency of the ionospheric EW differences may be driven primarily by corresponding zonal wind changes with solar activity, whereas the observed latitudinal dependency of the differences is associated with primarily zonal wind and secondarily meridional wind latitudinal variations.[image: A40623_2020_1175_Figa_HTML.png]
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Introduction
The ionospheric spatial structure is an important essential question in the ionospheric research, and has been studied for several decades. The ionospheric parameters vary with altitude, latitude and longitude, and researchers had paid close attention to the ionospheric longitudinal variability in recent years. Many mechanisms can cause the ionospheric longitudinal variability. For example, through the coupling between the ionosphere and atmosphere below, the non-migrating tide can affect the ionospheric longitudinal variability, and play a key role in the formation of ionospheric longitudinal structures. Numerous observational and simulated evidences suggested that the DE3 tide is one of the main sources of the ionospheric and thermospheric longitudinal wavenumber-4 structure (e.g., Ren et al. 2008, 2009a, 2010, 2011a, 2012a, 2014; Wan et al. 2008, 2010, 2012). However, the geomagnetic fields play an important role in the ionospheric longitudinal variability, and cause a series of ionospheric regional anomalies (e.g., Ren et al. 2009b, 2012b, c).
The ionospheric regional anomalies, e.g., Weddell Sea Anomaly, can cause longitudinal difference between the anomalous region and the other longitude sectors, and can also be regarded as a kind of ionospheric longitude structures. Since 1957, researchers had found that the maximum in foF2 diurnal variation in local summer around the Weddell Sea occurs at night, and this unusual nighttime enhancement has been called the “Weddell Sea Anomaly” (WSA) (e.g., Bellchambers and Piggott 1958; Dudeney and Piggot 1978). Similar diurnal variations have also been found in other ionospheric density parameters (e.g., TEC) (e.g., Chang et al. 2015; Klimenko et al. 2015; Lean et al. 2016; Richards et al. 2017). Because a similar anomaly in electron density can also be found in other region (such as the East Asian region), this kind of ionospheric anomalous are now called Mid-latitude Summer Nighttime Anomaly (MSNA) (e.g., He et al. 2009; Thampi et al. 2009; Chen et al. 2016; Richards et al. 2014, 2018). Liu et al. (2010) and Ren et al. (2012b) pointed out that MSNA mainly occur in three regions, the South Pacific region, the Northern Atlantic region, and the East Asian region. MSNA phenomenon causes obvious longitudinal difference between above three regions and their adjacent regions.
Based on the ground-based GPS total electron content (TEC) observations, Zhang et al. (2011) found obvious TEC east–west (EW) differences in mid-latitude region of the continental US. They found that the phase of EW difference depends on the local time. Meanwhile, using the ground observations of ionosondes and space-based measurements, Zhao et al. (2013) also found obvious EW differences in the mid-latitude F-region peak electron density (NmF2) in the Far East middle latitude region. Previous research suggested that the mechanism of EW difference may be similar to that of MSNA phenomena over East Asian and Northern Atlantic. Since MSNA and EW difference occur at the middle latitudes, the influence of high-latitude ionospheric convection and the longer summer sunlight hours are unlikely to be the main mechanism of these phenomena (see Penndorf 1965; Kohl and King 1967; Horvath and Essex 2003). Because the geomagnetic field declinations of the regions where MSNA and EW difference exist change clearly as a function of longitude, the geomagnetic field configuration may greatly affect the formation of these phenomena. Researches supported that the thermospheric winds play important roles in MSNA (e.g., Lin et al. 2009; Liu et al. 2010; Chen et al. 2011; Ren et al. 2012b; Thampi et al. 2011; Wang et al. 2015). Expressly, Ren et al. (2012b) and Liu et al. (2010) pointed out that MSNA mainly occur in the regions where the geomagnetic field declinations are larger. Zhao et al. (2013) and Zhang et al. (2011) both show that the phase of the ionospheric East–West difference depends on the local time, and suggested that it is caused by the coupling of diurnal variation of thermospheric zonal wind and the longitudinal variation of magnetic declination over the Far East regions and US. As evidence, Zhang et al. (2012a) has shown a good linear relationship between the plasma density EW differential and the nighttime thermospheric eastward wind over Millstone Hill. However, as suggested by Zhang et al. (2012b), the EW difference is actually different from MSNA phenomenon. First, MSNA is an increase in ionospheric plasma density at night relative to its daytime levels, while the EW differences show obvious diurnal variations. Second, the EW differences occur in all seasons, while MSNA mainly occurs near local summer. However, the mechanisms of the amplitude of EW difference changing with season and solar activity are still not clear.
In the ionospheric researches, especially in the study of the mechanism of ionospheric variability, simulations play important roles. In recent years, researchers have done much work in modeling the thermosphere/ionosphere system, and a series of ionospheric/thermospheric models, such as TIEGCM and GITM, have been widely used to study the ionospheric longitude structures and regional anomalies. Coupled ionosphere–thermosphere models can well simulate the influence of ionosphere–thermosphere coupling on the ionospheric regional anomalies. However, such models have some limitations in studying the impact of the thermosphere. For example, because the thermospheric parameters are self-consistent with the ionospheric parameters, it is difficult for coupled ionosphere–thermosphere models to change the thermosphere artificially in simulation, and the ionospheric model is more flexible to simulate the thermospheric effects in some conditions. Here, we will simulate the EW differences in ionospheric NmF2 at the Far East mid-latitude region in realistic geomagnetic fields with the TIME3D-IGGCAS model (an ionospheric model), compare the simulation results with the observations, and analyze the physical mechanism controlling the climatology of the local EW difference.

TIME3D-IGGCAS model and inputs
Historically, any F2 layer behaviors departure from the solar zenith angle dependence as predicted by the Chapman ionization theory has been called an ‘‘anomaly’’. The ionospheric regional anomalies often connect with the geomagnetic anomaly area, and the non-dipole components of geomagnetic fields normally control these geomagnetic anomalies. However, the geomagnetic field in many theoretical ionospheric models (e.g., SAMI3) has been taken simply as a dipole field. Although dipole field is a good low- and mid-latitudes geomagnetic field approximation, it could not describe the regional anomalies of geomagnetic fields. Thus, we need simulate ionospheric behaviors with realistic geomagnetic fields. Some theoretical models (e.g., TIEGCM) adopt realistic magnetic fields, but they are based on geographic coordinates, which need to obtain the top boundary condition from the empirical models. In this condition, the top boundary will affect the simulation results.
Ren et al. (2012d) had developed a three-dimensional theoretical ionospheric model, referred to as the Three-Dimensional Theoretical Ionospheric Model of the Earth at Institute of Geology and Geophysics, Chinese Academy of Sciences (TIME3D-IGGCAS). This model adopts a magnetic APEX coordinates system, so it is possible to simulate the ionospheric behaviors in realistic geomagnetic fields or in the other non-dipole geomagnetic fields. TIME3D-IGGCAS is based on the geomagnetic tubes, and needs no top boundary conditions. This model was first developed as a mid- and low-latitude three-dimensional ionospheric model. Recently, we developed a new high-latitude ionosphere module, and extended this model to a real global model. Now, this model covers the whole ionosphere and plasmasphere (the height range between 130 km and 22,000 km). Through solving the equations of mass continuity, motion and energy, the self-consistently time-dependent three-dimensional structures of the main ionospheric and plasmaspheric parameters can be obtained, including number densities, temperature and velocity vectors of ion (O+, H+, He+, NO+, O2+, N2+) and electrons. There are 24 magnetic meridional planes in TIME3D-IGGCAS, and every plane includes about 57 magnetic field lines. The horizontal resolution is about 15° in magnetic longitude. In the low-latitude, mid-latitude and high-latitude region, the horizontal resolutions in magnetic latitude, respectively, are about 1°, 4°, and 2°. The principal input parameters, such as the neutral winds, temperature, densities, and E × B drifts, mainly are from empirical models or observations. This model can reproduce well the main features of the global ionosphere, and some details of this model can be found in Ren et al. (2012d).

Results and discussion
To study the ionospheric east–west asymmetry, we simulate ionospheric diurnal variations for different months. These simulations are mainly performed for medium solar activity and geomagnetic quiet conditions, corresponding to a F10.7 index of 140 and an Ap index of 4. The initial conditions of the temperature and number densities of ion and electron are from IRI model, and the thermospheric empirical models, such as NRLMSIS-00 and HWM-93, provide the neutral temperature, densities and horizontal winds. Richmond empirical model, which mainly provides quiet-day F-region E × B drifts for low solar activity conditions, determines the meridional and zonal E × B drifts (Richmond et al. 1980). Previous researches suggested that the middle latitude F-region ionosphere is mainly controlled by thermospheric neutral winds (see also Liu et al. 2003). Because this work focuses on the middle latitude EW differences in ionospheric F-region plasma density at Far East mid-latitude region, we still can use Richmond model in our simulation. To obtain the presented results, 3 model day runs, whose time steps are 300 s, were made.
The ionosphere changes with the geomagnetic latitude and the geographic latitude. At Far East mid-latitude region, the geographic latitude is approximately parallel to the geomagnetic latitude. Hence, by comparing two Far East mid-latitude stations of the same geographic latitude, it can effectively avoid the interference of the geographical and geomagnetic latitude variation and of geomagnetic latitude variation, and focus on the influence of east–west asymmetry. In the following, similar to Zhao et al. (2013), we mainly compare ionosphere parameters at two Far East mid-latitude stations with the same geographic latitude. The ionospheric E–W difference may vary with longitudinal difference of the stations. To compare with the observations at Wakkanai and Almaata reported by Zhao et al. (2013), we mainly analyze the simulated seasonal and diurnal variations of NmF2 at 45º N 75º E (geomagnetic declination: − 8º) and at 45º N 142.5º E (geomagnetic declination: 3.7º).
Figure 1a, b, respectively, shows the simulated seasonal and diurnal variations of NmF2 at 45º N 75º E (NmF2West) and at 45º N 142.5º E (NmF2East) (case I), which are in units of 1011 electron/m3. As shown in Fig. 1a, at 45º N 75º E, although the NmF2 mainly shows an annual variation in the evening, the daytime NmF2 shows a semi-annual variation. In all seasons, NmF2 maximizes near 1100LT, and MSNA does not occur. This agrees with normal ionospheric diurnal variations of the Chapman ionization theory. However, different diurnal variations of NmF2 can be found at 45º N 142.5º E. The mean NmF2 at 45º N 142.5º E is mainly smaller than that at 45º N 75º E. Although NmF2 still shows a diurnal variation and maximizes near 1200 LT near December Solstice, NmF2 maximizes near 1900LT in June Solstice. The sunset NmF2 is about 100% larger than that at noon in June Solstice, and the higher nighttime NmF2 lasts for about 3 h near sunset. This is a typical MSNA case, and similar phenomenon in the Far East region is also found by Liu et al. (2010). As shown in Fig. 1b, the NmF2 maximum shifts toward later local times in the first half year, and shifts back to earlier local times in the latter half of the year, and there is a second NmF2 peak near sunrise between April and July. The simulated seasonal and diurnal variations agree with those observed by Zhao et al. (2013). We show ΔNmF2 (NmF2east–NmF2west) in Fig. 1c, and the white lines in this figure represent the zero lines. As shown in Fig. 1c, ΔNmF2 shows obvious annual variations at all local times, and ΔNmF2 mainly decreases from local winter to local summer. Similar to Zhao et al. (2013) and Zhang et al. (2011), we also use Rew index to analyze the relative EW difference, where Rew = (NmF2east − NmF2west)/(NmF2east + NmF2west) × 200%. As shown in Fig. 1d, the seasonal and diurnal variations of Rew are similar to that of ΔNmF2, but Rew minimizes around June. However, this seasonal and diurnal variation shows some different features with those observed by Zhao et al. (2013). First, the observed daytime negative Rew exhibits two minimum peaks around May and June, while the simulated Rew minimizes around June. Second, the observed Rew is positive at evening–night, while the simulated Rew shows negative values at local summer evening.[image: A40623_2020_1175_Fig1_HTML.png]
Fig. 1The seasonal and diurnal variations of NmF2 (in units of 1011/m3) a at 45º N 75º E and b at 45º N 142.5º E, c ΔNmF2 (NmF2east-NmF2west, in units of 1011/m3), and d relative differences (Rew, in units of %). The solid lines in these plots represent the zero lines




Because the neutral parameters from empirical models vary with longitude, both geomagnetic fields and longitudinal variations of neutral parameters may cause the above ionospheric EW differences. Hence, after removing the longitudinal variations of neutral parameters (e.g., neutral temperature, neutral density, neutral composition, and neutral winds), we simulate the seasonal and diurnal variations of NmF2 with the global longitudinal averaged neutral parameters (case II), and show them in Fig. 2. Because of the change of the neutral parameters, there are some differences in NmF2 in two cases at 45º N 75º E. However, the seasonal and diurnal variations of NmF2 at 45º N 142.5º E in case I and in case II agree with each other well. The MSNA, which is weaker than that at 45º N 142.5º E, also occurs at 45º N 75º E. The ΔNmF2 in case II, as shown in Fig. 2c, also shows some different features. First, the ionospheric EW differences in case II is weak than that in case I. Second, ΔNmF2 shows obvious semi-annual variations in most of local time. Third, ΔNmF2 in case II is mainly positive at evening–night, while ΔNmF2 in case I shows negative value at local summer evening. Figure 2d shows the seasonal and diurnal variations of Rew in case II, and three features can be found. First, Rew is mainly negative at noon and positive at evening–night. Second, the magnitude of daytime negative Rew is weaker in winter and stronger in summer, and the daytime Rew shows two negative peaks at May and at August. Third, the nighttime Rew shows obviously annual variations. Compared with the Rew observed by Zhao et al. (2013), although the third feature disappears in observation, the first two features agree well with the observations. The third feature may be mainly caused by MSNA occurring in the East Asian region, and Ren et al. (2012b) suggested that MSNA in the East Asian region is mainly driven by the thermospheric meridional wind (see Ren et al. 2012b and its references). Not only the seasonal and diurnal variations, but also the magnitude of Rew agrees well with that observed by Zhao et al. (2013). Because we remove the neutral parameters’ longitudinal variations, the simulated NmF2 EW differences may be mainly driven by the longitudinally uniformly distributed zonal winds whose effects depend on the longitudinal variations of geomagnetic fields.[image: A40623_2020_1175_Fig2_HTML.png]
Fig. 2Same as Fig. 1, but for case II, which removes the longitudinal variations of neutral parameters




The following problem is the source of the ionospheric EW differences in the Far East mid-latitude region. Zhao et al. (2013) pointed out that the Far East region shows obvious east–west gradient in geomagnetic declination, and the geomagnetic fields may play a pivotal role in the EW differences. The geomagnetic fields can affect the ionosphere through at least two ways. First, the magnetic fields can control the ionospheric dynamo and affect the ionospheric electrodynamic drifts and distribution of the plasma density in the ionosphere and plasmasphere (e.g., Ren et al. 2009b, 2011b, 2012c). Second, the geomagnetic field modifies the direction and velocity of the plasma field-aligned diffusion, which are driven by plasma pressure gradient, by the neutral winds, and by gravity. In the middle latitude region, the second mechanism is more important. Zhao et al. (2013) suggested that the thermospheric zonal wind plays an important role in the ionospheric EW differences in the East-Asia region. However, Ren et al. (2012b) had found that the influence of thermospheric meridional wind on the ionospheric diurnal variation (or MSNA) at Far East mid-latitude region is obviously stronger than the impact of zonal wind. Thus, we simulate the contributions of different components of thermospheric wind on the formation of the ionospheric EW differences. We simulate ionospheric seasonal and diurnal variations for medium solar flux level in four conditions: (case a) with both zonal and meridional winds; (case b) only with zonal wind; (case c) only with meridional wind; (case d) without any winds. Similar to case II, the longitudinal variations of neutral parameters are removed in these simulations. Figure 3 shows the seasonal and diurnal variations of Rew in four cases, and the black solid lines represent the zero lines. As shown in Fig. 3, the magnitude of Rew driven by all thermospheric winds together (Fig. 3a) and by zonal wind (Fig. 3b) is obviously larger than that driven by meridional wind (Fig. 3c) and without thermospheric wind (Fig. 3d). The seasonal and diurnal variations of Rew in case b show three features. First, Rew is mainly negative at noon and positive at evening–night. Second, Rew mainly shows annual variations in most of local time. Third, although there are some differences, a semi-annual variation also can be found in morning Rew. However, in most of local times and seasons, Rew in case b agrees with that in case a. Hence, the coupling between the geomagnetic field configuration and thermospheric zonal winds plays a pivotal role in the formation of the ionospheric EW differences at Far East mid-latitude region. Although the influence is weak, the meridional wind also can drive the ionospheric EW differences at Far East mid-latitude area. However, the diurnal variation of Rew driven by meridional winds (Fig. 3c), which is negative at afternoon–evening section and positive at other local time, is obviously different from that driven by zonal winds (Fig. 3b). This result suggests that meridional winds modulate the diurnal variation of Rew. For example, although the June evening minimum driven by zonal winds appear near 0300LT (case b), the June evening minimum driven by all thermospheric winds appear near 2000LT (case a). We should notice that a weak semi-annual variation can also be found in morning Rew driven by meridional winds. The daytime double minima (or the daytime semi-annual variation) is an important feature of the ionospheric east–west differences in the Far East mid-latitude region (Zhao et al. 2013). Our simulations suggested that this phenomenon is driven by the combination of meridional and zonal winds, and the zonal wind plays a more important role. We also notice that Rew in case d is not equal to zero. Because there is no longitudinal variation in neutral parameters and the thermospheric winds in case d are equal to zero, the EW differences in case d should be driven by the longitudinal variations of geomagnetic fields. By controlling the direction of the field-aligned plasma pressure gradient, the geomagnetic field modifies the value of the field-aligned plasma pressure gradient and the velocity of the plasma field-aligned diffusion, and drives the EW differences in case d.[image: A40623_2020_1175_Fig3_HTML.png]
Fig. 3The seasonal and diurnal variations of Rew (in units of %) driven a by all thermospheric winds, b by thermospheric zonal wind, c by thermospheric meridional wind, and d no thermospheric winds




Zhao et al. (2013) found that Rew varies with solar flux level, and the maximum Rew value and the magnitude of the minimum Rew both increase with increasing solar activity. Zhao et al. (2013) also notice that the lowest minimum Rew occurs around April, with subminimum around September in low solar flux level. As the solar activity increases, Rew gradually shifts to one minimum around June. We also simulated the solar cycle variations of EW differences in NmF2 for case II. In Fig. 4, the top plots show the seasonal and diurnal variations of ΔNmF2, the bottom plots show the seasonal and diurnal variations of Rew, the left plots show the NmF2 EW differences for low solar activity conditions (F10.7 = 70), and the right plots show that for high solar activity conditions (F10.7 = 210). The solid black lines in Fig. 4 represent the zero contours. As shown in Fig. 4a, b, the magnitude of ΔNmF2 mainly increases with the increase of solar flux level. The magnitude of ΔNmF2 for low solar flux level is mainly smaller than that for high solar activity conditions and for medium solar activity conditions (see Fig. 2c). Hence, the magnitude of ΔNmF2 mainly increases with the increase of solar flux level. In all solar flux levels, the daytime ΔNmF2 shows two peaks around Spring and around Autumn, and the magnitude of Spring peak is larger than that of Autumn peak. We also notice that there is a negative value area around local summer sunset in high solar flux level, which disappears in low solar activity conditions. The bottom plots of Fig. 4 show the seasonal and diurnal variations of Rew. Rew slightly increases with the increasing of solar flux level. Although Rew for low solar flux level mainly shows obvious semi-annual variations in most of local time, Rew for high solar flux level mainly shows annual variations. Daytime Rew for low solar flux level shows two negative peaks around April and September, and the magnitude of April peak is larger than that of September peak. However, Daytime Rew for high solar flux level only shows a negative peak around June. We should also notice that the daytime Rew for medium solar flux level (Fig. 2d) shows two negative peaks around May and August, and the magnitude of May peak is larger than that of August peak. Hence, we can see two negative Rew peaks around the two equinoxes gradually shift to one negative peak around June Solstice with the increasing of solar flux level. The solar cycle variation of the simulated Rew agrees well with that observed by Zhao et al. (2013).[image: A40623_2020_1175_Fig4_HTML.png]
Fig. 4The solar cycle variations of NmF2 east–west differences. The top and bottom plots, respectively, show the seasonal and diurnal variations of ΔNmF2 (a, b, in units of 1011/m3) and Rew (c, d, in units of %). The left and right plots, respectively, show the east–west differences for a, c low and b, d high solar flux levels. The solid lines in these plots represent the zero lines




To analyze the reason for the solar activity dependencies, we simulate ionospheric seasonal and diurnal variations only with zonal/meridional winds for different solar flux levels, and show the simulated results in Fig. 5. In Fig. 5, the top plots show the seasonal and diurnal variations of Rew driven by zonal winds, the bottom plots show that driven by meridional winds, the left plots show the Rew for low solar activity conditions (F10.7 = 70), and the right plots show that for high solar activity conditions (F10.7 = 210). As shown in the top plots of Fig. 5, as the solar activity increases, the two minimum of daytime Rew in low solar flux level gradually shifts to one minimum in high solar flux level. However, unlike the zonal winds, the meridional winds drive two new daytime peak values in high solar flux level. Hence, the shift of Rew’s peak with the increase of solar flux level is mainly driven by the zonal winds, whose magnitude and variation patterns can been obtained from HWM93 model (Hedin et al. 1996).[image: A40623_2020_1175_Fig5_HTML.png]
Fig. 5The seasonal and diurnal variations of Rew (in units of %) driven by a, b thermospheric zonal wind and by c, d thermospheric meridional wind. The left and right plots, respectively, show the east–west differences for a, c low and b, d high solar flux levels. The solid lines in these plots represent the zero lines




The ionospheric EW difference may also vary with geomagnetic/geographic latitude. Hence, we show the NmF2 EW differences in case II for medium solar flux level at 50º N geographic latitude and at 40ºN geographic latitude. In Fig. 6, the top plots show the seasonal and diurnal variations of ΔNmF2 for 50º N (left) and 40º N (right). The black solid lines in Fig. 6 represent the zero contours. As shown in Fig. 6a, b, the ΔNmF2 becomes positive with the decreasing of geographical latitude. The night positive ΔNmF2 at 50º N is smaller than that at 40º N, and the absolute magnitude of daytime negative ΔNmF2 at 50º N is larger than that at 40º N. Although the daytime ΔNmF2 both show two negative peaks around the two equinoxes at 50º N and at 40º N with the Spring peak being larger than the Autumn one, these two peaks gradually shift to June Solstice with the decreasing of geographical latitude. As shown in Fig. 6c, d, similar features can also be found in Rew. The absolute magnitude of daytime negative Rew at 50º N is mainly larger than that at 40º N, and two daytime negative peaks slightly shift to June Solstice with the decreasing of geographical latitude. However, although the night positive Rew at 50º N is still larger than that at 40º N, the difference is weaker than that of ΔNmF2.[image: A40623_2020_1175_Fig6_HTML.png]
Fig. 6The latitude variations of NmF2 east–west differences. The top and bottom plots, respectively, show the seasonal and diurnal variations of ΔNmF2 (a, b, in units of 1011/m3) and Rew (c, d, in units of %). The left and right plots, respectively, show the east–west differences (a, c) at 50º N and (b, d) at 40º N. The solid lines in these plots represent the zero lines




To analyze the reason for the latitudinal dependencies, we simulate ionospheric seasonal and diurnal variations only with zonal/meridional wind for different latitudes, and show the simulated results in Fig. 7. In Fig. 7, the top plots show the seasonal and diurnal variations of Rew driven by zonal winds, the bottom plots show that driven by meridional winds, the left and right plots, respectively, show the Rew at 50º N and 40º N. As shown in Fig. 7, the absolute magnitude of daytime negative Rew driven by zonal winds at 50º N is mainly larger than that at 40º N. With the decrease of latitude, the daytime negative Rew driven by meridional winds becomes positive. Hence, the latitudinal dependencies of Rew are mainly driven by the zonal winds, and the meridional winds also play a secondary role.[image: A40623_2020_1175_Fig7_HTML.png]
Fig. 7The seasonal and diurnal variations of Rew (in units of %) driven by a, b thermospheric zonal wind and by c, d thermospheric meridional wind. The left and right plots, respectively, show the east–west differences a, c at 50º N and b, d at 40º N. The solid lines in these plots represent the zero lines





Summary and conclusion
Using TIME3D-IGGCAS model, we simulate the EW differences in NmF2 in the Far East mid-latitude region near the longitudinal sectors with very clear zonal variations of geomagnetic declination, and mainly analyze the influence of the geomagnetic field configuration on the east–west differences. We found that, after removing the longitudinal variations of neutral parameters, TIME3D-IGGCAS can better represent the observed relative east–west (EW) difference (Rew) features. Rew, defined as Rew = (NmF2east − NmF2west)/(NmF2east + NmF2west) × 200%, is mainly negative (West NmF2 > East NmF2) at noon and positive (East NmF2 > West NmF2) at evening–night. The magnitude of daytime negative Rew is weaker in winter and stronger in summer, and the daytime Rew shows two negative peaks around the two equinoxes. With the increase of the solar flux level, the magnitude of Rew mainly becomes larger, and two daytime negative peaks slightly shift to June Solstice. With the decrease of geographical latitude, Rew mainly becomes positive, and the two daytime negative peaks slightly shift to June Solstice. Through simulations, we have proved that the coupling between the geomagnetic field configuration and thermospheric zonal wind plays a pivotal role in the formation of the ionospheric EW differences in the Far East mid-latitude region. The observed solar activity dependency of the ionospheric EW differences may be driven primarily by corresponding zonal winds changes with solar activity, whereas the observed latitudinal dependency of the differences is associated with primarily zonal wind and secondarily meridional wind latitudinal variations.
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