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Introduction: The vertical coupling of the lower and upper atmosphere via atmospheric solar tides is very variable and affects the thermosphere and ionosphere system. In this study, we use Ionospheric Connection (ICON) explorer data from 220–270 Day Of Year (DOY), 2020 when large changes in the migrating semidiurnal tide (SW2) and the zonal and diurnal mean (ZM) zonal wind occur within 8 days.
Method: We use the ICON Level4 product, the thermosphere-ionosphere-electrodynamics general circulation model (TIEGCM) driven by tides fitted to ICON observations via the Hough Mode Extension (HME) method. The effect of the upward propagating tides is isolated by examining the difference between two TIEGCM simulations with and without tidal HME forcing at the model lower boundary.
Results: The simulations reveals that the solar SW2 changes its latitudinal structure at 250 after DOY 232 from two peaks at mid latitudes to one broad low latitude peak, while at 110 km the two-peak structure persists. The ZM zonal wind at 250 km undergoes a similar dramatic change. These SW2 changes are associated with the prevalence of antisymmetric HMEs after DOY 232. The migrating diurnal, terdiurnal and quaddiurnal tides at 250 km undergo similar variations as SW2. TW3 is strong in the thermosphere and most likely caused by non-linear tidal interaction between DW1 and SW2 above 130 km. Surprisingly, the solar in situ forcing of TW3 and SW2 in the upper thermosphere is not nearly as important as their upward propagating tidal component. Associated with the strong dynamical changes, the zonal and diurnal mean NmF2 decreases by approximately 15%–20%, which has a major contribution from the O/N2 decrease by roughly 10%. These changes are stronger than general seasonal behavior.
Discussion: While studies have reported on the dynamical changes via SW2 in the mesosphere-lower thermosphere (MLT) region during the equinox transition period, this study is, to our knowledge, the first to examine the effects of rapid changes in SW2 on the upper thermosphere and ionosphere. The study highlights the potential of using ICON-TIEGCM for scientific studies.
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1 INTRODUCTION
Solar atmospheric tides excited in the lower atmosphere can propagate into the lower thermosphere where they modify among others, the neutral wind circulation, the composition, and the electrodynamics. Some tides can even propagate into the upper thermosphere, directly changing the plasma distribution. The Ionosphere Connection (ICON) explorer (Immel et al., 2018) is designed to study the connection between the lower and upper atmosphere by observing key quantities. The value of the ICON observations are demonstrated in many studies (e.g., Immel et al., 2021; Cullens et al., 2022; England et al., 2022; Harding et al., 2022; Heelis et al., 2022). The ICON mission is augmented by accompanying numerical simulations to enhance the scientific return (e.g., Forbes et al., 2017; Huba et al., 2017; Maute, 2017; Cullens et al., 2020). In this study, we demonstrate the value of these simulations in aiding the interpretation of the ICON observations during the August-September 2020 time period.
Upward propagating solar tides from the lower atmosphere have a rich spectrum due to different generation processes, i. e., absorption of solar radiation by tropospheric water vapor, by stratospheric ozone, by lower thermospheric molecular oxygen, by thermospheric atomic oxygen, and latent heat release in the tropics due to deep convection (e.g., Butler and Small, 1963; Lindzen and Chapman, 1969; Forbes, 1982b; a; Hagan et al., 2007). In addition, depending on tidal characteristics and the mean atmospheric conditions, tides might propagate upward, are modulated, dissipate, and/or interact non-linearly with other tides, planetary waves, and gravity waves (e.g., Holton, 1975; Volland, 1988; Miyahara and Forbes, 1991). In the following, we use the term “upward propagating lower atmospheric tides” for the tidal spectrum close to 97 km.
In this study, our primary focus is on the various harmonics of solar tides with frequencies nΩ and zonal wavenumbers s = n, denoted [n, s], where Ω = 2π/24 h. Here, if n and s are equal and s is positive it implies westward migration with the apparent motion of the Sun to a ground-based observer, and thus are referred to as “migrating” tides. We use the common shorthand notation DW1, SW2, TW3 and QW4 to denote migrating diurnal (D), semidiurnal (S), terdiurnal (T) and quaddiurnal (Q) tides, respectively. We use alternatively [1, 1], [2, 2], [3, 3], and [4, 4] when quantifying primary and secondary waves engaged in non-linear interactions. Stationary planetary waves are denoted by SPWs or [0, s] and the zonal and diurnal mean as ZM = [0, 0]. Eastward propagating tides are denoted by an “E” e.g., SE2 is the eastward propagating semidiurnal tide with zonal wavenumber 2 or [2,-2].
It is now well accepted, based on both, observations and theory, that the interaction between two primary waves [n1, s1] and [n2, s2] results in two secondary waves (sw) with frequencies and zonal wavenumbers that are the sums and differences of the frequencies and zonal wavenumbers of the primary waves: sw+ = [n1+n2, s1+s2], sw- = [n1-n2, s1-s2] (e.g., see Teitelbaum and Vial, 1991). These relationships will be used in the current study to identify the likely origins of some waves.
The current study focuses on the time period August 7 - 26 September 2020 (Day of Year DOY 220–270) when the migrating semidiurnal tide (SW2) and the thermospheric background circulation exhibits large, sudden changes. This period is close to the equinox transition time, therefore we will provide some overview of associated studies in the following, even though in the discussion of our results we do not focus on a connection to the equinox transition.
The equinox transitions in thermosphere and ionosphere (TI) are complex since the TI is influence by processes in different regions, each with their associated seasonal behavior, e.g., lower atmospheric upward propagating tides (e.g., Hagan and Forbes, 2002, 2003; Oberheide et al., 2011a) and corresponding changes in the mean circulation and composition (e.g., Fesen et al., 1991; Fuller-Rowell, 1998), in situ processes such as direct solar radiation (e.g., Ward et al., 2021), and coupling to the polar regions (e.g., Millward et al., 1996). Therefore, studies have shown that the equinox transition exhibits variability from year to year and does not necessarily align with the solar equinox (e.g., Pancheva et al., 2009; Burns et al., 2012; Venkateswara Rao et al., 2015).
While seasonal changes occur all the time, recently Conte et al. (2018) reported on a sharp semidiurnal solar tidal (S2) amplitude decrease during the equinox transitions, especially around September, which was observed by three meteor radars in the northern hemisphere and southern hemisphere (Conte et al., 2017). They found that the S2 decrease extends from the mesosphere to the lower thermosphere (approximately 75–100 km) with varying onset DOY (between DOY 265–295) for different years. By employing the Hamburg Model of the Neutral and Ionized Atmosphere (HAMMONIA) model (Schmidt et al., 2006), the authors could attribute the S2 changes mainly to distinct SW2 tidal changes with some contribution from SW1 later in the seasonal transition.
In a follow on study, Pedatella et al. (2021) used the Specified Dynamics Whole Atmosphere Community Climate Model with thermosphere-ionosphere eXtension simulations (SD-WACCMX) to find that during the September transition the antisymmetric Hough modes (2,3) and (2,5) are decreasing in amplitude leading to the decrease in SW2 amplitude. The timing of the lower thermospheric SW2 transition was linked to the seasonal transition in the middle atmosphere. Other studies have also used differences in Hough modes and vertical wavelengths to understand the changes in the SW2 latitudinal variation with altitude (e.g., Azeem et al., 2016; Stober et al., 2021; Forbes and Zhang, 2022). In addition, signals of distinct September transitions are observed in the D-region ionosphere in the propagation of very low frequency (VLF) radio wave signals (Macotela et al., 2021), suggesting an association with the mean temperature variation at 70–80 km and the semidiurnal solar tidal enhancement.
As noted by Pedatella et al. (2021), evolution of the latitude structure of SW2 during the 1–2 months leading up to solar equinox (DOY 266) is complex, and characterized by asymmetries between hemispheres that vary from year to year. While the troposphere and stratosphere excitations of SW2 project mainly onto the first symmetric mode of SW2 during both equinox and solstice conditions (e.g., Forbes and Garrett, 1978), it is the interaction of this mode with the middle atmosphere zonal wind field that plays a strong role in exciting antisymmetric modes through “mode coupling” (Lindzen and Hong, 1974) or “cross coupling” (Walterscheid and Venkateswaran, 1979a; b). Moreover, vertical propagation of the first symmetric mode of SW2 is sensitive to the vertical temperature gradient in the mesosphere (Geller, 1970; Forbes et al., 2022). At lower thermospheric heights, these modes, all with different vertical and latitudinal structures, achieve their largest amplitudes and constructively and destructively interfere as a function of time to produce the evolution of latitude structures at any given height that comprise the complexity noted above.
Several studies examined the connection between different migrating tidal changes in the mesosphere-lower thermosphere region (MLT) during the September-October season and we mention only a few recent ones in the following. van Caspel et al. (2020) used 16 years of northern hemisphere high latitude Super Dual Auroral Radar Network (SuperDARN) meteor winds finding the largest SW2 amplitudes in early fall of all seasons (peaking around DOY 260) and they attributed the seasonal variation of SW2 mainly to the changes in the background atmospheric conditions (e.g., Hagan et al., 1999). In addition, the authors reported on a pronounced migrating terdiurnal tidal (TW3) peak at DOY 265, which agrees with modeling results by Du and Ward (2010); Conde et al. (2018) reported on terdiurnal tides in meteor radar (40N–70N) with sudden changes starting after DOY 250.
Terdiurnal tides can be generated by the non-linear interaction between diurnal and semidiural tides (e.g., Teitelbaum et al., 1989; Smith, 2000; Younger et al., 2002) and/or diurnal tides with gravity waves (Miyahara and Forbes, 1991), and direct solar forcing. There is still discussion about the importance of these different mechanisms with season and we refer to the literature for more insights. Direct solar forcing was identified as the dominant TW3 driver during all seasons (e.g., Smith and Ortland, 2001; Du and Ward, 2010; Lilienthal et al., 2018). Non-linear interaction between tides and/or gravity waves were found to become more important in January and April (Lilienthal et al., 2018). Akmaev (2001) stated that non-linear interactions play a role especially at equinox between 95 and 100 km. Similarly, Huang et al. (2007); Moudden and Forbes (2013) determined that non-linear tidal interaction of DW1 and SW2 is important in TW3 excitation and is overlaid on the upward propagating part.
In general, the terdiurnal tides in the zonal and meridional wind is small in the MLT region, roughly around 4–6 m/s with peaks around equinox (e.g., Du and Ward, 2010; Liu et al., 2020; Pancheva et al., 2021). This could be a factor why less is known about the terdiurnal tide in the upper thermosphere. Gong and Zhou (2011) reported on the terdiurnal tide in the meridional wind between 90 and 350 km at Arecibo for January 2010, finding amplitude in the F-region smaller than the diurnal tidal amplitudes but larger than the semidiurnal tides. Note that the terdiurnal tide at a location is the superposition of various terdiurnal tides with different zonal wavenumbers and can therefore be an over- or underestimation of TW3 (e.g., Du and Ward, 2010).
The quaddiurnal tide is in general even smaller than the terdiurnal tide in the MLT region and therefore not the focus of many studies. Jacobi et al. (2017) examined meteor radar observations at mid-latitude in Europe, finding that the quaddiurnal tide in the zonal wind is up to 7 m/s around December and approximately 1–2 m/s in August-September with much shorter vertical wavelength in northern hemisphere summer than winter. Model diagnostics indicate that the non-linear tidal interactions contribute to the generation of the quaddiurnal tides (e.g., Smith et al., 2004). However, Geißler et al. (2020) found through numerical experiments that solar forcing is the most important mechanism in generating quaddiurnal tides in the MLT region, and non-linear interactions and gravity waves can be important during September equinox conditions. Not much is known about the quaddiurnal tide in the upper thermosphere.
While the distinct changes in the upward propagating SW2 around September equinox have been examined in the MLT region, to our knowledge, their upper thermospheric effects have not been investigated. In the current paper, we examine a time period with distinct SW2 changes in TIEGCM driven by ICON derived tides and focus on the effect of these changes on the thermosphere, specifically on the migrating tides, mean circulation, composition, and plasma distribution.
The paper is structured as follows. In Section 2, we described the ICON data (Section 2.1), the Hough Mode extension (HME) method (Section 2.2), and the TIEGCM simulation (Section 2.3). In addition in Section 2.4, we provide some validation of the simulation by comparing to the ICON observations. In Section 3, we characterize the effect of the sudden changes on the mean circulation and migrating tidal components (Section 3.1). We use HMEs to explain the changes in latitudinal structure of SW2 with time. In Section 3.2, we quantify the effect on the mean composition and mean electron density as well. In Section 4, we summarize our findings.
2 METHOD AND DATA
2.1 ICON
The ICON observatory was launched on 11 October 2019 into a 27o low inclination orbit with an approximate 580 km orbit altitude (Immel et al., 2018). On board of ICON are 4 types of instruments. This study is based on Michelson Interferometer for Global High-Resolution Thermospheric Imaging (MIGHTI) neutral wind and neutral temperature measurements (Englert et al., 2017). The two MIGHTI instruments nominally point northward with a 90o difference in the horizontal look direction. Therefore, backward-looking MIGHTI-B measures the same volume as the forward-looking MIGHTI-A approximately 7–8 min later. From the common volume line of sight wind measurements in the two look-directions, the neutral wind vector can be derived (Harding et al., 2017; Harding et al., 2021). MIGHTI measures the Doppler shift in the 557.7 nm (green) and 630.0 nm (red) atomic oxygen emissions. During the daytime green and red line observations provide continuous wind measurements between 94 and 300 km altitude. At nighttime the wind can be observed by green line emission between 90 and 109 km and by red line emissions between 210 and 300 km. The wind retrievals were validated by, e.g., Harding et al. (2021); Makela et al. (2021); Dhadly et al. (2021). In addition, MIGHTI measures the O2 762 nm band emission from which the neutral temperature can be derived in the 94–105 km altitude range (Stevens et al., 2018; Stevens et al., 2022). The neutral temperatures were validated by, e.g.,,Yuan et al. (2021). MIGHTI horizontal winds and temperatures in the 94–102 km region are used in the Hough Mode Extension (HME) method to derived the atmospheric tides (Forbes et al., 2017; Cullens et al., 2020).
2.2 Hough mode extension (HME) tides
An ICON science objective is to study the vertical coupling between the lower and upper atmosphere. This can be done by deriving global tidal specifications from the ICON observations and using these to drive a general circulation model. ICON measures neutral winds between 10S and 40N and covers all longitudes and local times in 41 days in the 94–102 km altitude range (Cullens et al., 2020). To derive atmospheric solar tides, which are global in nature, the Hough Mode Extension (HME) method is used (e.g., Oberheide et al., 2011b; Forbes et al., 2017; Cullens et al., 2020). Specific symmetric and antisymmetric HME for different tides are fitted to the observed tidal winds and temperatures.
A 45 days sliding time window is used to derived the HME tides with a 10 days temporal smoothing window. The daily HME tides include specification of the diurnal tides from DE3 to DW2 and semidiurnal tides from SE3 to SW4. No terdiurnal and quaddiurnal tidal specifications are included in the HME tides. The HME tides at 97 km are used to drive the TIEGCM at its lower boundary by reconstructing the perturbation field based on all HME tidal amplitudes and phases. The level 4 HME data product and HME lower boundary version 2 revision 0 (v02r000) was used in this study.
2.3 Thermosphere-ionosphere-electrodynamics GCM simulations
The Thermosphere-Ionosphere-Electrodynamics General Circulation Model (TIEGCM) describes self-consistently the dynamics, energetics, and chemistry in thermosphere and ionosphere with coupled ionospheric electrodynamics (e.g., Richmond, 1995; Qian et al., 2014). The TIEGCM model used for ICON is described by Maute (2017) and is driven at the model’s 97 km lower boundary by hourly perturbations constructed from the HME tides. The background, i.e., zonal and diurnal mean, neutral wind, temperature, and geopotential height is based on HWM07 (Drob et al., 2008) and MSISE00 (Drob et al., 2008) to introduce seasonal and latitudinal variations. Details of the background such as using HWM07 versus HWM14 are not important for the thermosphere response to upward propagating tides (e.g., Maute, 2017).
In the high-latitude region, magnetosphere-ionosphere coupling is simulated by specifying the ion convection pattern based on Weimer (2005) driven by solar wind data, i.e., interplanetary magnetic field (IMF) By, Bz and solar wind velocity and pressure. The auroral precipitation is based on the analytical model by Roble and Ridley (1987) with parametrization by Emery et al. (2012). This standard way of driving TIEGCM has been used to examine geomagnetic storms and quiescent time variation (e.g.,; Qian et al., 2014; Lei et al., 2015; Mannucci et al., 2015). In the high-latitude region, magnetosphere-ionosphere coupling is simulated by specifying the ion convection pattern based on Weimer (2005) driven by solar wind data, i.e., interplanetary magnetic field (IMF) By, Bz and solar wind velocity and pressure. The auroral precipitation is based on the analytical model by Roble and Ridley (1987) with parametrization by Emery et al. (2012). This standard way of driving TIEGCM has been used to examine geomagnetic storms and quiescent time variation (e.g.,; Qian et al., 2014; Lei et al., 2015; Mannucci et al., 2015).
The model is run with a 2.5ox2.5o geographic longitude and latitude resolution and a quarter scale height vertical resolution. To isolate the effect of the lower atmospheric forcing on the thermosphere-ionosphere (TI) system the ICON mission provides two TIEGCM simulations to the public. One simulation includes the tidal forcing at the TIEGCM lower boundary via the HME tides. The other simulation does not include any tidal forcing at the lower boundary. In the following we take advantage of these two simulations to examine the effect of upward propagating tides between August 7 and 26 September 2020 (DOY 220–270). The level 4 TIEGCM data products version 1 revision 0 (v01r000) is used in this study.
2.4 Overview of DOY 220–270 2020 time period
The DOY 220–270 2020 time period is especially interesting because of significant changes in the zonal and diurnal mean state of the upper atmosphere and the migrating tides. The solar radio flux F10.7 does not exhibit significant variation (F10.7 is between 69 and 76 sfu). The time period included some minor to moderate geomagnetic activity as can be seen in Figure 1. The Hp60 (Figure 1 top), an index similar to Kp but with an hourly cadence and open-ended by allowing values above 9o (Matzka et al., 2022; Yamazaki et al., 2022), has three periods with Hp60 ≥ 5 around DOY 242, 244 and 268, and in addition a few time periods with Hp60 ≥ 4 − where SymH (Figure 1 bottom), an hourly index capturing changes in the ring current, has some sudden decreases. However, only the time around DOY 244 and 270 has a SymH [image: image] nT which is considered a moderate geomagnetic disturbed period.
[image: Figure 1]FIGURE 1 | Geophysical conditions from August 5 (DOY 218) to September 26 (DOY 270) 2020: Hp60 index (top) and Sym/H [nT] (bottom).
The effect of the geomagnetic active period is visible in the F-region neutral wind at 250 km illustrated at geographic latitude λg = 30o for 12 UT in Figure 2 with the time and longitudinal variation indicated in the y- and x-direction, respectively. We label the simulation with tidal forcing at the lower boundary (LB) “with LB tides” (Figure 2A) and the simulation without tides at the LB “no LB tides” (Figure 2B.), the difference between the two simulations is labeled “only LB tides” (Figure 2C). The difference or the “only tides” case removes most of the effect from in situ generated tides due to the absorption of solar radiation in the F-region and from the geomagnetic forcing although some minor non-linear effects remain.
[image: Figure 2]FIGURE 2 | Zonal wind [m/s] at 250 km for 12 UT and geographic latitude λg = 30o for simulation (A) with tides at the lower boundary (LB), (B) without tides at the LB, (C) differences between (A) and (B) which isolates the effect of the LB tides.
The zonal wind clearly shows a diurnal variation with a strong zonal wave number 1 in the case “with LB tides” and “no LB tides”. However, in the case “with LB tides” higher order zonal wave numbers develop after approximately DOY 230 within a few days as visible in the longitudinal variation. This rapid transition, happening between approximately DOY 232 and DOY 238, is even more apparent in the “only tides” case in Figure 2C. In the following, we will focus on DOY 220–270 period to investigate how the lower atmospheric tides can facilitate this change. Note that the neutral wind in Figure 2 is depicted at a constant universal time (UT) and therefore the longitudinal axis corresponds to solar local time (SLT).
It is important to examine that the model in general reproduces the observed variation in the zonal wind at 250 km altitude. The ICON observatory samples all local times at each orbit but not for all longitudes and latitudes. We therefore average data using a 30 days sliding window between 25o to 40o geographic latitude (λg) to determine a longitudinal mean zonal wind over DOY and SLT. The model is sampled at the location of MIGHTI vector winds with the best quality flag. The model and data are processed in the same way. Figure 3 depicts the MIGHTI zonal wind (3a) and the MIGHTI-sampled TIEGCM zonal winds (3b) at 250 km.
[image: Figure 3]FIGURE 3 | Zonal wind [m/s] at 250 km averaged over 30 days and between geographic latitudes λg of 25o ≤ λg ≤ 40o (A). MIGHTI zonal wind, (B). TIEGCM with LB tides sampled as MIGHTI winds, (C). TIEGCM only due to LB tides.
The diagonal lines in Figure 3 are an indication that longitudes are not equally sampled in the 30 days window (Cullens et al., 2020). The observations (Figure 3A) experience larger variations than the model (Figure 3B) and therefore, the color scale is adapted. This is not surprising, as first, the model is not perfect and secondly, even a perfect model could not reproduce the observed variations since it is forced by time averaged tidal variations. Even though the zonal wind magnitude is not the same, the variations with local time and over day of year are similar. The model (Figure 3B) exhibits more westward wind in the morning between DOY 200–230, compared to the observations, which becomes less westward with increasing DOY. In the late afternoon the observed zonal wind is eastward with the wind magnitude increasing with DOY, especially in the early evening (approximately 18–20 SLT). The model exhibits a similar variation with the zonal wind getting more eastward with increasing DOY. In general, the simulated zonal wind tends to be more westward than the observed one, but displays similar local time and DOY variations.
We established that the model captures the prevalent local time and DOY variations of the MIGHTI zonal wind. Therefore, we will use the model to isolate the effect of upward propagating tides on the noted wind changes (Figure 2). We examine the difference between the simulation with HME LB tides and without HME LB tides illustrated in Figure 3C. An increase in the semidiurnal component of the zonal wind with increasing DOY is visible in Figure 3C with approximate early morning and evening peaks. Note that signals of non-migrating tides are small since we average over almost all longitudes. In the following, tidal components for the “only LB tides” case will be illustrated and labels by (⋅)*. We note that we first take the difference between the simulations before determining the tidal components via a 2D Fast Fourier transformation (FFT) using a 2 days window.
3 RESULTS
3.1 Dynamical changes
To better understand the illustrated changes in the zonal wind in Figure 2C occurring after approximately DOY 232 we examine the changes in several tidal components in the following. Figure 4A depicts the migrating SW2* at 110 km with a maximum amplitude of roughly 45 m/s at middle latitudes. Figure 4B also shows SW2* but at 250 km, illustrating that between DOY 220 to approximately DOY 230 the latitudinal structure of SW2* at 110 km and 250 km are similar with the distinct middle latitude peaks in each hemisphere. After approximately DOY 232 the latitudinal structure is evolving differently at 250 km compared to 110 km. At 250 km the SW2* latitudinal structure is changed from the two middle latitude peaks to a single maximum amplitude peak at low latitude (Figure 4B).
[image: Figure 4]FIGURE 4 | Amplitudes of migrating solar tides in zonal wind [m/s] only due to tides at lower boundary (LB) in (A). SW2 at 110 km and (B). SW2 at 250 km, (C). QW4 at 250 km, (D). TW3 at 110 km and (E). TW3 at 250 km, (G). DW1 at 110 km, (H). DW1 at 135 km, and (I). DW1 at 250 km, and (F). zonal and diurnal mean zonal mean wind at 250 km over geographic latitude and day of year (DOY) 2020.
The migrating quaddiurnal QW4* tide is not included in the HME LB forcing but is present at 250 km in the zonal wind with maximum amplitudes around 6 m/s at low latitudes (Figure 4C). The temporal and latitudinal structures of QW4* and SW2* at 250 km are similar. Therefore, we suggest that it is generated by tide-tide interaction of DW1 x TW3 = [1,1] x [3,3] leading to [4,4] + [2,2] = QW4 + SW2. Some smaller contributions might come from SW2 x SW2 = [4,4] + [0,0] = QW4 + ZM. Several studies suggested the generation of quaddiurnal tides through self-interaction of the semidiurnal tide, e.g., in SABER/TIMED temperatures (Liu et al., 2015) and during SSW (Gong et al., 2021) as well as through the diurnal and terdiurnal non-linear interaction as observed in the upper thermosphere at Arecibo during the 2016 SSW (Gong et al., 2018). While QW4 can be excited by the non-linear interaction of SW3 x SW1 = [2,3] x [2,1] leading to [4,4] + [0,2], SW3 and SW1 amplitudes are relatively small in the simulation and this non-linear interaction is therefore excluded from our consideration.
The migrating terdiurnal tide TW3* is shown at 110 km and 250 km in Figures 4D, E, respectively. The terdiurnal tides are not included in the HME LB tidal specification. TW3* amplitudes are small at 110 km with a maximum of 4 m/s at middle latitudes, but TW3* amplitude is up to 19 m/s at 250 km with the maximum at very low latitudes. The TW3* at 250 km (Figure 4E) emulates very closely the latitudinal and time variation of SW2* (Figure 4B). With TW3* amplitudes being approximately 2/3 of SW2* amplitude we suggest that TW3* is generated mainly by DW1 x SW2 = [1,1] x [2,2] leading to [3,3] + [1,1] = TW3 + DW1. DW1 serves here as primary and secondary wave. Note that Figure 4 depicts the difference between a simulation with and without HME LB tidal forcing and therefore most in situ solar heating induced tides in the thermosphere are removed.
DW1* is depicted at 110 km (Figure 4G) and at 250 km (Figure 4I). At 250 km DW1* has a similar temporal variation equatorward of 30o geographic latitude as SW2* and TW3* with an amplitude peak around DOY 265, and minor peaks around 255 and 240. The importance of the DW1 x SW2 interaction is well accepted in the literature as an important source of TW3 (see, e.g., Moudden and Forbes, 2013, and references therein), although generally of secondary importance to direct thermal forcing. Ours is the first report of TW3 production in the thermosphere by this mechanism.
DW1* is strongly forced at the lower boundary as evidenced by its 10–18 m/s amplitudes at 110 km in Figure 4G. However, DW1 has a short vertical wavelength (≈30 km) and does not penetrate much above 110 km; see for instance, Figure 4H which indicates amplitudes of 4–8 m/s at 135 km and low latitudes after DOY 232. We conclude that the DW1* signature in Figure 4I is not the result of DW1 propagating upwards from the LB, but rather is excited in situ through non-linear interaction as noted above.
Finally, we note the intensification of zonal and diurnal mean (ZM*) zonal winds after DOY 232 at 250 km (Figure 4F) leading to wind magnitudes ranging from −20 to 15 m/s around DOY 260. We conclude that these are due to the momentum deposited into the background atmosphere of the intensified migrating tides DW1*, SW2*, TW3*, QW4* after DOY 232 which is supported by the change in latitudinal structure of ZM* after DOY 232 reflecting the strong change in SW2* and TW3* (Figures 4B, E). As noted by Angelats i Coll and Forbes (2002), through examination of Eliassen-Palm flux divergences, it is not unexpected to see regions of eastward acceleration (and therefore eastward ZM zonal winds) in connection with dissipation of westward-propagating waves.
In the following, we focus on DOY 265 when the migrating tides exhibit a peak at low latitudes at 250 km (see Figures 4B, C, E, I). In Figure 5 the latitude-height variations of tidal amplitudes in zonal and meridional wind at DOY 265 are depicted. Figures 5A–C show the DW1, SW2, and TW3 zonal wind amplitudes only due to in situ forcing without any upward propagating LB tides. These diagnostics will be helpful to assess the importance of upward propagating tides in comparison to the in situ forced components.
[image: Figure 5]FIGURE 5 | Amplitude of migrating solar tides in neutral wind [m/s] at DOY 265 over geographic latitude from the simulation with no LB tides (A). DW1 in zonal wind, (B). SW2 in zonal wind, (C). TW3 in zonal wind, (F). TW3 in meridional wind; and only due to tides at the LB (D). SW2 in meridional wind, (E). SW2 in zonal wind, (G). TW3 in meridional wind, (H). TW3 in zonal wind, (I). QW4 in zonal wind.
Figure 5A shows that the DW1 zonal wind component of the in situ solar EUV-driven circulation is strongest at middle to high latitudes (amplitudes of up to 80 m/s) and at low latitudes (equatorward of ±30° geographic latitude) has amplitudes of 40 m/s between 200 and 300 km. The in situ forced SW2 (Figure 5B) is very small with values less than 10 m/s over most of the domain. The SW2* amplitude from the upward propagating tides is around 30 m/s (Figure 5E) and much larger than the in situ driven SW2. SW2* due to upward propagating tides has almost the same magnitude as the in situ driven DW1 at low latitudes (Figure 5A). Thus, it is expected that SW2* due to upward propagating tides contributes significantly to the thermospheric circulation at these latitudes and altitudes.
Only a few studies (e.g., Forbes and Garrett, 1979; Forbes et al., 2011) investigated the relative importance of in situ vs. vertically-propagating semidiurnal tides to the dynamics of the upper thermosphere, finding that the major contribution comes from thermal excitation above 100 km except during solar minimum conditions when contributions from upward propagating semidiurnal tides can be comparable in magnitude. Forbes et al. (2011) fit HMEs to semidiurnal tidal temperatures derived from TIMED/SABER in the lower thermosphere, and compared the HME-extrapolated values with SW2 exosphere temperatures derived from CHAMP and GRACE densities near ∼400 km. The comparisons were made during the January-July 2004 (F10.7 ≈ 90-130sfu) and December 2005-July 2006 (F10.7 ≈ 75-100sfu) intervals, and revealed maxima during the Dec-Feb and Apr-Jul months. Interestingly, they concluded that the in situ contribution to SW2 dominated over any contribution propagating from below, opposite to the conclusion made above based on TIEGCM driven by HME LB tides. Unfortunately, no results from this study were available during September (i.e., DOY 265), and the present results moreover correspond to deeper solar minimum (F10.7 ≈ 70sfu), precluding any definitive conclusions based on comparisons between the two studies. Therefore, further work remains to be done on this aspect of thermosphere dynamics.
The depiction of TW3 meridional wind amplitude in Figure 5F can be contrasted against that in Figure 5G as further evidence for in situ generation of TW3* due to tide-tide interactions (recall that terdiurnal tides are not included in the LB forcing). Comparison between Figures 5H, C supports the same conclusion for the zonal wind component of TW3. We want to point out that the “no LB tides” depictions of tides (Figures 5A–C, F) are not based on simulation differences and therefore can show tidal signatures at high latitude induced by the offset of the aurora region with respect to the geographic coordinate system.
Surprisingly, maximum zonal wind amplitudes for TW3* (Figure 5H) are approaching those of SW2* (Figure 5E) at low latitudes and are approximately half of the in situ generated DW1 (Figure 5A). Noting the meridional wind amplitudes of order 10–20 m/s for both SW2* (Figure 5D) and TW3* (Figure 5G) around ±20–30° latitude, from which we conclude that their combined effects on field-align plasma transport may be significant.
Finally, QW4* is plotted in Figure 5I, indicating amplitudes of order 8 m/s. While significantly smaller than its SW2* and TW3* counterparts in Figures 5E, H, respectively, it is nevertheless noteworthy in terms of its obvious origins of tide-tide non-linear interactions.
The evolution of SW2* structures as evident in the presented TIEGCM-ICON simulation (e.g., Figure 4B) is one reason why this time period is so interesting. In the presented case, we wish to consider the height evolution of the latitude structures as well and connecting the latitude vs. DOY evolutions of SW2* U at 110 km and 250 km (Figures 4A, B, respectively). The HMEs are useful in providing that interpretation. We use the tidal fitting to a minimum number of HMEs to capture the simulated SW2 structure. The resulting SW2 zonal wind amplitude illustrated in Figures 6C, D represents the upward propagating tidal component. The height vs. latitude structures of SW2* U at DOY 224 and DOY 265 (Figures 6A, B) will be interpreted with the help of HMEs (Figures 4A, B). The corresponding illustration to Figure 6 for SW2* meridional wind at DOY 224 and DOY 265 is given in Supplementary Figure S1.
[image: Figure 6]FIGURE 6 | Amplitude of semidiurnal migrating tides for zonal wind [m/s] for DOY 224 [left panels (A, C)] and DOY 265 [right panels (B, D)] based on TIEGCM only due to LB tides [(top panels (A, B)] and HME fitting with the least HMEs: 3 modes for DOY 224 (c.) and 4 modes for DOY 265 (D).
In general, it was determined that the height vs. latitude structures of tides are well represented by the superimposed latitude-height structures of combined HME1, HME2, HME3, and HME4 (Cullens et al., 2020; Forbes et al., 2022). Therefore, reconstructions based on various combinations of HMEs can be performed, and those that assumed the greatest role in accounting for the simulated TIEGCM-ICON structures can be identified. It is important to note that these HMEs (1–4) have vertical wavelengths (λz) entering the thermosphere of ≳300 km, ∼85 km, ∼57 km, ∼40 km, respectively, and that the longer the λz the more effectively that HME penetrates to, say, 250 km.
It was found that for DOY 224, the dominant HME was the first antisymmetric HME2 (Supplementary Figure S2B), which accounts for the double-maxima in latitude occurring at both 110 km and 250 km for zonal wind U in Figure 6A. Unequal peaks between hemispheres at both heights are accounted for by interference with the symmetric mode HME3 and HME1 and/or HME4. Adding HME4 does not seem to make it agree better with TIEGCM results and the reconstruction using the combination of HME1, HME2, and HME3 for the zonal wind captures the salient latitude-height variations in the TIEGCM-ICON SW2* Figures 6A, C).
For the period after about DOY 240 at 250 km, all HMEs play a role as can be seen in the reconstruction in Figure 6D and the HME amplitudes in Supplementary Figures S2I, J, M, N. For zonal wind U, HME3 reinforces HME1 in the equatorial region above approximately 150 km, and nearly cancels HME1 at higher latitudes above 150 km, resulting in a more restricted latitude extent of the total response. Below 150 km the behavior of the combined HME1 and HME3 is reversed with an almost cancellation in the equatorial region and two maxima at high latitudes. HME2 and HME4 both contribute to the pronounced asymmetries at 250 km and 110 km (Supplementary Figure S2). All of the HMEs play a non-negligible role at 110 km and 250 km. The stark difference in the importance of the HME modes at DOY 224 with a dominant asymmetric HME2 versus DOY 265 with HME1 to HME4 all playing a role has probably its origin the middle atmosphere where antisymmetric modes can be excited as discussed in the introduction.
3.2 Compositional and electron density changes
In the following, we examine the effect of significant dynamical changes during this period on the mean ionosphere-thermosphere state, specifically the NmF2 and composition via O/N2. First, we evaluate the simulated NmF2, which we do by comparing to FORMOSAT-7/COSMIC-2 (COSMIC-2) observations (Schreiner et al., 2020). COSMIC-2 was launched in June 2019 and consists of 6 satellites in low 24o inclination orbits with GNSS-radio occultation payload providing more than 4,000 high-quality electron density profiles per day. We are using RO Level 2 data product “ionPrf” which contains the ionospheric electron density profiles validated by Cherniak et al. (2021).
We use the maximum electron density (Ne) in the “ionPrf” data files if the associated altitude is at least 200 km, which eliminates instances of capturing sporadic E occurrence. In the following, we use the maximum Ne as a measure of NmF2, which is a reasonable approximation since the major part of the vertical extent of the F-region is sampled. The maximum Ne observations between 11 SLT to 18 SLT are binned by DOY and by 2.5o in quasi dipole latitude. Figure 7A illustrates the median of the maximum Ne in each bin. Note that the median is chosen to reduce the effect of outliers, however in our case using the average of the maximum Ne of each bin leads to very similar variations. Since the COSMIC-2 constellation was not spread evenly during this early mission phase, there is a longitudinal bias with respect to quasi-dipole latitude in the data (see Supplementary Figure S4). The negative quasi-dipole latitudes are preferably sampled in the African-Asian sector where the magnetic equator is in the northern hemisphere and therefore, the orbit dips to lower quasi-dipole latitudes than in the Pacific-American sector. However, this longitudinal bias does not explain the larger median Ne values in the northern than southern EIA crest (Figure 7A.) since even when restricting the geographic longitudes to the African-Asian sector a north-south differences in median Ne magnitude remains. We conclude that the north-south asymmetry in the EIA is not an artifact of the data sampling and processing.
[image: Figure 7]FIGURE 7 | Top panels (A). Median of maximum electron density from COSMIC2 RO (equivalent to NmF2) and (B) average of NmF2 from TIEGCM with LB tides [1/cm3] for binned values (bin size 1 day and 2.5o quasi dipole latitude); bottom panels: relative change of quasi dipole latitudinal average between 5o ≤ |λqd| ≤ 20o of (C) maximum electron density from COSMIC and (D) NmF2 from TIEGCM with respect to average latitudinal variation between DOY 220–225.
The TIEGCM simulation with HME LB tides is binned like the observations with the difference of using NmF2 and all available longitudes (Figure 7B). In the model the southern part of the EIA is larger than the northern part, which is opposite to the observations (Figure 7A). The study period starts just 40 days after solstice and therefore the influence of northern hemisphere summer conditions are reflected in the observations with larger northern than southern EIA, but the difference reverses around October (e.g., Burns et al., 2012). The TIEGCM can in general reproduce the hemispheric difference in the EIA strength (e.g., Maute, 2017). However, in the current case the model lacks representing the hemispheric difference. This apparent model bias needs further examination which is beyond the scope of the current study.
Both observations and model exhibit an increase in NmF2 with DOY. To compare the temporal variation, we average the NmF2 over 5o ≤ |λqd| ≤ 20o with quasi dipole latitude λqd in both hemispheres and reference to the 5days-average of DOY 220–224 to remove the baseline bias. Figures 7C, D depict the relative change of NmF2 for the observations and simulation, respectively, with an increase after DOY 240 in the observations and after approximately DOY 235 in the simulation. The temporal variation of simulated average NmF2 in the northern EIA crest compares better with the observations than in the southern hemisphere crest. In the southern hemisphere, the observed relative changes of maximum Ne are smaller than in the simulation. We should note that signals of geomagnetic activity are visible around DOY 244, DOY 258, and DOY 268 in the observation and the model (Figures 7A, B). Overall, the simulation can reproduce the salient temporal variation of observed NmF2 and therefore, it will be used to examine the contribution of the LB tides to this temporal variation.
Figure 8A illustrates the zonal and diurnal mean change in NmF2 due to LB tides with respect to the simulation without LB tides. We note that the simulation without LB tides includes the effect of geomagnetic forcing while the “only LB tides” case does not, and therefore there are slight decreases in the percent changes during the geomagnetic active times (Figure 8A). The overall changes are negative and increase significantly with time, especially after DOY 235. At low latitudes a decrease of approximately 15%–20% compared to the beginning of the period can be attributed to the effect of LB tides. To provide more details of the relative changes in NmF2 (Figure 8A), we illustrated the increase in NmF2 over the time period with respect to DOY 220 for the simulation with and without LB tides (Supplementary Figures S5A, B, respectively). The magnitude of the temporal changes in NmF2 after approximately DOY 235 are different between the two simulations with a strong increase in NmF2 occurring in the simulation without LB tides while the simulation with LB tides exhibits a very modest increase, which leads to the negative change in NmF2 in the “only LB tide” case (Figure 8A).
[image: Figure 8]FIGURE 8 | Time evolution of the relative change in the zonal and diurnal mean (A). NmF2 over quasi dipole latitude and (B) O/N2 ratio at 300 km over geographic latitude due to lower atmospheric tidal forcing with respect to no tidal forcing; (C) correlation between relative NmF2 change and O/N2 equatorward of |λm| ≤ 60o and |λg| ≤ 60o, respectively for the time window.
Part of the decrease in NmF2 is related to compositional changes which can be approximated by O/N2 at 300 km. Figure 8B illustrates the relative change of the zonal and diurnal mean O/N2 for the “only LB tides” case with respect to the “no LB tide” case. The mean O/N2 is decreasing by approximately 10% compared to the beginning of the time period. Supplementary Figure S5 illustrates that the zonal and diurnal mean O/N2 at 300 km is decreasing in the simulation with LB tides, especially after DOY 235 (Supplementary Figure S5C), but the low latitude maximum O/N2 is almost constant with time in the simulation without LB tides (Supplementary Figure S5D). The similar timing of the O/N2 changes and of the migrating tides and background wind (Figure 4) in the simulation with LB tides strongly suggest that the dynamical and compositional changes are connected.
These results indicate that the decrease in O/N2 due to LB tides partly compensate for the seasonal increase in NmF2 (Figure 8B) and therefore leads to a smaller increase in NmF2 with DOY in the simulation with LB tides compared to without LB tides (Supplementary Figures S5A, B, respectively). The relative change of the mean NmF2 in the “only LB tides” case has a strong correlation to the relative change of the mean O/N2 at 300 km (Figure 8C). The difference in the NmF2 latitudinal variation in Supplementary Figures S5A, B suggests that there are additional contributions from the low latitude ExB drift and the meridional wind leading to EIA differences, such as the EIA position at higher magnetic latitude and with less hemispheric difference in the simulation with LB tides than without. However, the simulation suggests that the main contribution to the temporal changes in NmF2 and O/N2 are due to the dynamical changes associated with the LB forcing since no strong temporal variation in the EIA location and hemispheric difference was identified. Note that the daytime NmF2 dominates the diurnal mean NmF2.
4 SUMMARY
This study focuses on the DOY 220–270, 2020 time period which exhibits significant temporal and spatial changes in the migrating solar tides as captured by the TIEGCM-ICON driven by the observationally based ICON-HME tides. The ICON mission provides TIEGCM simulations forced at its 97 km lower boundary with and without HME tides. This set of simulations enables us to quantify the effect of upward propagating tides, specifically the impact of the significant temporal and spatial tidal changes, on the lower and upper thermosphere and the ionosphere.
While strong SW2 changes were observed and simulated before and associated with the equinox transitions (e.g., Conde et al., 2018; Pedatella et al., 2021), these studies focused on the mesosphere and lower thermosphere. To our knowledge the current study is the first report of the effects of the strong sudden changes in SW2 on the upper thermosphere and ionosphere. Equinox transitions in the thermosphere are complex since they are influenced by the combined effect of transition characteristics in different altitude regions. During the DOY 220–270, 2020 study period the large tidal changes start 34 days before September equinox (DOY 266). We do not speculate about potential connection to equinox transition, but rather focus on the dynamical changes and its associated effect on composition and plasma distribution. We summarize our main findings.
• The latitudinal structure of SW2 amplitude in zonal wind at 250 km is changing quickly within approximately 8 days after DOY 232 from mid-latitudes peaks in either hemisphere to one broad low latitude peak. The change in SW2 latitudinal structure is associated with the increasing importance of antisymmetric HMEs after DOY 240 when HME1, HME2, HME3, HME4, corresponding to (2,2), (2,3), (2,4), (2,5), respectively, are of comparable size, while before DOY 232 HME1, HME2, HME3, corresponding to (2,2), (2,3), and (2,4), are important with HME2 (2,3) having the largest amplitude.
Studies showed that mean zonal wind condition changes in the middle atmosphere influence the propagation of different Hough Modes (e.g., Hagan et al., 1992; Xu et al., 2010). Therefore, the significant changes in the prevalence of different Hough Mode components during the study period is indicative of changes in the middle atmosphere. Due to the vertical coupling of the middle to upper atmosphere, the strong upper thermospheric tidal changes occur within approximately 8 days.
The simulation indicates that the upward propagating SW2 is more important that the in situ forced SW2 in the upper thermosphere during the study period. Previous results by Forbes et al. (2011) for solar medium conditions and December to July season demonstrated than the in situ forced SW2 dominates over the propagating SW2 component. Further studies are necessary to understand this difference.
• The latitudinal structure of migrating tides during this time periods is strongly modified at 250 km compared to 110 km. The temporal and latitudinal variation of SW2 is imprinted on the migrating tides, DW1, TW3, and QW4. In the simulations, the terdiurnal and quaddiurnal tides are generated internally since only diurnal and semidiurnal tides are included in the lower boundary forcing.
QW4 is the smallest of the migrating tides and might be generated by non-linear interaction between DW1xTW3 as well as some contribution might come from SW2xSW2. TW3 amplitudes at 250 km are large, approximately 2/3 of SW2. The simulation indicates it is generated by the non-linear interaction between DW1xSW2 in the upper thermosphere. While this non-linear interaction is well documented in the lower thermosphere, to our knowledge, its importance for the upper thermosphere was not noted before. Since both SW2 and TW3 in the meridional wind are strong at 250 km, it is conceivable that they play an important role for field-aligend plasma drift.
• Associated with the changes in SW2 and the other migrating tides, the background winds are significantly changed within approximately 8 days, suggesting that dissipating migrating tides deposited their momentum into the background atmosphere. Angelats i Coll and Forbes (2002) found that dissipation of westward propagating tides can create eastward accelerations of mean zonal wind at some latitudes.
These dynamical changes influence the composition and the plasma distribution. The simulation results indicate that during the time period a 15%–20% change in the zonal and diurnal mean NmF2 is associated with the strong tidal and background changes during this time period. The mean change in NmF2 is strongly aligned with the modification of roughly 10% in the composition as approximated by O/N2 during this time period.
To set the compositional and plasma density changes during DOY 220–270, 2020 period in perspective, we compare with some previous studies. Jones Jr. et al. (2014) used the TIEGCM forced with and without Climatological Tidal Model of Thermosphere (CTMT) (Oberheide et al., 2011a) to delineate the effect of upward propagating tides on the TI system. They find a 20% decrease in NmF2 and 4% decrease in [O]/[N2] due to the inclusion of tides with respect to the simulation without tides in August-September but no strong change within days or even 40 days. Similarly, Maute (2017) using the TIEGCM driven by daily varying LB tides smoothed by a 27 days running mean of the Thermosphere-Ionosphere-Mesosphere-Electrodynamic GCM (TIMEGCM) did not see the strong changes in the SW2 reported in this study. This highlights that the change we report here is much stronger than expected from seasonal and climatological behavior.
The study period clearly demonstrates the effect of strong and sudden tidal and mean circulation changes on the upper thermosphere and ionosphere. However, the study has uncertainties due to the limited data coverage. While ICON provides unique observations to study the vertical coupling effects on the thermosphere and ionosphere, atmospheric tides described by HME are based on 10S-40N observations within an up to 41 days window. More frequent sampling of all latitudes, local times, and longitudes are crucial to capture higher order symmetric and antisymmetric HME modes without ambiguity and with higher temporal cadence. Future missions like DYNAMIC (National Research Council, Solar and space physics: a science for a technological society, 2013) will provide tidal specification on a shorter time scale and therefore can provide new insight into their temporal and spatial variations.
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