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The ionosphere represents part of the upper atmosphere. Its variability is observed on a wide-scale temporal range from minutes, or even shorter, up to scales of the solar cycle and secular variations of solar energy input. Ionosphere behavior is predominantly determined by solar and geomagnetic forcing. However, the lower-lying atmospheric regions can contribute significantly to the resulting energy budget. The energy transfer between distant atmospheric parts happens due to atmospheric waves that propagate from their source region up to ionospheric heights. Experimental observations show the importance of the involvement of the lower atmosphere in ionospheric variability studies in order to accurately capture small-scale features of the upper atmosphere. In the Part I Coupling, we provide a brief overview of the influence of the lower atmosphere on the ionosphere and summarize the current knowledge. In the Part II Coupling Evidences Within Ionospheric Plasma—Experiments in Midlatitudes, we demonstrate experimental evidence from mid-latitudes, particularly those based on observations by instruments operated by the Institute of Atmospheric Physics, Czech Academy of Sciences. The focus will mainly be on coupling by atmospheric waves.
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INTRODUCTION

The atmosphere of Earth represents a very complex system that surrounds the solid Earth. Gases of the atmosphere are bounded by gravity. The density and composition of the gases and their physical properties change with increasing heights, forming regions of distinct properties. By absorbing the dangerous part of the incoming solar radiation, the atmosphere provides essential protection to life on Earth. Incoming solar radiation that is not filtered out by processes in the atmosphere reaches the surface of the Earth, where it reflects and/or heats the surface. Using various criteria, the atmosphere can be divided into different layers. The most common parameters used for layer definition are temperature, composition, and electron concentration. The temperature distribution profile determines the troposphere, stratosphere, mesosphere, and thermosphere; the composition of the gas defines the homosphere and heterosphere; electron concentration delimits the ionosphere. Regions defined according to individual parameters may overlap.

The Ionosphere is formed in the upper part of the atmosphere (at heights of the mesosphere, thermosphere, and heterosphere) by absorbing the incoming solar radiation and creating the ion–electron pairs. At the heights of ionosphere, neutrals and ions co-exist. The resulting medium is a weakly ionized plasma, where both the ions and neutrals interact. Ionization degree is rather low around the ionospheric electron concentration peak, where it reaches the value of about 0.1; hence both neutrals and charged particles are important for the final state of the system. The behavior of the ionosphere is further significantly influenced by the magnetic and electric fields of the Earth. Except for the main role of photochemical production and loss, neutral winds in the thermosphere are highly important drivers of the time-dependent global morphology of the ionosphere. The presence of the geomagnetic field divides the ionosphere into three main regions, such as low-latitudes, mid-latitudes, and high-latitudes. Further, the rotation of the Earth is an important property that brings dynamics to the whole system. In this paper, we focus primarily on the behavior of the mid-latitude ionosphere and how the effects of coupling with lower-lying regions are seen in the observed parameters. The formation of plasma near the Earth is described in detail in the review paper by Pfaff (2012).

Ionosphere plays an important role in communication and navigation systems. Electromagnetic waves travel through or reflect from the ionospheric plasma, between the transmitting and receiving points. In both situations, even small variability in the ionosphere density and composition can disrupt the signals. Besides well-predictable changes, there is a variability that is hard to be anticipated, caused by factors coming from above and from below. Such a type of variability makes it hard to know exactly what the ionosphere will be like at a given time, and this complicates regular ionospheric forecasts. For instance, regular thermospheric variations, which are involved in the Mass-Spectrometer-Incoherent-Scatter (MSIS) models, were reviewed recently by Qian and Solomon (2012) and Emmert (2015). Deviations from the regular variability of the thermospheric and ionospheric properties affect the prediction about the evolution of the satellite orbit via long-term accumulative effects. Involvement of the lower atmosphere helps to estimate the error budget with the orbit extrapolation of the satellite and in-track position. Liu et al. (2017) provided classification according to particular sources. Emmert et al. (2017) described in detail the atmospheric density errors and their influence on satellite orbits. Forbes et al. (2016) used the Gravity Field and Steady-State Ocean Circulation Explorer (GOCE) satellite for the global morphology of horizontal structures in winter months and found significant hemispheric differences in the activity pattern of the gravity wave (GW). Mukhtarov et al. (2010) analyzed planetary wave domain oscillations within the ionosphere during the Arctic winter of 2005/2006 and attributed particular planetary wave–type oscillations to the forcing from above the solar origin and from below by the upward propagating waves. Fang et al. (2013) modeled and estimated the contributions of lower atmospheric tides to the longitudinal and day-to-day variability in the upper atmosphere. They identified larger relative variability in the nighttime compared to the daytime. Sassi et al. (2020) demonstrated the importance of involving the middle atmosphere into the lower atmosphere–thermosphere coupling studies. They found out that thermospheric tides are affected by middle atmospheric specifications via non-linear wave–wave interactions.

An overview of the effects of the lower-lying atmosphere on the ionosphere is presented with focus on coupling by atmospheric waves and on observational results from middle latitudes with particular emphasis on our results. The paper starts with a brief overview of the lower atmospheric influence on the ionosphere and summarizes the current knowledge.



COUPLING

The atmospheric system of the Earth is not simply vertically coupled. The coupling within the regions must be understood on the multiple space and time scales. The memory of the system cannot be neglected. Distant regions are coupled by dynamical, chemical, and electrical processes. The behavior of the ionospheric plasma is controlled by collisions among the ionized particles and neutrals as well as among the ionized particles themselves. It may also be driven by a geomagnetic field, where the particle density is low and consequently the collision frequency as well. The ionosphere shows sensitivity to various natural and human-related processes. It covers processes originated within the lithosphere, such as earthquakes, volcanic eruptions or artificial explosions, tropospheric atmospheric waves related to orography and severe meteorological systems, and stratospheric effects, particularly, sudden stratospheric warmings. The atmospheric regions are effectively coupled via atmospheric waves. Considering electrically charged systems in motion, the electrodynamical coupling is important as well. It is described by the global electric circuit where many aspects remain to be understood. A review of the effects has been provided by Singh et al. (2011).


Ionosphere—Solar Forcing With Respect to Coupling

The ionosphere is predominantly forced by solar radiation and solar wind, to a lesser extent by other radiation sources (e.g., galactic cosmic rays). Long-term studies show how well the ionospheric plasma responds to the incoming energy from above. The ionization within the ionosphere (represented usually by the maximum plasma frequency in the F2 layer called critical frequency foF2) reflects variability in changing solar irradiation on a wide range of scales from minutes, or even shorter, connected with, for instance, eruptive events on the Sun, through diurnal variability, seasonal, solar cycle, and even secular changes (see for instance Yiǧit et al., 2018). Theoretical studies together with observations confirm that solar and geomagnetic forcing is a key mechanism that drives the principal part of the system behavior. However, more detailed analyses of ionospheric variability reveal that certain parts cannot be easily attributed to the forcing from above (Kazimirovski, 2002). It is generally accepted now that wave coupling from below is the major source of the observed differences in the ionosphere parameters on consequent days with stable forcing from above.

Figure 1 clearly demonstrates the controlling role of solar activity/solar ionizing radiation in foF2 behavior and its strong seasonal variation. With the increasing level of solar radiation during the solar cycle, foF2 increases. Figure 1 illustrates winter anomaly observed in midlatitudes, a phenomenon during which the daytime electron density of foF2 at F-peak height is greater in winter than in summer (Torr and Torr, 1973; Torr et al., 1980). The effect of higher ionization during winter, compared to summer, is known to be associated with the seasonal and hemispheric changes in the thermospheric neutral composition (Rishbeth and Müller-Wodarg, 1999, 2006).
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FIGURE 1. Plot of time-series of critical frequency foF2 (in 0.1 MHz) measured in Chilton (51.5°N, 1.3°W) (A) and Juliusruh (54.6°N, 13.4°W) (B) together with the solar activity index F10.7 recorded during solar cycle 24 (C).


Impact of the incoming energy depends on the actual state of the atmosphere-ionosphere system; hence it may vary with time and location. The important factors determining how the system deposits the incoming energy lay within the atmosphere-ionosphere system of the Earth. So far, the way the ionosphere responds to the solar input is not completely understood. The manner in which solar energy is absorbed by the atmosphere is the subject of large international projects. Recently, projects of the Scientific Committee on Solar-Terrestrial Physics (SCOSTEP), such as Variability of the Sun and Its Terrestrial Impact (VarSIT) (Georgieva and Shiokawa, 2014) focused on the solar impact on the terrestrial atmosphere. An important question that still needs to be answered is the mechanism of the response of the Earth, which is variable and may significantly depend on the atmospheric state of the Earth and its history due to the long memory of the system. Scientific question on how the coupling takes place within the terrestrial atmosphere was one of the important parts of the project, namely, the Role of the Sun and the Middle atmosphere/thermosphere/ionosphere in Climate (ROSMIC) (Lübken et al., 2014). The main goal of the new SCOSTEP program, namely, Predictability of Variable Solar-Terrestrial Coupling (PRESTO) is to improve the predictability of energy flow in the integrated Sun-Earth system on a time scale from a few hours to centuries by promoting international collaborative efforts. Vertical coupling, as an important task, is defined within Pillar 2 (Chang et al., 2020).

Another solar activity variation, the ~27-day solar rotation variation caused by the distribution of solar active regions and coronal holes over the solar disc, is also reflected in the variations of the ionosphere and thermosphere (Lee et al., 2012; Ren et al., 2020). Solar flares are another important solar phenomenon that impacts the ionosphere. Their effects on the ionosphere have broadly been studied (Huba et al., 2005; Liu et al., 2006; Pawlowski and Ridley, 2008; Qian et al., 2011, 2020). Strong solar flares like those that occurred on 6 September 2017 are capable of causing a blackout of radio wave propagation for tens of minutes (Fagundes et al., 2020). Solar flares induced changes in the ionosphere and they also affect Global Navigation Satellite System (GNSS) radio signals and their applications, for example, in positioning (Shagimuratov et al., 2020).

Joint analyses of the solar activity indices and atmospheric parameters cover only several last solar cycles. The longest time-series available are regular measurements of critical frequency foF2. Data records of standard meteorological parameters provide the possibility to detect solar influence as deep as at the ground level. Climatological studies reveal significant solar forcing of the Earth climate based on long-term surface temperature measurements. Historical records of ground-level temperature offer unique opportunities to study the solar influence on the interannual–centennial climate variability (Eddy, 1976; Friis-Christensen and Lassen, 1991; Beer et al., 2000; Scafetta, 2010). The response of the Earth's atmosphere shows significant variability. A large climatological study (Scafetta, 2014) demonstrated that using only one solar index does not capture all the complexities of the solar influences on the atmosphere. At some periods, the atmospheric parameters are positively correlated with the solar activity while in others they are negatively correlated with the solar activity. Different manifestations of solar activity (solar poloidal field and toroidal field) have different impacts on the terrestrial system (Borovsky and Denton, 2006; Georgieva et al., 2006). Changing correlation between the North Atlantic oscillation and the sunspot number during the solar cycle with respect to poloidal and toroidal solar magnetic fields was reported by Georgieva et al. (2012). Analyses of coherency between common period domains in the solar, atmospheric (stratospheric temperature), and ionospheric parameters revealed that atmospheric response varies during the solar cycle and from one cycle to another (Koucká Knížová et al., 2018).

One aspect of investigations of the influence of solar activity on the ionosphere is the utilization of solar activity indices/proxies (Brown et al., 2018), because homogeneous series of satellite measurements of solar ionizing radiation are often not available. Important is the selection of optimum/best solar proxy. In the past, the sunspot number was the most used parameter. Then it was replaced by the F10.7 solar index (solar radio flux at a wavelength of 10.7 cm). Vaishnav et al. (2019) used 12 different solar proxies and found that for variations on time scales, from week-to-week to month-to-month He II followed by Mg II, are the best available solar proxies. Laštovička (2021) found the Mg II index to be the best for year-to-year time scale for foF2. However, these indices are available for a significantly shorter period than F10.7.

In addition to the above coupling, the solar origin also comprises the impact of geomagnetic storms on the ionosphere (Buonsanto, 1999; Danilov, 2013). However, the impact of geomagnetic storms on the ionosphere and upper atmosphere is out of the scope of this paper; it would deserve a long-separated paper.

Despite an extremely high agreement between the general course of solar index F10.7 and ionospheric parameters shown in Figure 1, there is a significant day-to-day variability in the electron concentration. Even when keeping a similar level of incoming solar energy, the evolution of foF2 can show significant variability. Fang et al. (2013) estimated that about half of the observed variability in the ionospheric F2 peak plasma density is related to the lower atmosphere forcing under moderate solar activity and quiet geomagnetic conditions.

Figure 2 shows changes of maximum foF2 on the daily basis (notice August 20 compared to the following days) and in the entire course. Taking into account only the incoming solar radiation, the ionospheric concentration should theoretically depend on the solar zenith with one daily maximum. However, the two-maxima diurnal course is a rather commonly observed case even in the situation of stable and low solar and geomagnetic conditions (Kp < 2 for most of the selected period). Hence the source of the observed variability is identified in the atmospheric waves and their imprints into the ionospheric plasma.
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FIGURE 2. Diurnal course of foF2 (solid line) recorded at Pruhonice observatory on 20–23 August 2019 during geomagnetically low activity (Kp index in gray).




Traveling Ionospheric Disturbances

The variability of the upper atmosphere is seen in fluctuations within the observed data on a wide range of scales. Most of the observed variations are intermittent wave-like oscillations with variable lifetime. Wave-like oscillations with periods of few minutes to ~2 h, called gravity waves (GWs) are permanently present within the atmosphere. They have the potential to propagate through the atmosphere over large distances (vertically and/or horizontally) and carry energy and momentum. Their signatures in the ionospheric plasma are known as traveling ionospheric disturbances (TIDs). TIDs significantly affect electron concentration profiles changing their shape, redistributing the concentration and/or total electron concentration. These effects in turn change the conditions for propagation of electromagnetic signals at all ranges. Ionospheric variability due to TIDs leads to an increase in the uncertainty in the navigation and communication systems.

TIDs are registered practically in all measured parameters at all heights and times. Most common sources of TIDs are considered to be geomagnetic storms, auroral activity (Bristow et al., 1996), and atmospheric waves propagating from lower-lying atmospheric layers. The wave characteristics of TIDs depend on the particular source (Holt et al., 2017). There are many identified sources of the observed ionospheric fluctuations. Among them, meteorological systems, solar terminators, and eclipses are of particular interest. Except for the natural oscillations, the anthropogenic wave-like oscillations attributed to explosions can be detected (Panasenko et al., 2018; Huang et al., 2019 and references therein). According to their period and wave velocity, TIDs can be divided into three groups, such as large-scale TIDs (LSTIDs), medium-scale TIDs (MSTIDs), and rarely studied small-scale TIDs (SSTIDs). Characteristic scales of SSTIDs are less than 10 km according to Swarm measurements (Yin et al., 2019); GWs of similar scales were observed in the mesosphere. MSTIDs have characteristic periods up to 60 min and their horizontal velocities are approximately 100–300 m.s−1. Typical periods of the observed LSTIDs in the ionospheric heights are about 50 min to 3 h with horizontal velocities of 400–1,000 m.s−1. Details about the TIDs can be found in the work of Hocke and Schlegel (1996) or Panasenko et al. (2018).



Coupling and Atmospheric Waves

The ionosphere is permanently changing on a wide range of scales reflecting the variable amount of energy coming from the above and coming from below. The upper atmosphere in midlatitudes is influenced via EUV and X-ray radiation. The heating and photoionization lead to the expansion of the atmosphere and plasma formation. A review paper by Trenberth et al. (2009) provides insight into the energy budget within the atmosphere of the Earth down to the surface and oceans of the Earth. Incoming solar radiation is partly absorbed by atmospheric constituents heating the atmosphere and forming ion pairs, and partly propagates down to the surface and reflects back. Incoming radiant energy may be scattered and reflected by clouds and aerosols or absorbed in the atmosphere. Energy may be stored for some time, transported in various forms, and converted among the different types, giving rise to a rich variety of weather or turbulent phenomena in the atmosphere and oceans. Based on satellite data obtained during 2000–2004, it provides the global annual mean of the energy budget of the Earth (Trenberth et al., 2009). The energy deposited in the low atmosphere significantly contributes to the atmospheric wave generation.

It has been widely accepted that the atmospheric regions are coupled predominantly via vertically propagating waves that transfer energy and momentum over large distances (Yiǧit and Medvedev, 2015; Yiǧit et al., 2016). Due to the conservation of kinetic energy, wave amplitudes grow exponentially with increasing height. The response of the geospace to atmospheric waves generated by the meteorological events, their interaction with the mean flow, and their impact on the ionosphere and their relation to competing thermospheric disturbances generated by energy inputs from above, such as auroral processes at high latitudes were important parts of the SCOSTEP CAWSES-II Project (Oberheide et al., 2015b). Atmospheric waves, particularly the motions of GW, tidal wave (TW), and planetary wave (PW) are persistent wave-like oscillations that are observed in all types of atmospheric data, including neutral wind and temperature, pressure, density, and geopotential height.


Gravity Waves

Under suitable conditions for propagation, initially small perturbation may grow to a large wave oscillation at higher altitudes, where it may affect the environment significantly. Atmospheric waves (that involve tidal, planetary, gravity, and acoustic waves) may directly or indirectly affect winds, temperature, compositional structures, the circulation pattern, neutral and ion species transport, and ionospheric wind dynamo. The first pioneering work which pointed out that atmospheric waves are important for understanding the atmospheric and ionospheric variability, appeared in the 1960's. Experiments conducted by different instrumental techniques recorded irregularities and irregular motions within atmospheric observed parameters. The departures from the model based purely on solar and geomagnetic activity needed an explanation. Hines (1960, 1963, 1965, 1968) interpreted the observed variability in terms of atmospheric GWs propagating through the atmosphere of the Earth. The effects of GW on the ionospheric plasma up to the height of F2 region through photochemical and dynamical processes were proposed later by Hooke (1970b). Hooke (1970a, 1971) used theoretical models to show that resulting effects of GWs can significantly vary in the ionospheric plasma depending not only on the wave properties, but also on the actual ionospheric state and/or the direction of propagation with respect to the incoming solar radiation (Hooke, 1968).

Model studies by Vadas and Fritts (2005), Vadas (2007), Yiǧit et al. (2009), Yiǧit and Medvedev (2010), and Yiǧit et al. (2012) demonstrated gravity-wave propagation through the upper atmosphere of the Earth. Later, Vadas and Nicolls (2012) proved that GWS originating in the tropospheric convection can reach thermospheric heights and significantly affect the profiles of wind and temperature. Atmospheric waves propagate from the lower-lying atmosphere up to the thermosphere either as primary or secondary or even as tertiary waves. The momentum deposited by breaking GWs in the mesosphere and lower thermosphere (MLT) region excites the secondary gravity waves (Vadas et al., 2003, 2018; Vadas and Liu, 2009). Atmospheric wave propagation through the atmosphere depends on the actual state of the background atmosphere. Wind properties affect when and whether particular waves reach the upper atmosphere (Cowling et al., 1971; Fritts and Alexander, 2003; Sun et al., 2007).

Recent results show that not only the secondary but even the tertiary GWs play a role in the thermosphere and ionosphere (Vadas and Becker, 2019). Trinh et al. (2018) reported observation of primary and secondary GW-induced structures in satellite [Sounding of the Atmosphere using Broadband Emission Radiometry (SABER), the Gravity Field and Steady-State Ocean Circulation Explorer (GOCE), and Challenging Minisatellite Payload (CHAMP)] observations. A review paper by Yiǧit and Medvedev (2015) provided the theory of internal atmospheric wave propagation. It focused on the temporal scales of minutes till several days. Works of Laštovička (2006), Smith (2012a), Liu (2016), Yiǧit et al. (2016) provided an overview of lower atmospheric forcing done predominantly via atmospheric waves and proposed mechanisms on how the coupling takes place in the particular atmospheric region. Gathering experimental data, Liu (2016) concluded that lower atmospheric forcing can contribute to the ionosphere and thermosphere variability up to ~35%, especially during solar minima.

Garcia and Solomon (1985) demonstrated the importance of GWs for changes in the chemical composition of the middle atmosphere. The experimental ionospheric study (Williams et al., 1987) discussed the meteorological influences on the ionosphere and interactions during periods of stratospheric warming in the winter of 1983/1984. Shpynev et al. (2019) reported medium-scale wave-like disturbances in the winter ionosphere caused by the atmospheric waves arising in high-speed jet streams in the stratosphere and mesosphere. Fritts and Nastrom (1992) suggested that convective activity in the troposphere is as important a source of GWs for topographic forcing. Collocated satellite observations of concentric acoustic-gravity wave (AGW) type disturbances originated in thunderstorm activity were reported by Yue et al. (2019). Azeem and Barlage (2017) reported the concentric wave features and the extended squall line generated TIDs from convective tropospheric sources. Xu et al. (2019) reported hurricane-generated concentric GWs observed in both the stratosphere and mesosphere from spaceborne satellites and in the ionosphere by the ground-based Global Positioning System (GPS) receivers. Wave-like activity induced in the ionospheric plasma in connection with meteorological frontal systems were reported by Boška and Šauli (2001), Chernigovskaya et al. (2015), Borchevkina et al. (2020), and Koucká Knížová et al. (2020).

Fritts and Alexander (2003) provided an overview of the GW dynamics and effects within the middle atmosphere. It addresses particular GW sources and the corresponding propagation characteristics. A study by Yiǧit and Medvedev (2017) revealed that GWs appreciably impact the mean circulation and cool the thermosphere down by up to 12–18%. It further indicates that the effects of GW depend on the mutual correlation of the diurnal phases of the GW forcing and tides: GWs can either enhance or reduce the tidal amplitude. It has been pointed out recently that the effects of GW during sudden stratospheric warming (SSW) should be considered (Yiǧit and Medvedev, 2016). Model simulation (Liu, 2017) and later experimental SABER observations (Liu et al., 2020) showed that GWs can contribute significantly to the large wind shears at mesopause region heights. The simulated large wind shear peak varies with the season at middle to high latitudes: higher during winter and lower during summer, consistent with the seasonal variation of the mesopause height. Recently Yiǧit et al. (2021) have used the Coupled Middle Atmosphere Thermosphere-2 GCM to study the importance of latitudinal variability in the GW sources for the middle and upper atmosphere.

Pedatella and Liu (2018) implemented atmospheric variability into the model study of the atmosphere and ionosphere system to one particular geomagnetic storm. Involving arbitrary internal atmospheric variability leads to the geomagnetic storm occurring under a different, though climatically similar, atmospheric state for each ensembled member. While large-scale features of the storm were reproduced well, small-scale characteristics of the response were dependent on lower atmosphere variability. Uncertainty may lead to values of typically 20–40%, with localized regions exceeding 100%. Liu et al. (2017) demonstrated long-term cumulative effect of the non-storm corrugations in the prediction of the satellite orbital evolution. Prediction or modeling of the non–storm time thermosphere is important to improve the knowledge of coupling two largely different systems: the magnetosphere-ionosphere-thermosphere (MIT) system on the one side and with the meteorological system in the lower atmosphere.

Park et al. (2014) reported climatology of medium-scale GW activity in the midlatitude and low-latitude thermosphere based on the observations by CHAMP satellite. The important feature is a seasonal variability with higher GW activity during local winter. Park et al. (2014) suggested that the observed waves are secondary GWs generated by the breaking of primary GWs around 90 km altitude. The most recent results by Heale et al. (2020) provided a very complex pattern of the upward propagation of gravity waves with multiple breaking and production of a spectrum of non-primary gravity waves propagating into the thermosphere and ionosphere. Vadas et al. (2003) proposed that the body force that accompanies wave breaking is potentially an important linear mechanism for generating secondary waves that propagate into the mesosphere and lower thermosphere and that the efficiency of this forcing is independent of the latitude. However, spatial and temporal variability/intermittency of a body force is important in determining the properties and associated momentum fluxes of the secondary waves.

The solar terminator (ST) contributes significantly to the regular ionospheric variability. The moving border between sunlit and dark atmosphere separates regions with and without incoming solar energy. In the vicinity of the solar terminator, the atmospheric gas is in a non-equilibrium state with strong gradients in the temperature and density that lead the system into a non-equilibrium state, giving rise to atmospheric irregularities and inhomogeneities (Somsikov, 1995; Somsikov and Ganguly, 1995). ST moves due to the rotation of the Earth. The shape of the terminator curve changes with the seasons (equinox vs. solstice) and shows differences between sunrise and sunset. On the surface, the velocity changes from the equator to the poles. At the equator, the ST moves with supersonic velocity. As the ST moves through the atmosphere, it generates waves that propagate up to ionospheric heights. At first, the ST-induced waves were reported by Chimonas and Hines (1970) and Beer (1973). Theoretical formulations for the wave generation in the atmosphere and ionosphere remain as the subject for many studies, for instance, Beer (1978), Cot and Teitelbaum (1980), and Somsikov (1987, 1995). According to these studies, the sharper the boundary is, the more efficient the source of wave generation will be.

The linear mechanisms of wave generation by ST assume that GWs are excited by the motion of the discontinuity in the values of atmospheric parameters (energy flux, temperature, and electron density). Both the acoustic wave and GW can be radiated in association with supersonic motion in the atmosphere, while only GWs can be emitted from the moving source within the atmosphere with subsonic velocity (Kato et al., 1977). However, in real anisotropic plasma, the generation mechanism is more complicated. The development of instabilities (gradient-radiative, convective, and flow) must be taken into account at ionospheric heights.

Satellite measurements indicate that the amplitudes of ST-induced waves depend on the solar cycle—larger amplitudes can be detected during solar maximum than during solar minimum (Miyoshi et al., 2009). Liu et al. (2009) reported the existence of a prominent phase shift between the ST-induced wave structures in the wind and density fields, and a clear dawn-dusk asymmetry, with more pronounced wave structures at dusk. That corresponds to the theory that in the evening, ST works more effectively in exciting atmospheric waves. Afraimovich (2008) evidenced two types of total electron content (TEC) disturbance associated with ST. Large-scale variations and medium-scale wave packets are space-fixed along the ST line over a distance exceeding 1,600 km. Bespalova et al. (2016) and later Fedorenko et al. (2017) reported regular fluctuations induced by the solar terminator seen with a predominant wave mode moving synchronously with the terminator within the fluctuation of the neutral thermospheric components, O and N2 measured by satellites, such as Dynamic Explorer 2 and Atmosphere Explorer-E.

The source of ST waves detected within the thermospheric heights was attributed to the upward propagating high-order migrating tides generated in the ozone layer by the moving ST (Fujiwara and Miyoshi, 2006; Šauli et al., 2006b; Forbes et al., 2008; Miyoshi et al., 2009). The enhancement of GW activity in the ionospheric plasma during and several hours after sunrise, together with vertically propagating waves, through the ionosphere from a source located at an altitude of 180–220 km were reported by Boška et al. (2003).

Solar eclipses work in a similar way as ST. Moving obscured atmospheric regions were found to be an effective source of atmospheric waves (Somsikov, 1995). Within the eclipsed region, due to temperature drop, pressure decreases over the totality belt, which induces a response in the neutral wind and further the downward flux relative to pressure levels and consequently, molecular diffusion reacts to restore the equilibrium (Rishbeth et al., 1969; Mueller-Wodarg et al., 1998). Fritts and Luo (1993) modeled eclipse-induced wave structures with the source in cooling the ozone layer during the eclipse. Wang et al. (2019) modeled in detail, processes that lead to the observed changes within the ionospheric plasma during the solar eclipse.

Solar eclipses are rare but well-predicted cases. Therefore, campaigns are usually prepared to analyze the effects of the eclipse in detail. However, there are not two exactly identical solar eclipses, and/or occurring during solar and geomagnetic conditions that may allow the study of the solar eclipse-induced effects separately from other sources. Satellite and ground-based measurements revealed AGW structures propagating through the ionosphere (Šauli et al., 2007; Jakowski et al., 2008). Two source regions of the detected solar-eclipse-induced waves were reported by Farges et al. (2003). Šauli et al. (2006a) detected waves with periods of 3–5 min (acoustic mode) and 15–40 min (gravity mode), and identified some modes propagating from the source region located around 200 km height, while other from the source, possibly in the ozone layer. Mošna et al. (2018) analyzed the 2015 solar eclipse and using a combination of different ground methods, detected persistent AGW activity up to the height of 150–250 km with a dominant period of 65 min. Lin et al. (2018) reported solar eclipse-induced waves with periods of 20–30 minutes in the TEC measurements that well-correspond to those derived by the Global Ionosphere-Thermosphere Model (GITM). Large attention has been paid recently to the total solar eclipse that occurred on 21 August 2017 above North America. Experimental studies reported significant changes in all ionospheric F-layer parameters and identified wave-like structures associated with the eclipse by means of both ground-based and space-based equipment (Nayak and Yiǧit, 2018; Verhulst and Stankov, 2018; Yang et al., 2018; Perry et al., 2019; Uma et al., 2020). Mrak et al. (2018) pointed out that the observed wave structures may be attributed to two different sources, such as untangled wave structures emitted by the tropospheric system and solar eclipse-induced wave structures.



Infrasound

Besides GWS, meteorological processes in the troposphere have the potential to generate acoustic waves. Infrasound covers frequencies between the lower limit of human hearing (~20 Hz) and the acoustic cut-off frequency. The acoustic cut-off frequency is of the order of 0.001 Hz; its exact value depends on the temperature and composition and thus changes with height (Davies, 1990). Infrasound is strongly absorbed in the upper atmosphere at heights above 90 km (Georges, 1968; Sutherland and Bass, 2004). The attenuation of the signal depends on its frequency. Generally, lower frequencies are less attenuated at a given altitude. Infrasound observations in the ionosphere concern frequencies lower than 1 Hz (Blanc, 1985). The temperature decrease in the troposphere and in the mesosphere results in infrasound focusing during its upward propagation and, therefore, infrasound can efficiently transfer energy from the lower atmosphere to the ionosphere (Laštovička, 2006). On the other hand, due to the focusing, infrasound waves affect only spatially limited regions in the upper atmosphere above the source; infrasound generated by convective storms was observed in the ionosphere within the radius of 300 km from its tropospheric source (Georges, 1973).

Most of the infrasound sources are sporadic, such as volcanic eruptions, earthquakes, solar eclipses, bolides and meteorites, man-made explosions, supersonic jets, and spacecraft launches. Meteorological activity and ocean waves can be on the global scale considered to be continuous sources of infrasound. Tornadoes, convective storms, weather fronts, mesoscale convective complexes, and airflow over mountains belong to the most efficient meteorological sources of infrasound (Laštovička, 2006; Campus and Christie, 2010). Ionospheric infrasound generated by convective storms in the troposphere was broadly studied in North America in the 1960's and 1970's. Observations of 1–5 min waves in the ionosphere were repeatedly reported during the nearby convective storms (Georges, 1967, 1973; Baker and Davies, 1969; Davies and Jones, 1973; Chimonas and Peltier, 1974; Prasad et al., 1975). Infrasound research was nearly forgotten in the following decade (Laštovička, 2006). The interest was revived in the 1990's, when the Comprehensive Nuclear-Test-Ban Treaty was opened to signature (www.ctbto.org). Recently, the applicability of infrasound for the tomography of the middle atmosphere has been investigated and infrasound seems a promising tool for such types of measurements (Le Pichon et al., 2005, 2006; Blanc et al., 2018). Azeem et al. (2018) observed circular ionospheric disturbances in TEC that propagates radially outward from the center of the storm. Ionospheric infrasound is also excited by earthquakes (see section Seismo–ionospheric effects).



Tides

In general, major forcing on tidal periods in the lower and middle atmosphere results in atmospheric heating due to the absorption of solar radiation by stratospheric ozone and water vapor. The resulting oscillations are reflected in migrating tides, which propagate with the apparent solar motion, which is a function of the local time (Chapman and Lindzen, 1970; Oberheide et al., 2015a). Another part of the tidal motion that depends on the longitude includes non-migrating tides with other generation mechanisms, such as surface topography, geographically variable heat sources, and variation of solar heating with longitude. Compared to migrating tides, the non-migrating tides can propagate eastward or westward with respect to the Sun, or stands alone. Pancheva and Mukhtarov (2011) provided an overview of the global spatial (altitude and latitude) structure, seasonal and interannual variability of the atmospheric tides, and planetary waves derived from the SABER/Thermosphere, Ionosphere, Mesosphere Energetics and Dynamics (TIMED) temperature measurements for full 6 years (January 2002–December 2007). They provide patterns of the wave activity in the stratosphere-mesosphere-lower thermosphere system. Borries et al. (2007) detected standing and traveling wave-like disturbances in the TEC data and interpreted them as signatures of PW.

Using the Whole Atmosphere Community Climate Model (WACCM) and data from SABER/TIMED, Pedatella et al. (2016) concluded that short-term variability of eastward propagating non-migrating diurnal tide with zonal wave number 3 in the mesosphere and lower thermosphere is caused by the combination of changes in troposphere forcing, zonal mean atmosphere, and wave–wave interactions. Using the Kyushu GCM, Miyoshi and Yiǧit (2019) analyzed the impact of small-scale GWs on the semidiurnal tide. Study shows that GW drag significantly decelerates the mean zonal wind in the thermosphere. In particular, the GWs attenuate the migrating semidiurnal solar-tide (SW2) amplitude in the lower thermosphere and modify the lati-tudinal structure of the SW2 above a 150 km height. Jin et al. (2012) reported an enhancement of the semidiurnal tide in the lower thermosphere during the sudden stratospheric warming (SSW) of 2009 and suggested possible mechanisms in the enhancement of its source due to the redistribution of stratospheric ozone and/or change of propagation condition.

Possible generation mechanism of nonlinear interactions between migrating tides and stationary PWs has been discussed by Angelats i Coll and Forbes (2002), Pancheva et al. (2009), and recently by Das et al. (2020), who found that nonlinear interactions are not dominant sources for the generation of non-migrating tides in the middle- and high-latitude winter stratosphere. Smith (2012b) reviewed observations and numerical modeling of the dynamical processes that control the Mesosphere and Lower Thermosphere (MLT) and its variability. The review includes the effects of atmospheric waves as a circulation pattern within the region.



Planetary Waves

On longer time-scales, the differential heating of the Earth's surface due to geography gives rise to the PWs or Rossby waves that form global wind patterns. The resulting air flow affects both horizontal and vertical temperature patterns. It leads to strong pronounced wind structures and forms large planetary scale wave-like structures and jets as a result of a balance between the pressure gradient force and the Coriolis force. PWs cannot propagate directly well above the lower thermosphere (mainly due to atmospheric viscosity). Therefore, they propagate to the F2-region in the ionosphere heights via modulating other upward propagating waves, particularly tides (Laštovička and Šauli, 1999; Pancheva et al., 2003), or via modulation of the ExB drift (Pancheva et al., 1994). Observational data confirm the (indirect) propagation of PWS into the thermosphere (Pancheva et al., 1994, 2003). Takahashi et al. (2005) identified quasi 2- and 4-day period oscillations in the ionospheric F-layer bottom height (h0F) and airglow emission. Planetary wave-type oscillations in the ionosphere occur in bursts of oscillations with a typical duration of four waves for periods around 5 days, of 3.5 waves for periods around 10 days, and no more than three waves for periods around 16 days (Lastovicka et al., 2006). Fagundes et al. (2009) found the influence and modulation of the vertical F-layer post-sunset displacement by traveling planetary wave ionospheric disturbance according to the disturbance phase.

Based on satellite data, Pancheva et al. (2012) demonstrated similarity in the lower thermospheric temperature tides and their corresponding ionospheric signatures and further discussed spatial structures of the ionospheric response. Fang et al. (2013) reported significant longitudinal and day-to-day variations in the ionospheric parameters on simulations with the global ionosphere plasmasphere model driven by the whole atmosphere model winds. In consistent with the observations, they found larger relative variability in the nighttime than in the daytime. Under moderate solar activity and geomagnetically quiet conditions, the perturbations from the lower atmosphere contribute about half of the observed variability in the ionospheric F peak plasma density. Significant day-to-day variability has long been observed in ground-based Fabry-Perot Interferometer wind measurements leading to implementation of the lower-lying atmospheric region into circulation models (Roble, 2000; Siskind et al., 2012, 2014). Zawdie et al. (2020) simulated the day-to-day variability of high frequency (HF) propagation in the bottom side ionosphere using an ionosphere model coupled to a whole atmosphere model driven by the lower atmosphere involving the effects of lower atmospheric weather. They captured part of the observed variability suggesting that the most likely source of this missing variability are low-altitude ion transport terms that are perpendicular to the magnetic field in regions where the motion becomes strongly dominated by ion-neutral collisions.



Sudden Stratospheric Warmings

Sudden stratospheric warmings are winter-time increases in the polar stratospheric temperature. The primary mechanism of SSW origin is the interaction of the planetary waves with the zonal mean flow (Matsuno, 1971). SSWs are divided into two groups, such as major and minor, according to the presence or absence of the high-latitude (60°) zonal wind reversal at the 10 h Pa level. Liu et al. (2010) showed that although the PW activity associated with SSWs is concentrated to high latitudes, the nonlinear interaction between tides and the quasi-stationary planetary wave enhances migrating and nonmigrating tides globally. Numerical simulations by Pedatella and Liu (2013) confirmed the important role of changes in the migrating semidiurnal solar (SW2) and lunar (M2) tides as well as in the westward propagating non-migrating semidiurnal tide with zonal wave number 1 (SW1). Global scale modeling studies Yiǧit and Medvedev (2012) and Yiǧit et al. (2014) of direct gravity wave propagation into the thermosphere during a minor sudden warming showed that GW effects increase in the thermosphere during a minor warming. Eswaraiah et al. (2017) demonstrated the measurements and model simulation of a minor SSW that has the potential to affect the dynamics of the MLT region in a similar manner as major SSW.

Observations demonstrate a strong connection between SSWs and pronounced changes in the ionosphere in the MLT region as well as in the F region (Goncharenko and Zhang, 2008). Analysis of Jicamarca plasma drifts in a large range of heights between 140 and 900 km using Incoherent Scatter Radar data showed a strong connection between stratospheric high-latitude parameters and average morning and afternoon equatorial Ex B drift changes. Ionospheric studies of SSWs predominantly at low latitudes have been performed mainly due to the observation of strong effects of the 2009 SSW on the low latitude ionosphere (Fejer et al., 2010; Goncharenko et al., 2010). Pedatella and Forbes (2010) showed that zonal winds during SSWs play an important role in coupling between the lower atmosphere and ionosphere. Results from the first period of investigations of the ionospheric effects of SSWs were reviewed by Chau et al. (2012). Ionospheric effects of SSWs at low latitudes are longitudinally dependent (Fang et al., 2012; Liu et al., 2019). The effects of Arctic SSWs were observed also in the southern low-latitude ionosphere (de Jesus et al., 2017; Vieira et al., 2017). A strong thermospheric cooling accompanied the January 2009 SSW (Liu et al., 2011a), which is a feature of the typical temperature response to a major SSW. Siddiqui et al. (2018) and Yadav et al. (2019) found that the equatorial ionosphere response to SSW is distinctly different for different phases of the Quasi-Biennial Oscillation (QBO). A strongly enhanced lunar semidiurnal tide plays an important role in the ionospheric effects of SSWs at low latitudes (Fejer et al., 2010; Forbes and Zhang, 2012). Based on the Thermosphere-Ionosphere-Electrodynamics General Circulation Model (TIE-GCM) simulations, Pedatella (2016) concluded that the major SSW forcing is a significant factor strongly modifying the effect of the major geomagnetic storm in the equatorial ionosphere by up to 100% of storm-induced TEC change.

Ionospheric effects of SSWs were broadly studied at low latitudes but much less at middle latitudes. Nayak and Yiǧit (2019) have investigated the effect of the major sudden stratospheric warming (SSW) event of 2009 on the small-scale gravity wave (GW) activity in the ionosphere. Midlatitude investigations of the effects of SSW on the ionosphere bring some light on the ionospheric response (Goncharenko et al., 2013; Liu et al., 2019), but the response is not well-understood yet. Also, minor SSWs, not only major SSWs, are capable of significant modification of the midlatitude ionosphere (Medvedeva and Ratovsky, 2018). In the American sector, the nighttime SSW-induced TEC perturbations in ~55°S−45°N were found to be negative and substantially stronger than daytime perturbations (Goncharenko et al., 2018). Both the Constellation Observing System for Meteorology, Ionosphere, and Climate (COSMIC) observations and Thermosphere Ionosphere Mesosphere Electrodynamics General Circulation Model (TIME-GCM) simulations reveal perturbations in hmF2 at Southern Hemisphere midlatitudes during SSW 2009 and 2013 time periods, which are of ~20–30 km (10–20% variability of the background mean hmF2) (Pedatella and Maute, 2015).



Seismo-Ionospheric Effects

Investigations of ionospheric disturbances triggered by earthquakes started with the pioneering studies that investigated atmospheric and ionospheric response to the great Alaskan earthquake in 1964 (Bolt, 1964; Donn and Posmentier, 1964; Davies and Baker, 1965). Earthquakes and resulting seismic waves lead to the vertical movement of the ground surface that generates infrasound waves propagating nearly vertically upward owing to supersonic speeds of seismic waves. Only long-period infrasound, with periods longer than ~10 s, can reach the ionosphere; the shorter periods (higher frequencies) are significantly damped below the ionosphere. Thus, only waves from strong (M > 7) earthquakes that produce sufficiently long periods are usually detected in the ionosphere, whereas no ionospheric disturbances are observed for weak earthquakes, even for observations above the epicenter (Blanc, 1985; Laštovička et al., 2010).

The coseismic ionospheric disturbances are often studied from the changes induced in the total TEC that can be derived from the observations by networks of dual-frequency receivers of GNSS. Dense networks make it possible to study the propagation of circular coseismic ionospheric disturbances (Calais and Minster, 1995; Heki and Ping, 2005; Liu et al., 2011b). Great attention is paid to the ionospheric signatures produced by tsunamis as there is a potential to use these signatures in early warning systems (Arai et al., 2011; Kakinami et al., 2012). The idea is based on the fact that atmospheric waves propagate faster than tsunami waves (around 200 m/s at deep water). A necessary assumption is that the epicenter is sufficiently far away from the coastline. Correct real-time recognition of a co-tsunami disturbance remains a big challenge due to the complexity of the problem. Lin et al. (2017) modeled a tsunami-like wave packet and studied the impacts on the ionosphere-thermosphere system.

Harrison et al. (2010) proposed a mechanism of increased electrical conductivity of surface layer air before a major earthquake that leads to reduced surface-ionosphere electrical resistance and explained the observed changes in the natural extremely low frequency (ELF) radio noise by DEMETER satellite as earthquake-induced variations. Pulinets and Ouzounov (2011) provided a complete model of Lithosphere–Atmosphere–Ionosphere Coupling (LAIC) that involves processes from tectonics up to ionospheric processes that may help validate the observed ionospheric earthquake precursors.





COUPLING EVIDENCES WITHIN IONOSPHERIC PLASMA—EXPERIMENTS IN MIDLATITUDES

Advantage of ground-based stations, compared to satellite measurement, is that they provide sounding on a regular basis for a long time. A large worldwide system of ionosondes and Digisondes has been in operation since the inception of the International Geophysical Year (IGY); hence the time series from vertical ionospheric sounding covers a longer period than satellite missions. The length of the dataset is appreciated in trend analyses. The ionosonde measures reflections of electromagnetic waves of defined frequencies transmitted vertically into the ionosphere and reflected to the receiver [details of ionospheric sounding can be found in Davies (1990)]. The output is height-frequency characteristics (called ionogram) of the ionosphere, from where the essential property of the ionospheric plasma can be derived. Critical frequency foF2 is one of the representative parameters. Critical frequency (i.e., maximum plasma frequency in the layer) is proportional to the maximum electron concentration that is usually located in the F2 layer. Critical frequency foF2 represents the most suitable parameter for longer time-scale analyses. The echo in the receiver depends on the actual state of the ionosphere and its properties with respect to the sounding wave. When the wave is reflected on the horizontal isodensity plane, the recorded ionogram is clear with well-defined reflection traces. When the ionosphere is disturbed or tilted, the registered echo is spread due to off-vertical signals. Interpretation of ionograms can be found in the study by Wakai et al. (1987). Except regular ionogram measurement/sounding, the Digisondes perform drift measurements. Hence, Digisonde data consists of ionospheric parameters derived from ionograms and Sky maps (Reinisch, 1996; Reinisch et al., 1998, 2005). Detailed description can be found also on the web page of https://ulcar.uml.edu/digisonde.html. Besides Digisonde data, we further use data from multi-point continuous Doppler sounding (CDS), and a description of the method can be found on http://www.ufa.cas.cz/files/OHA/M_Doppler_system.pdf. Kouba and Chum (2018) demonstrated the efficiency of Digisonde-based drift measurement together with CDS on fixed frequency for the study of dynamics of the ionosphere. Satellite measurements are another independent source of data.


Three-Dimensional Analysis

Variability within the ionospheric plasma is often observed in the wave-like form, especially in the TIDs. Chum et al. (2012a), using the multi-point CDS system, showed that MSTIDs usually propagated with horizontal components of phase velocity directed against the neutral winds in the middle latitude ionosphere, which corresponds with the dominant horizontal component of GW propagation. Consequently, the azimuths of GW propagation also exhibited seasonal and diurnal dependence; TIDs mostly propagated toward the equator in winter and toward the pole in summer. Specifically, the observations were performed over the Czech Republic and South Africa. The propagation against neutral winds is consistent with previous theoretical studies (Cowling et al., 1971; Sun et al., 2007; Vadas, 2007). Recently, Chum and Podolská (2018) performed a 3D analysis based on the observations by multi-frequency and multi-point Doppler sounding system operating in the Czech Republic (reflection points of the sounding electromagnetic signals are separated both horizontally and vertically) and showed that MSTIDs/GWs propagated with wave vectors directed obliquely downwards. It directly follows from the dispersion relation (Hines, 1960; Davies, 1990; Vadas, 2007) that obliquely downward-pointing wave vectors (phase velocity vectors) mean oblique upward propagation of group velocity and wave energy of GWs. Figure 3 shows the phase velocity vectors of the GWs in 3D, while the GWs were analyzed over a one-year period from July 2014 to June 2015. Since the Doppler receiver does not distinguish between the ordinary and extraordinary mode, the obtained results are shown for an assumption of receiving ordinary (L-O) and extraordinary (R-X) modes separately. There are only minor differences between the results obtained for the L-O and R-X modes. The reflection heights that are necessary for the 3D analysis of propagation (Chum and Podolská, 2018) were obtained from a nearby Digisonde located at Pruhonice. There are two main horizontal directions of propagation. The GWs propagated roughly south-eastward during the daytime in winter and roughly north-westward around sunset in summer (Figures 3A,B). It should be noted that 3D analysis was often not possible because of low cross-correlation of the signals observed for different transmitter-receiver pairs or because of the lack of signals at some frequency, for example, due to low foF2. Consequently, the data coverage in the day-of-year-daytime plane was relatively rare (Chum et al., 2021). The vertical cross-sections of phase velocities displayed in Figures 3C,D for the L-O and R-X modes, respectively, demonstrate that the analyzed GWs propagated mostly with phase velocities (wave vectors) directed obliquely downward, and are consistent with the source of energy below.
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FIGURE 3. Observed phase vector velocities in the horizontal plane obtained under the assumption of receiving ordinary L-O mode (A) and extraordinary R-X mode (B) and the observed phase vector velocities in the vertical cross-section obtained under the assumption of receiving ordinary L-O mode (C) and extraordinary R-X mode (D). Cyan circles show estimated uncertainties.




Long-Term Data

As mentioned, most of the observed variability is manifested in wave-like structures from seconds up to solar cycle scales or secular variations. Figure 1, in the previous part, demonstrates similarity in the dominant course of the critical frequency for two distant ionospheric stations (Panels A and B). Figure 4 shows the decomposition of the original foF2 from Chilton and Juliusruh stations. The original time series Ot (Panels A and D) were split into dominant trend TCt (Panels B and E), and irregularities It (Panels C and F), where Ot = TCt + St + It. Here irregularities mean irregular components in time series decomposition, which are the residues of the analyzed process. They can be interpreted as turbulences within the ionosphere. We applied the additive decomposition method with centered moving average adjustment for all cyclic Ct and seasonal St components. The trend-cycle TCt is the component of the original time series that represents variations of low frequency. The Hodrick-Prescott filter (Brockwell and Davis, 1991) which decomposes the trend-cycle component TCt into the trend component and cycle component in an additive form was used. The irregular components It from the original data were separated as non-adjusted. The results of decomposition (seasonal adjustment, trend cycle plot, and irregular plot) are displayed in the sub-panels for each station. A smaller value assigns less significance to the cycle (0 value implies no cycle component). The time series decomposition performed in SAS 9.4TM (SAS Institute Inc. 2012. SAS OnlineDoc® 9.4. Cary, NC: SAS Institute Inc., https://support.sas.com/documentation/94/) was used.
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FIGURE 4. Decomposition of critical frequency foF2 time series (in 0.1 MHz) for Chilton and Juliusruh, 1994–2010. The seasonal adjustment (A,D), trend cycle plot (B,E), and irregular plot (C,F) are displayed in the sub-panels for each station.


The dominant course of critical frequency is formed by regular solar forcing. The remaining irregular part consists of both lower atmosphere forcing and irregular solar impact. From the stability F-test of maximum percentage difference [difference in the original series and the centered moving average of the sum of the values of the irregular components exceeded 3.0% (Findley et al., 1990)], it is apparent that the irregular component is not stable. It is slightly larger during solar maxima (here, beginning in years 1979, 1989, and 2001) with respect to solar minima (here beginning in years 1976, 1986, 1996, and 2008). However, relative deviation during solar minima may exceed the deviation values during solar maxima, which indicates the importance of considering the irregular component.

Figure 5 shows the foF2 time series and its interaction with the simply differenced series of F10.7. The following panels visualize the foF2 time series on the Chilton station recorded in the data set from 1975–2010 and its interaction with the simply differentiated series, F10.7 during the same time period. The series plot in Panel (A), the correlation Panel (B), the seasonal adjustment Panel (C), and the standardized cross-correlation function plot in Panel (D) are displayed. The autocorrelation function (ACF) coefficients of correlation between a time series and its lagged values, partial autocorrelation function (PACF) explain the partial correlation between the series and lags of itself, inverse autocorrelation functions (IACF) and white noise probabilities (Box et al., 2008) are rendered in the correlation Panel (C) in Figure 5. If either the ACF or a PACF between observations of n lags apart is statistically significant, the autocorrelation is included in the AR model (Box et al., 2008). The partial autocorrelation plot in Figure 5B suggests that the data are modeled with a first-order autoregressive model, AR (1). The significance of the autocorrelation is evaluated from the 95% confidence intervals plotted in Panel (B). Test sets of lags for the first n lags for the analyzed standardized cross-correlation function (CCF) (Box et al., 2008) are shown in Panel (C). The lags evaluated from the 95% confidence interval are marked with a darker blue area, and the 90% confidence intervals are marked with the lighter blue area. In Figure 5D shows visualized cross-series plots of F10.7 and foF2 time series. The F10.7 time series is normalized to the mean values of foF2. At the time intervals where the normed series, F10.7 (standardized to the average value foF2 series) has a larger variance, their mutual correlation is lower. Such a situation is clearly visible during all three maxima solar cycles in the observed period.
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FIGURE 5. Cross-correlation analyses for F10.7 and foF2 (0.1 MHz) at midlatitude station Chilton recorded in 1975-2010 cover three solar cycles (21–23). [Normed F10.7 cross-correlation series plot in (J.s−1.m−2.Hz1), and all correlation and cross-correlation functions are dimensionless [1]]. The series plot (A), the correlation (B), the seasonal adjustment (C), and standardized cross-correlation function plot in (D) are displayed.



Long-Term Trends

Long-term trends in the upper atmosphere and ionosphere are also in some sense influenced by the vertical coupling in the atmosphere-ionosphere system. Their main driver, even though not the only driver, is the increasing concentration of anthropogenic carbon dioxide (CO2) in the atmosphere (Laštovička et al., 2012). The origin of this process increases its concentration near the surface, which propagates upward by various processes of vertical coupling (vertical transport and mixing). Both, satellite observations [TIMED/SABER and Atmospheric Chemistry Experiment (ACE)/Fourier Transform Spectrometer (FTS)] and models reveal up to ~90 km the same trend of increasing CO2 concentration as that at the surface, whereas near the E-layer maximum, the observational trend is even somewhat stronger but its difference from the model and surface trends is only marginally statistically significant (Rezac et al., 2018). Another way of vertical coupling in the area of long-term trends in the upper atmosphere and ionosphere is the impact in the changes of the stratospheric ozone, which has well been observed at the ionospheric E-region heights, particularly in the neutral atmosphere density but which is undetectable at F2 region heights (Laštovička et al., 2012). Trends in the upper atmosphere and ionosphere are also affected by trends/changes in the activity of atmospheric waves coming from the lower atmosphere, but this effect is not yet well-understood and various observational results do not provide a consistent pattern; in fact, the only clear information is that such effects appear to be clearly regionally dependent (Laštovička, 2017). Thus, vertical coupling plays a crucial role in the long-term changes in the climate of the upper atmosphere and ionosphere.




Influence of Tropospheric Mesoscale Systems

It is assumed that the effects of the neutral atmosphere on the ionosphere have limits in their spatial extent. Koucká Knížová et al. (2015) investigated the evolution of a correlation between stations with distance for long time series of foF2. They identified the “break point” at 10° in longitude and/or Earth's distance of ~1,000 km as shown in Figures 6A,B. Analyzed foF2 time series from European ionospheric stations covered the time span of several solar cycles. Signals were split into mean courses and fluctuations, and correlations of raw, mean, and fluctuation time series were computed. On both panels in Figure 6, an extremely high correlation is visible not only for the time series of mean and raw courses, but also for fluctuations up to the break point. Since the scale of ~1,000 km corresponds to the typical sizes of mesoscale tropospheric systems, this finding supports a connection between the lower atmosphere and the F2 region.
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FIGURE 6. Pearson linear correlations between foF2 at different stations as a function of distance between them with respect to surface distance (A) and longitudinal difference (B) [adopted from Koucká Knížová et al. (2015)].



Large Mesoscale Systems

Large cyclonal systems are recognized to be an efficient source of AGWs that are able to propagate upward and reach the ionospheric heights. Our study detected significant increase of wave-like activity at ionospheric heights following immediately after the cross of the frontal system above the ionospheric station (Boška and Šauli, 2001; Šauli and Boška, 2001; Sindelarova et al., 2009; Koucká Knížová et al., 2020). We expect to observe propagating atmospheric waves associated with the tropospheric cyclonal system at heights of the ionosphere due to their ability to alter reflection conditions within the ionosphere. The spread of F ionograms was reported to be associated with AGWs (Bowman, 1981, 1988, 1990; Dyson et al., 1995; Bencze and Bakki, 2002; Xiao et al., 2009; Yu et al., 2016).

The spread of F ionogram depicted in Figure 7A may result from the GW launched by the meteorological system causing an off-vertical echo. Further, the direction, amplitude, and Doppler shift of the arriving echoes are presented in a form of directogram as shown in Figure 7B. Figure 7B, shows that the Digisonde detects a significantly higher number of moving points during the day of the frontal passage above the station compared to the preceding and following days.
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FIGURE 7. Upper panels show spread of F ionogram recorded after the frontal system passage (A), and directograms measured for several consequent days (B) before and after Fabienne Cyclone. Bottom panels demonstrate SkyMaps recorded after the Fabienne passage over ionosonde station at 21:01 UTC (C) and at 23:16 UTC (D). Blue and red colors denote the Doppler shift of the moving plasma (horizontal projection of plasma flow toward and away from the observer, respectively). (A,B) Were adopted from Koucká Knížová et al. (2020).


Digisonde measures plasma motion near the foF2 frequency. The output is a SkyMap (Reinisch et al., 1998). Method of SkyMap evaluation was described by Kouba and Koucká Knížová (2012). It has been demonstrated that such disturbances within the ionosphere may lead to high-quality measurements of plasma drifts using Digisonde. When the Digisonde registers a high number of off-vertical reflection points that can be approximated by a well-defined vector, it is possible to derive representative drift characteristics. Plots in Figure 7 show the situation when isodensity planes are not perfectly horizontal. The registered off-vertical reflections occur on tilts formed by gravity waves.

Figures 7C,D show examples of the characteristics of SkyMap. Left SkyMap (Panel C) is recorded 16 min after the ionogram measurement in Panel (A), while the right SkyMap (Panel D) is recorded with about 2 h delay. Both maps correspond well to the horizontal flow with a high number of reflection points. From the SkyMaps, it is evident that ionospheric plasma moves in different directions with different velocities. Left SkyMap indicates plasma flow in the east-southeast direction while the right one shows the motion northward. Using discontinuous deformation analysis (DDA) (Kozlov and Paznukhov, 2008) method, the characteristic velocities of detected structures moving above the observational points are as follows:

vN = -114 ± 20 m.s−1, vE = 242 ±5 0 m.s−1, vz = 16 ± 7 m.s−1 at 21:07 UT and vN=70 ± 6 m.s−1,

vE = 10 ± 60 m.s−1, vz = −12 ± 2 m.s−1 at 23:16 UT.

The large differences in the direction and speed of the ionospheric plasma in a relatively short time interval demonstrate the severity of the impact of the tropospheric storm.

Continuous Doppler sounding represents another source of data for detailed analyses of meteorological storm influence. In Central Europe, observations of ionospheric infrasound of meteorological origin are rather rare. Wave periods of 2–5 min superimposed on GWs were observed in the F region mainly during extreme weather events in European conditions like extremely severe convective storms in July 2005 and cyclone Kirill in January 2007 (Sindelarova et al., 2009).

Figure 8A presents observations of ionospheric infrasound on 6 November 2012. Wave periods of 2–6 min were observed at altitudes of 250–330 km from 00 to 04 Coordinated Universal Time (UTC). The waves propagated upward with vertical velocities close to the local sound speed derived from the MSISE90 model outputs (the observed vertical velocity measured ~600–900 m/s, and local sound speed according to the model measured 790–830 m/s). The observed infrasound is most probably of tropospheric origin. During the analyzed time period, a cold front passed through Czechia from the north-west. Ahead of the cold front, a strong gusty wind was registered for about 45 min. This was followed by short-term heavy rain from cumulus clouds. During the subsequent 30 min, the air pressure moved up gradually, the temperature at the height of 2 m dropped sharply by about 3°C, resulting in a postfrontal reduction in the wind speed and precipitation.
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FIGURE 8. (A) Shows the Doppler shift spectrogram recorded on 6 November 2012 from 2:25 to 3:35 UTC. Reflection height of the 4.27 MHz Doppler sounding wave was 280–330 km. Recordings at the three sounding paths are shown; from top to bottom: Pruhonice–Prague, Panska Ves–Prague, and Dlouha Louka–Prague. (B) Presents recordings at the sounding path: Pruhonice–Prague (PRC) on 6 November 2012 from 02:25 to 03:32 UTC. The Doppler frequency shift, Δf is proportional to the change of the phase path of the sounding radio wave and to the frequency of the wave. Red line represents measurements at the sounding frequency of 3.59 MHz; the Doppler sounding wave reflects at heights of 250–300 km. Blue line represents measurements at the sounding frequency of 4.27 MHz; the Doppler sounding wave reflects at heights of 280–330 km. Filtered signals in the period range of 2–6 min are shown.


Infrasound measurements at two frequencies were available for the 6 November 2012 event. Figure 8B shows the delayed infrasound arrivals at higher ionospheric altitudes, which allow for the estimation of the vertical component of the velocity of propagation of infrasound.




Sporadic E Layer

The sporadic E layers (Es) are relatively thin sheets of increased electron concentration largely exceeding the ionization in background E layer plasma. The main source of the ionized material are meteors which disintegrate in the MLT region and increase the concentration of metallic ions (mainly Mg+, Fe+, Na+, and Ca+). The widely accepted wind-shear theory explains that the Es layers formed at middle latitudes as a result of wind with relatively different velocities (thus a wind-shear) in the presence of proper configuration of magnetic field lead to the accumulation of electrically charged particles in a thin layer. Therefore, the behavior of Es layers is largely controlled by the neutral atmosphere as it modulates the zonal and meridional winds in the E region. The tidal activity is well seen as a periodic descent of the Es layer (Figure 9). Local and seasonal dependence of neutral wind shear is an important factor in determining the dependence of the Es layer occurrence rate on geographical distribution and seasonal variation (Chu et al., 2014; Shinagawa et al., 2017). Jacobi and Arras (2019) found good correspondence between the radar derived wind shear and Es phases for the semidiurnal, terdiurnal, and quarterdiurnal tidal components. General knowledge of the midlatitude sporadic-E phenomenon was reviewed by Haldoupis (2012).


[image: Figure 9]
FIGURE 9. Five consequent days of sporadic E height-time intensity during July 2006. The method of Haldoupis et al. (2006) was applied to the Pruhonice Digisonde data.


The Es layer exhibits strong tidal and PW domain variability. Our experimental high-sampling campaigns show that the dominant tidal mode with the central period of 24 h significantly varies in the range of 22–26 h (Šauli and Bourdillon, 2008). The proposed mechanism lay in the small perturbation of the Es height by the PW. The E layer is moved up and down at the PW frequency, producing a Doppler shift and a variation in the central period around 24 h. In the present case (Figure 10), the 24-h spectral mode is modulated by PW with a period of about 4 days in both critical frequency and height of Es layer. Additionally, modulation of the central mode of foEs by PW with a period of 6.5 days is well seen during the entire campaign.


[image: Figure 10]
FIGURE 10. Diurnal mode detected in high-sampling measurements of foEs (A) and hEs (B) data in campaign 2004. The central mode varies from 22 to 26 h in both cases. Bottom panels [foEs in left, (C) and hEs in right, (D)] show wavelet power spectrum (WPS) of the central mode with significant planetary domain modulation. WPS spectrum is normalized (1 - dark red) to the maximum value at the particular scale. The upper (A,B) were published in Šauli and Bourdillon (2008).


Further, our high sampling observations of Es variability revealed an important link between stratospheric temperature and both foEs and hEs data. Joint analyses of stratospheric (wind and temperature) and Es parameters identified common coherent wave bursts in spectra on periods close to Eigen-periods of the terrestrial atmosphere (Mošna and Koucká Knížová, 2012; Mošna et al., 2015).



Impact of SSW on the Ionosphere

Our study of the European midlatitude ionosphere response to three major SSWs, which occurred under deep solar activity at minimum conditions on January 2009, February 2018, and December 2018 to January 2019, reveals an interesting feature. All three SSW events were accompanied by a remarkable increase in foF2, as illustrated by Figure 11 for Pruhonice station, just in the interval of temperature maximum and between the two maxima of zonal wind reversal. Similar increase in electron concentration was observed for average TEC over Europe. Yet, we do not have any explanation for these observations. These three major SSW events were accompanied by much higher occurrence frequency of ionospheric spread conditions, probably as a consequence of enhanced atmospheric wave activity and related formation of ionospheric irregularities.


[image: Figure 11]
FIGURE 11. Evolution of foF2, Pruhonice, February 2018. The most dominant feature is a short-time increase of maximum daytime values on 17 February, in the interval of SSW temperature maximum.




Seismo-Ionospheric Effects

Chum et al. (2012b) observed coseismic infrasound over the Czech Republic in the form of relatively compact wave packets (several minutes long) that were associated with individual seismic wave packets of P, S, SS, and Rayleigh waves triggered by the devastating M9 Tohoku earthquake on 11 March 2011. The observations were done at about 9,000 km distance from the epicenter. The time delays between the observations of seismic waves on the ground and coseismic infrasound in the ionosphere were consistent with (quasi)vertical propagation, which is a consequence of supersonic propagation of seismic waves. The waveforms on the ground and ionosphere were similar. A different situation might be observed at intermediate and short distances from the strong earthquakes. In that case, the amplitudes of infrasound waves in the upper atmosphere are so large that the nonlinear phenomena start playing an important role. The non-linear phenomena might lead to significant differences between the spectra observed on the ground and in the upper atmosphere, which cannot be explained by the linear approach, even if the attenuation of higher frequencies owing to viscosity and thermal conductivity is considered. Especially at short distances, the non-linear phenomena might lead to the formation of the N-shaped pulse that resembles a shock wave. Chum et al. (2016) and Chum et al. (2018) showed that the coseismic plasma/air particle velocities derived from CDS were consistent with nonlinear numerical simulation of infrasound wave propagation, considering the viscous atmosphere and boundary condition determined by seismic data for close and intermediate distances from the epicenter by analyzing the M8.3 Chilean earthquake on 16 September 2015 and the M7.8 Nepal earthquake on 25 April 2015. Figure 12 shows the vertical velocity of ground surface movement measured in Tucuman at about 800 km horizontal distance from the epicenter of the earthquake on 16 September 2015 (Figure 12A) and corresponding Doppler shift time series recorded in Tucuman at the height of about 200 km (Figure 12B). Figure 12 documents that fluctuations of air particles/plasma in the thermosphere/ionosphere had completely different waveforms than fluctuations of the ground surface. The difference between waveforms at the ground and waveforms observed in the ionosphere can be explained by non-linear effects that take place in the upper atmosphere owing to large amplitudes of infrasound waves (Chum et al., 2016).


[image: Figure 12]
FIGURE 12. Measured ground surface vertical velocity (A) and corresponding ionospheric fluctuations (B) in Tucuman on 16 September 2015.




Effects of Solar Eclipse

Solar eclipses are rare but well-predicted events. In Central Europe, we had an opportunity to observe several partial solar eclipses. Their effects were reported in the studies by Šauli et al. (2006a), Šauli et al. (2007), Jakowski et al. (2008), and Mošna et al. (2018). An exceptional case occurred on 11 August 1999 when the coverage of solar disk reached 98%, during uniform solar disk, steady solar wind, and in quiet magnetospheric conditions. Hence, fluctuations in the ionosphere mainly consist of the signatures of the ionospheric responses to the solar eclipse. Fast sampling rate campaign (1-min repetition time) was performed by ionosonde. Such a high sampling allowed us to study both acoustic and gravity modes of AGW. Besides that, sounding the entire electron concentration profile permits to extract wave parameters of propagating waves with non-zero vertical components. Applying the wavelet-based toolbox for AGW detection as described by Šauli et al. (2006a) and Šauli et al. (2007), we identified both AW and GWs generated during and immediately after the solar eclipse. Our results reveal asymmetry in the wave activity with respect to occultation and recovery phases of the eclipse. More wave-like activity was registered during the initial phase. Use of wavelets help to untangle particular wave structures, trace them through a height range visible for ionosonde and characterize them in terms of the time of occurrence, period, wave vector, packet, and phase velocities. Figure 13A shows detected acoustic structure developed within the ionospheric plasma during the initial phase of the solar eclipse. Wave properties indicate that acoustic wave-like structure with the period of ~4 min originates at the transition region between ionospheric F1 and F2 layers located around 200 km of height. Wave structures propagate upward and downward through the ionosphere. Detection of the acoustic wave within the ionosonde data was possible only due to high sampling (1-min) measurement. Figures 13B,C present two GW structures identified during and after the eclipse. The first gravity structure occurred in the initial phase of the eclipse and similarly, the acoustic structure propagated upward and downward from the source region close to 200 km height. Second gravity wave structure originated below the ionospheric heights and reached the ionosphere after the recovery phase. Figure 13 demonstrates that solar eclipse impacts significantly the atmosphere and is an effective source for the generation of both AW and GW within ionospheric heights and GWs in the lower-lying atmosphere.


[image: Figure 13]
FIGURE 13. (A) Shows vertical components (phase and packet velocity) of acoustic wave (AW) detected during the solar eclipse of 1999 and its occurrence time and dominant period. (B,C) Are the same as (A), but for the two structures of gravity waves [adopted from Šauli et al. (2006a)].


After the replacement of ionosonde, variability in ionospheric plasma-related solar eclipses were later observed only by Digisonde. Digisonde does not allow as high sampling rate as the ionosonde due to different principles of measurements. Nevertheless, it can be used to monitor wave activity. The sequence of 3 days of ionograms with high temporal resolution up to 5 min was used to visualize the virtual height of the ionospheric plasma during the solar eclipse on 3 January, 2011. Figure 14 shows the results of the adapted method by Haldoupis et al. (2006) for the Digisonde data from Pruhonice station. Quasi-periodic changes in the virtual height of the ionospheric plasma with plasma frequency of 3–4 MHz start up after the first contact (left vertical line in Figure 14B) and persist for more than 4 h after the fourth contact (right vertical line in Figure 14B). This observation confirms that the wave activity triggered by the instability of ionospheric plasma due to rapid change in the absorbed solar energy persists several hours after the end of the disruption (Mošna et al., 2018).


[image: Figure 14]
FIGURE 14. Reflection (virtual) height of sounding waves in the frequency range of 3–4 MHz for 3 consequent days 2–4 January 2011. Oscillation of the reflection height clearly demonstrates wave activity in the ionosphere measured 1 day before (A) the day of the solar eclipse [first and fourth contacts are denoted by vertical lines, (B)], and 1 day after the eclipse (C).




Planetary Wave Signature Within Vertical Plasma Drifts

As mentioned in the previous section, large tropospheric mesoscale systems are considered as an important source of atmospheric waves propagating effectively up to ionospheric heights. The observed ionospheric disturbances can be caused by primary or secondary waves. Their ability to reach the ionospheric heights depends on the actual state of the whole atmosphere. The activity of all atmospheric waves shows seasonal variability. Seasonal changes in the wave-like activity within the ionospheric plasma are well seen in the modulation of the plasma drifts.

Plasma drift data measured by Digisonde DPS 4 collected during 2006 represents measurements under relatively low solar and geomagnetic activity conditions. The ionosphere was rather stably forced from above with only a few short and limited episodes of higher geomagnetic activity. Figure 15A demonstrates a typical diurnal course for each day of the year. The technique for drift data retrieval was described by Kouba and Koucká Knížová (2016). Typical or quiet time vertical components of the plasma drift display a morning negative peak and an evening peak. Besides these two dominant features, rather irregular structures are developed on the mean diurnal course.


[image: Figure 15]
FIGURE 15. (A) Demonstrates the vertical component of the plasma drift velocity over 2006 as observed at Pruhonice station. (B) Shows the seasonal course of peak values, squares - dawn peak, triangles - dusk peak, year 2006 [according to Kouba and Koucká Knížová (2016)].


Separated plots of the diurnal morning and evening peaks in Figure 15B indicate different behaviors during particular seasons. Larger variability in the period range of several days (corresponding to the domain of the planetary waves) is observed during the winter months. For vertical drift velocities during summer months, it is characteristic of a rather smooth increase in absolute values with maximum close to autumn equinox, when the absolute values start to gradually decrease and show an increase in the variability.




CONCLUDING REMARKS

The atmosphere-ionosphere system of the Earth is a very complex region with mutual interactions of neutral and charged particles. The importance of the lower-lying atmosphere is a subject of broad scientific interest and recently, it has been addressed within the activity of large international projects in the frame of the International Association of Geomagnetism and Aeronomy (IAGA) or The Scientific Committee on Solar-Terrestrial Physics (SCOSTEP). Despite the extensive theoretical, modeling, and experimental research, the coupling phenomena in the atmosphere are not yet fully understood and many questions remain to be answered.

Most of the observed variabilities within ionospheric plasma are detected in wave-like forms that overlap on a wide range of space and time scales. On one side, the ionosphere data reflect solar forcing on a wide range of periods, from secular changes, periods connected to solar cycle, seasonal, daily to short-time periods connected to actual solar activity, and properties of solar wind. The ionospheric changes forced “from above” are simultaneously complicated by the neutral atmosphere activity which results in a very complex system which needs detailed analyses for better description of changes in the ionospheric parameters.

The first part of the paper brings a general overview of current understanding of atmosphere–ionosphere coupling. In the second part, we focus on experimental evidence of coupling as they are observed in ground-based measurements by instruments operated by the Institute of Atmospheric Physics, Czech Academy of Sciences. Quality of obtained data confirms the efficiency and significance of techniques based on radio wave reflection even during the satellite era. In this paper we focus on detection, identification, and attribution of the observed ionospheric variability to a particular source.

We demonstrate the influence of large meteorological mesoscale systems on a short time scale. The tropospheric impact is well seen in the changes of ionospheric departures from horizontal stratification, significant plasma flow shears and increase of the speed of horizontal plasma drifts, and detection of infrasound waves within CDS measurements after the passage of the frontal system above the observational point. On longer scales, we show the behavior of correlation coefficient between foF2 fluctuations with respect to the station distance. Extremely high correlation of the fluctuations up to the station distance of ~1,000 km indicate the common origin of the observed fluctuations and supports the idea that the ionosphere is directly influenced by structures with sizes ~1,000 km corresponding to the typical size of mesoscale tropospheric systems.

By means of the CDS system, we present the detection of GWs (3D method) and show two main horizontal directions of propagation with the prevailing direction of the wave vector aiming obliquely downward (i.e., the source of energy is below). Detection of the ionospheric response on M9 Tohoku earthquake (9,000 km distance) shows that the ionospheric signal can be detected on very large distances from the epicenter. The presence of AGWs is also reported as a consequence of solar eclipse events. In particular cases, we analyzed their dominant periods, and phase and packet velocity vectors. In the examples of Es layer data and plasma drift data, we confirm the tidal and planetary wave activity in the E region. We show planetary wave modulation of diurnal mode seen in both variabilities of height and critical frequency of the Es layer. Using the plasma drift data, we show changes in the planetary wave activity throughout the year.

Changes in the F layer ionization have been reported during recent SSW events using the Digisonde and GPS TEC measurement. Short-time and well-defined increase in electron concentration in the F region was observed on days corresponding to the increase in stratospheric temperature and/or the change in the direction of the zonal wind. While the effects of the SSW on the ionosphere in lower latitudes have been broadly shown, the SSW forcing of the ionosphere in middle latitudes has much less been studied.

The presented ionospheric ground-based sounding methods provide good quality of data, which significantly contribute to the understanding of the ionosphere–neutral atmosphere coupling. The main benefits include long-time series of data, relatively dense temporal sampling, and fixed location of the instruments. The latter is a particularly important fact if compared to satellite measurements.
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