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Abstract
Nine years of ionograms from a higher mid-latitude ionospheric station (Moscow) are analyzed, by applying the ‘height–time–intensity’ (HTI) technique along with Spectrum (Lomb periodogram) analysis with the aim to investigate the daily and seasonal variability of sporadic E (Es) and intermediate descending layers (IDLs). Es and IDL traces are observed over Moscow, which are characterized by a 12-h periodicity prevailing throughout the year. Shorter periodicities in IDL and Es occurrence are also observed. A 6-h periodicity in Es and IDL dominates during November and December, while an 8-h periodicity is found mainly from October to February for IDL and in July for Es. These periodicities are primarily induced by the semi-, quarter- and terdiurnal thermospheric tides, respectively. Our results also establish the systematic and widespread manifestation of shorter-scale (4.8- and 4-h) periodicities observed mainly for IDL and less frequently for Es only during December and January, in the nine years considered, which is most probably linked to higher-order solar tides.
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Introduction
Intermediate Descending Layers (IDLs) are weak but long-lived ionization layers which detach from the bottomside of the F region (~ 200 km) and move downwards (conveying metal ions) to gradually merge with Sporadic E layers (Es) below at ~ 120 km, thus they constitute the main generating process for Es (Haldoupis 2012). Intermediate layers may be consisting of molecular ions such as NO+ and O2+, metallic ions such as Fe+ and Mg+, or combinations of both. It is most probable that when IDLs form, they are comprised entirely of molecular ions, but as they descend their composition evolves with an increasing percentage of metallic ions present (Earle et al. 2000). Sporadic E layers are comprised almost solely of metallic ion plasma mainly between 100 and 130 km in the mid-latitude ionosphere. Their thickness is of about 1–2 km and their horizontal length is tens to hundreds of km (Maeda and Heki 2014).
The formation mechanism of IDL and Es is most readily explained by the wind shear theory (WST) (Whitehead 1961; Axford 1963) which involves a combination of neutral wind fields and geomagnetic field geometry. Properly oriented vertical wind shears of the horizontal neutral wind are necessary to cause long-living metallic ions to move downwards and converge into thin ionization layers. Such wind shear convergence nodes are mainly controlled by thermospheric tides. An interpretive description of the WST is provided by Haldoupis (2012). The main drawback, of the WST is that it cannot explain the formation and evolution of IDL and Es in regions other than mid-latitude regions. Es generation should be inhibited on the magnetic equator, since the horizontal magnetic field does not allow the ions to converge vertically into a layer (Yu et al. 2019). Over the equatorial regions, Esq layers in the ionograms are formed from the gradient instability caused by the equatorial electrojet current (Resende et al. 2022; Li et al. 2013), while atmospheric gravity waves (AGWs) and electric fields concentrate the ionization of Es layers over high magnetic latitudes (polar caps) (MacDougall et al 2000, 2005). Recently, Qiu et al. (2021) reported that Es traces observed by ionosondes located at mid-latitude regions and the wind shear convergence nodes derived from simulations do not completely overlap in the vertical direction, which implies that WST cannot fully explain the vertical evolution of Es, thereby, the joined effect of wind shear, metallic ion distribution and AGWs should be also taken into consideration. Didebulidze et al. (2020) demonstrated theoretically and numerically the formation of multilayered Es by AGWs propagating in the mid-latitude lower thermosphere.
Sporadic E morphology and variability have been intensively studied over the past six decades, in particular over the low- and mid- latitude regions (Bencze et al. 2004; Christakis et al. 2009; Pietrella and Bianchi 2009; Voiculescu et al. 1999; Yeh et al. 2014; Pignalberi et al. 2014; Mozna et al. 2015; Pezzopane et al. 2015; Haldoupis et al. 2020), however, radio occultations allowed a thorough mapping of the global Es morphology. Yu et al. (2020) used Radio Occultation (RO) profiles from the FORMOSAT-3/COSMIC satellite mission to study the global distribution of Es critical frequency (foEs) with a high spatial resolution (1° × 1°), while Gan et al. (2022) studied the seasonal variations of Es on a global scale using the first RO soundings obtained from the China Seismo-Electromagnetic Satellite (CSES). RO-observed Es layers from COSMIC and Fengyun-3C (FY-3C) missions were intercompared globally and found to be consistent, though, with slight differences (Xu et al. 2022). In addition, Saito et al. (2021) identified fine structures (such as the sub-structures in the Es layer front) by utilizing total electron content (TEC) index (ROTI) maps with dense Global Navigation Satellite System (GNSS) observations over Japan.
Unlike Sporadic E, less emphasis has been placed to date into IDL characteristics. The first observations of IDLs were obtained from the Incoherent Scatter Radar (ISR) located at the Arecibo station (MacDougall 1974; Rowe 1974; Tong et al. 1988; Mathews et al. 1993; Morton et al. 1993; Osterman et al. 1994) which revealed the tidal motion and seasonal variations of IDLs over low-latitudes. Numerical simulations by Andoh et al. (2022) successfully reproduced for the first time day-to-day variations of the observed Es layers at Arecibo, while the same authors have also presented the first simulations of midlatitude Es day-to-day variability (Andoh et al. 2020). Recently, Santos et al. (2019, 2020 & 2022) focused on the occurrence peculiarities, the response on solar activity and the climatology of IDL over several low-latitude stations in Brazil. They identified nocturnal IDLs and, interestingly, ascending intermediate layers which were attributed to upward propagating AGWs. They also demonstrated that even small variations in the geomagnetic activity during low solar activity can affect the height and frequency of IDLs. Their results also confirmed that thermospheric tides (diurnal, semidiurnal, terdiurnal and quarter-diurnal) are the principal causal mechanism behind IDL formation. Only a few studies have been conducted over the equator and sub-tropics (Niranjan et al. 2010; Lee et al. 2003; Patra 2011). The effect of such type of thermospheric tides on the formation of IDLs and Es has been also identified over mid-latitudes (Haldoupis et al. 2007; Pietrella et al. 2009; Haldoupis & Pancheva 2006; Oikonomou et al. 2014). Arras et al. (2009) evaluated semidiurnal tidal signature in Es occurrence rate at higher mid-latitude regions.
The majority of previous studies focused only on lower-order tidal periodicities in Es and IDL occurrence (12-, 8-, 6- hour), except Earle et al. (2000), who detected systematically multiple ionisation layers rapidly descending from ~ 170 km within intervals of only a few hours (~ 2 h) at the low-latitude Arecibo ISR, indicating shorter IDL periodicities. They attributed the rapid descend of these layers to higher-order tidal modes in thermospheric winds. These tides have received little attention by the scientific community so far. Only minor studies have shown the predominance of higher-order tidal oscillations in lower thermospheric and upper mesospheric temperature over high-latitude regions (Won et al. 2003; Smith et al. 2004 and Walterscheid G. G. Sivjee, 1996).
More recently, Oikonomou et al. (2022) concentrated on the Es and IDLs tidal variability and occurrence over several mid-latitude European stations. Their results confirmed the well-established tidal patterns of Es and IDLs traces characterized by the 12-, 8- and 6-h periodicity, and notably, revealed the systematic appearance of a 4-h IDL periodicity in winter months only over higher mid-latitude stations. The present study is a continuation of this investigation, with the aim to confirm and establish the systematic manifestation of both higher- and shorter-scale IDL and Es periodicity over higher mid-latitudes, attempting also to understand and explain their origin and characteristics.
On this basis, we examine the characteristics and the seasonal variations of IDL and Es over a higher mid-latitude ionosonde station in Moscow, by analyzing an extended database of ionograms by exploiting the height-time-reflection intensity (HTI) technique and Spectrum analysis (Lomb normalized periodogram). Moscow station was selected as it is located relatively close to the three higher mid-latitude European stations Pruhonice (50°N, 14.6°E), Dourbes (50.1°N, 4.6°E), and Juliusruh (54.6°N, 13.4°E), that have been examined at our previous work (all fours stations have almost the same latitude and they are located within the longitude window 4° to 37° E). Furthermore, only two studies were dedicated on Es (Yusupov et al. 2021; Maksyutin et al. 2001) and no one on IDL over Moscow.

Data and methodology
Our investigation utilizes ionograms, during a 9-year period (2011–2019) from a Digisonde (DPS-4) station located near Moscow (55.47°N, 37.30°E) which can be accessed from the DIDBase (Digital Ionogram Database, https://​ulcar.​uml.​edu/​DIDBase/​) of the Global Ionospheric Radio Observatory (GIRO, http://​giro.​uml.​edu/​). DPS-4D Digisonde is an advanced ionospheric sounder which performs ionogram recordings every 15 min using the Digisonde Precision Group Height Measurement (PGHM) technique (Reinisch et al. 2008). The ionosonde can receive reflections from heights where electron densities exceed ~ 1.24 × 104 cm−3, considering that its lowest transmission frequency is 1 MHz.
The HTI method, introduced by Haldoupis et al., (2006) and employed by the World Data Center for the Ionosphere (https://​wdc.​nict.​go.​jp/​cgi-bin/​ionog/​sum_​control.​cgi) for more than 35 years, is used to identify tide-like variations in Es and IDLs. It applies on an individual ionogram, which represents a snapshot of the reflected signal intensity (in dB) as a function of (virtual) height and ionosonde frequency, focusing on a fixed frequency bin of the ionogram. The process is repeated on consecutive ionograms so that an HTI plot is obtained for a certain frequency bin. Since we are interested in tidal periodicities in Es and IDL, a 24-h local time axis is used for the HTI plots, which can be time averaged over a selected time interval, for instance over a week or a month. In this study, representative monthly average HTI plots for the period 2011–2019 were used.
We also apply spectrum analysis for the same period aiming to quantify the observed (from HTI plots) occurrence of Es and IDL periodicities and consolidate their seasonal variability. More specifically, the Lomb normalized periodogram as described in Press et al. (2007) is applied on the numerical data (virtual height of ionospheric layers) retrieved from the ionograms for the period under investigation. This method estimates the harmonic content of a dataset, at a given frequency in an equivalent way to the linear least-squares fitting to the model. It also allows data with missing points to be analyzed without the need of interpolation. We apply the method twice, using the height intervals, 100–140 km and 150–220 km, for Es and IDL traces respectively. The frequency bin 1.5–4 MHz is selected to capture Es and 1DL periodicities, based on our experience gained from the inspection of all ionograms over Moscow during the period under examination.

Results and discussion
The diurnal and seasonal occurrence features of IDL and Es over Moscow station are investigated for the period 2011–2019 with the ultimate aim to ascertain the dominant long-term tide-like variability as well as the altitude descent patterns in Es and IDL traces over the higher mid-latitude regions. For this purpose, average daily HTI plots for each month are produced.
Mean diurnal and seasonal characteristics in Es and IDL occurrence
In Fig. 1, representative average daily HTI plots for each month of the year are presented. In all months, a semidiurnal pattern of two Es layers prevails. These two layers, appear at sunrise and afternoon (~ 16 LT) near 120 km, and descend steadily reaching down to ~ 100 km in approximately 12 h with a sloping rate of ~ 2 km/h. This semidiurnal periodicity in Es layers is found during the whole year (for all 9 years concerned), albeit with notable differences in their intensity per season. In particular, from February to April strong semidiurnal Es traces (mainly in daytime and less in nighttime) are detected in the lower E region (Figs. 1c–e) which intensify during summer months (May to August) both in day and night (Figs. 1f–i). This semidiurnal pattern in Es occurrence becomes less pronounced in September and October) (Fig. 1j, Figure not shown for October) and continues to weaken in winter months December and January) (Figure not shown) most probably due to lower ambient metal ion density during winter months (Shinagawa et al. 2021). Es intensity is discussed in the following section.[image: ]
Fig. 1Representative average HTI plots in Moscow for: a December, b January, c February, d March, e April, f May, g June, h July, i August, j September, k October and l November. The frequency band used for each plot is 2–4 MHz. Light blue lines are drawn to help the reader identify easier IDLs and Es descent. The observed periodicity of IDLs and Es oscillations for each month is also written on the top right of each panel


A semidiurnal periodicity is also identified in the IDLs occurrence, which initiate near sunrise at the bottom of the F layer (~ 220 km) and move constantly downwards within 10 to 12 h to merge with Es layer (Fig. 1). This semidiurnal pattern in IDL traces is reinforced mainly from February to May (Figs. 1c–e) and is weaker during September to November (Figs. 1j–l), while it almost disappears from May to August (Figs. 1f–i) and weakens in December and January (Figure not shown). The disappearance of the summer IDL is due to the intensified Es layers observed during summer, which are blanketing the ionosonde reflections from the F layer and thus prevent the detection of daytime IDLs above. However, the application of Spectrum analysis allowed the IDL detection not only in summer, but also during all seasons as well, as it will be discussed in the following section. Furthermore, the appearance of daytime and nighttime IDLs has been confirmed over the low latitudes with the aid of Arecibo ISR (Mathews 1998). The nighttime IDL was not observed in our HTI analysis, as it was too weak to be detected by ionosonde, which can observe layers with electron density greater than 1.24 × 104 cm−3. Because of the absence of photoionization, ambient ions (mainly O+) are reduced during night; therefore, the layers forming in the F region are weaker comparing with the daytime layers. At lower heights (E region) the concentration of metal ions available for layer formation during day is largest than that during night (Haldoupis et al. 2007).
The observed 12-h periodicity in Es and IDLs occurrence is consistent with the results of previous studies (Haldoupis 2012; Pignalberi et al. 2014; Oikonomou et al. 2014, 2022) and is attributed to the downward phase propagation of the semidiurnal tides which dominate in the thermosphere throughout the year (Forbes 1995). Apart from the prevailing semidiurnal periodicity, a terdiurnal periodicity is evident for winter months October, December, and January in IDL and Es (Figs. 1a, b, k) and during July (Figs. 1h) only for Es. As it can be seen in Figs. 1a and b, during December and January the daily pattern of this terdiurnal periodicity is characterized by three apparent Es layers, starting at an altitude of 120 km moving downwards to 100 km. The first layer appears around sunrise (~ 8 LT), the second at noon (~ 16 LT) and the last one at night (~ 24 LT). At the same time, two intermediate descending layers detach from the bottomside of the F layer (at ~ 220 km) and move downwards, within 8 h apart, to finally connect with the Es layer at about 120 km. During summer, however, these IDLs were impossible to detect as explained earlier. This 8-h periodicity in Es and IDL traces was observed also during autumn and spring, though with much less intensity, with the aid of Spectrum analysis (see Sect. "Quantitative analysis of IDL and Es occurrence"), despite the fact that is not evident in the respective HTI plots. A similar terdiurnal periodicity in Es was reported earlier over lower mid-latitude ionosonde stations (Nicosia in Cyprus, Milos and Athens in Greece) during summer (Haldoupis et al. 2004; Oikonomou et al. 2014, 2022), as well as less frequently over the higher mid-latitude ionosonde station Pruhonice in Czech Republic by Mosna et al. (2015). It has been demonstrated that the terdiurnal thermospheric tides are behind the formation of the 8-h periodicity in IDL and Es (Haldoupis, and Pancheva 2006) while the fact that the terdiurnal pattern in ionospheric layers are weaker than the semidiurnal one, is most probably due to the fact that terdiurnal tides are not as strong as semidiurnal tides at higher mid-latitudes to drive the formation of IDL and Es (Jacobi 2012; Azeem et al. 2016).
Another shorter (6-h) periodicity in IDL and Es occurrence is also detected by HTI during November (Fig. 1l) and December (Figure not shown). As it can be seen in Fig. 1l, two IDLs are initiate from the bottomside of the F layer (~ 210 km) at 6 h apart, the first at ~ 8 LT and the second at ~ 14 LT. They both descend rapidly in approximately 2 h to finally merge with the Es layers below at ~ 130 km, with a velocity of ~ 40 km/h. Es layers subsequently intensify, also six hours apart, the first at ~ 10 LT and the next one at ~ 16 LT, while they continue to move downwards from ~ 130 km to ~ 100 km within six hours with a much slower descending rate of around 5 km/h.
Our results are consistent with previous studies that reported a similar quarter-diurnal periodicity in Es and IDLs over lower mid-latitude regions (Pignalberi et al 2014; Haldoupis and Pancheva 2006) and higher mid-latitudes (Oikonomou et al. 2022). The systematic appearance of the quarter-diurnal periodicity in Es and IDLs was also reported over equatorial and low latitude regions (Tong et al. 1988; Carter and Forbes 1999; Earle et al. 2000; Niranjan et al. 2010; Christakis et al. 2009), and was attributed to the quarter-diurnal thermospheric tides, which though weaker than the semidiurnal and terdiurnal tides they are also a major contributor to the ionospheric-thermospheric dynamics (Kumari, 2021). Despite this 6-h periodicity primarily observed during November and December, the combined analysis of HTI and Spectrum results that are presented in the next section, identify this periodicity during spring months as well, with a much lower intensity.

Quantitative analysis of IDL and Es occurrence
The HTI plots clearly demonstrated the seasonal variations both in frequency and intensity of the observed IDL and Es periodicities. The intensity of these periodicities is quantified here by applying Spectrum analysis (Lomb normalized periodogram) on the numerical data retrieved from ionograms over Moscow station during the period concerned.
In Fig. 2, the Lomb normalized periodograms concerning Es periodicity over for Moscow station for the 9-year period 2011–2019 are illustrated on a monthly basis. As it can be seen, the semidiurnal periodicity in Es prevails over all seasons while it is more pronounced in February, March, July and August and less in winter months. These findings are in compliance with the respective HTI results. The terdiurnal periodicity in Es is also observed within all seasons, though it is not as strong as the semidiurnal one. In particular, the terdiurnal Es periodicity intensifies during July and August whereas it is weaker in rest of the months. During September and October, the quarter-diurnal periodicity in Es is found to be stronger than the 8-h periodicity, which is in agreement with the respective HTI findings. Though faint enough, the quarter-diurnal periodicity in Es is also present within the rest months of the year as well.[image: ]
Fig. 2Lomb periodograms of ionogram numerical data corresponding to Es over Moscow. The observed periodicities on Es occurrence for each month for the period 2011–2019 are shown


Similarly, the monthly Lomb normalized periodograms are produced for IDL periodicity for the same period. The results are shown in Fig. 3. The semidiurnal periodicity in IDL occurrence predominates from February to April) and during September and October, which is consistent with the HTI results as well as with previous mid-latitude studies (Oikonomou et al. 2014, 2022). This prominent feature during equinoctial months and mainly in Spring equinox, is most probably associated with the amplification of semidiurnal thermospheric tides during this season (Forbes and Vial 1989; Oberheide et al. 2011) and the possible enhancement of the bottomside F region electron density during spring (Yamazaki and Richmond 2013). The semi-diurnal periodicity in IDL becomes less intense in November, December, and January and it greatly attenuates in June and July due to blanketing Es layers at lower altitudes. The terdiurnal periodicity in IDL is considerably weaker during all months, except December and January where it appears slightly stronger, in accordance with the corresponding mean monthly HTI plots. It is also found much less intense compared to the quarter-diurnal periodicity in IDL throughout the year. The quarter-diurnal IDL periodicity is more intensified during winter and autumn months (mainly in December, January, and November however, it is also appearing during spring and summer months (mainly in March, April, August and September).[image: ]
Fig. 3Lomb periodograms of ionogram numerical data corresponding to IDLs over Moscow. The observed periodicities on Es occurrence for each month for the period 2011–2019 are shown


Apart from the dominant 12-, 8- and 6- hour periodicities in Es and IDL occurrence which are present during the whole year, shorter periodicities in IDL an Es are revealed in the Lomb periodograms (4- and 4.8- hour) which have not been substantiated and fully described in the literature. For this reason, the following section is devoted on the occurrence characteristics, the seasonal variability and the possible casual physical mechanisms of these shorter periodicities. A 24-h periodicity on both IDL and Es which, as seen in Figs. 2 and 3, persists in all months during the 9-year period under investigation, has also been reported by other authors, who attributed them to the 24-h solar atmospheric tides (Pietrella et al. 2014; Christakis et al. 2009).

Shorter-scale (4- and 4.8- hour) periodicities in IDL and Es occurrence
In a recent study on IDL and Es occurrence characteristics over mid-latitude regions, we demonstrated the systematic manifestation of a shorter (4-h) periodicity mainly in IDL during winter over three higher mid-latitude stations in Europe (Oikonomou et al. 2022). This section extends that investigation and concentrates to the new evidence of this short-scale periodicity over Moscow station. The application of the HTI analysis for the 9-year period 2011–2019 reveals, apart from the well-established 12-, 8- and 6-h periodicities in IDL and Es descending motion, the systematic appearance of even shorter-scale (4- and 4.8- hour) periodicities during December and January and their occasional appearance during February and November.
Figure 4 shows typical examples of HTI daily plots during several days in December, January, November and October where shorter-scale periodicities are identified. More specifically, two rapidly downward moving IDLs are shown to occur with four hours apart, the first one starting ~ 200 km at sunrise (~ 8:00 LT) and descending to the altitude of ~ 110 km within two hours, with an approximate velocity of 45 km/h. The second one detaches about four hours later at (~ 12:00 LT) from the bottomside of the F layer and moves rapidly downwards at ~ 110 km with a similar descending rate. These observations are consistent with our previous findings concerning the higher mid-latitude European stations Dourbes (50.1°N, 4.6°E), Juliusruh (54.6°N, 13.4°E) and Pruhonice (50°N, 14.6°E). Figure 5 demonstrates the steady downward progression of the two rapidly descending layers within a typical day. More specifically, it presents successive ionograms during 18 December 2011 at certain times, starting from sunrise until noon. Within this interval, the downward movement of two IDLs is clearly seen, with the first layer initiating at ~ 8:00 LT and the second one, four hours later.[image: ]
Fig. 4Examples of daily HTI plots showing a 4-h periodicity of IDL occurrence over Moscow station during: a 18 December 2011, b 31 January 2011, c 26 October 2011, d 5 December 2013, e 25 January 2013 and f 20 November 2015. Dark solid lines are drawn to help the reader identify the IDLs altitude descent

[image: ]
Fig. 5Ionogram plots at successive times (LT): a 7:45, b 8:00, c 8:15, d 9:00, e 10:00, f 10:30, g 11:00, h 11:15, i 11:30, j 12:00, k 12:15, l 12:30, m 13:00, n 13:30 and o 13:45, during 18 December 2011 in Moscow station showing the downward movement of 2 IDLs. The 1st IDL starts at 8:00 LT and the 2nd four hours later at 12:00 LT, indicating a 4-h periodicity in IDL occurrence. IDL traces are indicated with blue dotted boxes


The rate of occurrence of the observed 4-h periodicity mainly during December and January (estimated as the number of days within a month showing a 4-h IDL periodicity) was also calculated. It is found that this short-scale periodicity is present at 10 days per month on average (taking into account the number of missing days during each month) pointing out to a systematic and not occasional phenomenon. As illustrated in Fig. 6, the number of days with a 4-h periodicity during January ranges from 3 to 15 days.[image: ]
Fig. 6Histograms showing the occurrence probability of the 4-h periodicity in IDL over Moscow for January, during the period 2011–2019. The number of days with available ionograms is also shown (striped grey colored bars)


The application of HTI analysis for a long-term period (9 years) as well as the visual inspection of the 9-year ionogram database over Moscow clearly declare that the 4-h periodicity mainly in IDL is a common phenomenon during December and January, and rarely during February and November. To consolidate this new finding, we applied the spectrum analysis (Lomb periodogram) on the numerical data deriving from the ionograms records for each winter of the examined period. The results are illustrated in Fig. 7 where the 4-h periodicity in IDL occurrence is distinctly identified. Though it appears weaker than the 24-, 12-, 8- and 6-h periodicities, it is found to occur during December and January in all nine years, in agreement also with the HTI findings, reinforcing the conclusion that it comprises a persistent phenomenon during these winter months. In addition, another weak but insistent short-scale (4.8-h) periodicity in IDL is evident in the Lomb periodogram (Fig. 7) throughout the same period of the year, which is also observed at the respective daily HTI plots.[image: ]
Fig. 7Lomb periodograms of ionogram numerical data corresponding to IDLs over Moscow. The observed periodicities on Es occurrence for all winter months (December, January, February) during the period 2011–2019 are shown. The 4- and 4.8- hour periodicities are indicated within the orange box


As it is known, solar atmospheric tides exhibit periodicities equal to the solar day and its sub-harmonics (24, 12, 8, 6, 4.8, 4-h etc.) (Taylor et al. 1999). The persistence of the shorter periodicities (4- and 4.8- hour) mainly in IDLs and less frequently in Es over four higher mid-latitude stations (Moscow, Pruhonice, Juliusruh and Dourbes) during December and January throughout a long period (9 years for Moscow and 5 years for the rest three stations) urges us to relate their occurrence primarily to higher-order solar tides in the upper thermosphere. The average monthly as well as the daily HTI plots of all four stations which are located at approximately the same latitude covering a longitudinal range of about 2500 km, demonstrated that IDLs occur at two specific times of the day, around local sunrise (8 LT) and four hours later (~ 12 LT) during the long-term period under investigation. This supports that the 4-h periodicity in IDL is a global-scale phenomenon. In addition, these tidal-like oscillations start about 2 h earlier over the most eastern station Moscow than the other 3 European stations, suggesting that observed tide-like oscillations might be due to solar migrating tides propagating westward. Because of their short periods, these tides have large vertical wavelengths, which allow them to propagate vertically into very high altitudes in the upper thermosphere (Smith and Ortland 2001). In Fig. 8, daily HTI plots for 31 January 2015 are presented for the three longitudinally separated stations of Dourbes, Pruhonice and Moscow. A 4-h IDL periodicity is apparent, characterized by two descending layers, first appearing at an altitude of 220 km, the first around 8 UT and the second four hours later (~ 12UT). In support to our postulation, gravity waves that may also contribute in the period range between 4 and10 h, should be cancelled out in monthly averaged HTI plots due to their random periodicities (Liu et al. 2020).[image: ]
Fig. 8Daily HTI plots showing a 4-h periodicity of IDL occurrence over a Dourbes, b Pruhonice and c Moscow stations during 31 January 2015. Light blue solid lines are drawn to help the reader identify the IDLs altitude descent


Additionally, Miyoshi et al. (2009) showed that solar terminator (ST) waves in the upper thermosphere are mainly generated by the superposition of upward propagating higher-order migrating tides (6-, 4.8- and 4-h period). Using a general circulation model (GCM) they demonstrated that the amplitude of these higher-order tides (manifested as temperature and horizontal wind tidal fluctuations) is maximized at the heights 150 to 400 km, while below 150 km, it starts to decrease as the height decreases. They also found that these ST waves are more pronounced during solstice. Their results, which were consistent with CHAMP and SABER satellite observations, reinforce our hypothesis that the shorter period tide-like oscillations of IDL observed at a similar height range (~ 110–200 km) over Moscow near local sunrise during December, January and February might also be associated to higher-order solar tides.
In a recent study, also, He et al. (2020), by combining mesospheric wind measurements from three higher mid-latitude meteor radars (of ~ 55°N longitude) during two months before and after the onset of twelve sudden stratospheric warming (SSW) events within the interval 2008–2018, verified the amplification (in terms of intensity and frequency) of high-order solar migrating atmospheric tides several days (up to 50 days) before the onset of each winter SSW event and their quenching after the event. Taking into consideration that the three meteor radars are located at similar longitudes with the four selected ionospheric stations (in Juliusruh station a meteor radar and a ionosonde radar coexist) and the fact that the onset of the selected SSW events occurred towards the end of January or beginning of February, we believe that the short tidal periodicities of ionospheric layers detected over Moscow (and over the 3 high mid-latitude European ionosonde stations in our previous study) primarily during December and January may be attributed to the enhancement of the higher-order atmospheric tides prior to the SSW events. In support to this conclusion, Ma et al. (2022) showed that tidal waves with the same periodicities (mainly 12, 8 and 6-h) may also appear in Total Electron Content(TEC) and they can exhibit a similar response to a SSW event (weaken after SSW onset). They actually reported a TEC response, consistent with He et al. (2020) results after the SSW onset in the year 2018.
Furthermore, there exist very few studies, which report shorter period (4–6 h) tide-like oscillations in ionospheric characteristics over low-latitude regions and have ascribed them to tidal modes of thermospheric winds. In particular, Colerico  and Mendillo, (2002) identified a 4–6 h periodicity in the amplitude of zonal and meridional neutral winds in the F region over Peru using a Fabry–Perot interferometer, whereas Lühr and Manoj (2013) based on 10-year CHAMP satellite measurements, provided a complete spectrum of the Equatorial Electrojet (EEJ) variations induced by appreciable higher-order solar migrating tides whose amplitudes maximized around December solstice and equinoxes. Ghodpage et al. (2012) have also demonstrated the prevalence of 4-h thermospheric tides during winter and around equinoxes with the aid of nocturnal airglow emissions over a low-latitude Indian station.
As evident in the literature results presented above, the shorter-scale periodicities are primarily observed in IDLs and less intermittently in Es occurrence. This can be mainly associated to the fact that in most cases, IDLs are found to suddenly fade out when they decent towards lower heights (~ 120 km), therefore, they cannot contribute to the ionisation enhancement of the Es layers below. As seen in the daily HTI plots in Fig. 4, in some days the IDLs rapidly disappear as they reach lower altitudes (~ 120 km) (Figs. 4a, d, e). This is consistent with results by Earle et al. (2000) who observed the abrupt disappearance of IDLs over Arecibo at lower heights (~ 140 km) which is attributed to the relatively small horizontal wind and shear below 140 km. As explained, the strong wind field at higher altitudes maintains the layer despite the recombination and diffusion effects, whereas at lower altitudes, where the wind decreases, recombination and diffusion cause the layer quickly to disappear. Furthermore, Miyoshi et al., (2009) showed that the amplitude of high-order tidal components in temperature and wind diminish below 150 km.
The evidence presented here demonstrate the possible effect of high-order migrating thermospheric tides primarily during winter months over higher mid-latitude regions. Nevertheless, consideration of additional potential sources of higher-order tidal modes in ionospheric layer characteristics is required before more definitive interpretations about the origin of short-periodicity IDLs can be made. For instance, non-linear interactions between different tides is a possible mechanism for the generation of higher-order tides (Angelats i Coll and Forbes 2002). Zhao et al. (2005) proposed several additional candidate mechanisms of short-time variations, such as the direct thermal excitation by solar heating, the tidal and gravity wave interaction and the modulation of tidal amplitude by planetary waves. Hence, the origin of high-order migrating tides in the thermosphere remains an unresolved issue, and the clarification of the generation mechanisms of higher-order IDL tidal modes will be addressed in future work.


Summary and conclusions
We combined results obtained from two powerful techniques, the HTI method and the Spectrum analysis for an extended period (9 years) to analyze the occurrence, the characteristics and the seasonal variations of IDL and Es over the higher mid-latitude station of Moscow. It is shown that the semidiurnal periodicity in IDL and Es occurrence prevails throughout the year. However, shorter periodicities (8-, 6-, 4.8- and 4-h) in IDL and Es occurrence are found to dominate in certain seasons. A terdiurnal periodicity in IDL is strong during winter and autumn months, while it appears also in summer months only in Es. A quarter-diurnal periodicity in IDL and Es is pronounced during autumn and winter months, nevertheless, is weaker than the terdiurnal periodicity.
For the first time, shorter-scale (4.8- and 4- hour) periodicities mainly in IDL are disclosed over Moscow, which appear in all 9 years, during December and January and occasionally in February and November. This new evidence agrees with the observed 4-h periodicity in three higher mid-latitude stations (Pruhonice, Juliusruh, Dourbes) during winter months, as shown in our earlier study. It should be noted that the four stations have almost the same latitude and are spread within the longitude range 4°E to 37°E, indicating that the observed 4-h periodicity in IDL occurrence represents a large-scale and not a localized phenomenon which persists during winter months. The observed short-scale IDL periodicity is marked by two distinct descending ionisation layers, which occur within the day, with about 4 h apart, starting from the altitude of 220 km at the local sunrise. The two layers appear at certain times (~ 8 and ~ 12 UT) of the day in all four longitudinally separated stations, indicating that the 4-h oscillation is a westward propagating global structure. Our results suggest that higher-order thermospheric tides (4.8- and 4- hour) are most likely responsible for the formation and evolution of the 4.8- and 4- hour periodicity in IDL and Es.
Through this study, it is shown that the system of thermospheric winds, which is dominated by the action of the semidiurnal, terdiurnal and quarter-diurnal tides (that are responsible for the observed 12-, 8- and 6-h periodicities in IDL and Es, respectively) might consider to incorporate higher-order (4.8- and 4- hour) tides as well, to account for the observed shorter-scale oscillation in the IDL and Es properties.
In conclusion, the current work established that the shorter-scale periodicity (4.8- and 4-h in IDL and Es is a regular, global-scale phenomenon that is most probably linked to higher-order thermospheric tides, which, though they appear weaker than the well-established semidiurnal, terdiurnal and quarter-diurnal tides, they seem to play a key role on the generation of descending layers in higher mid-latitudes during winter months. However, to confirm the possible effect of higher-order thermospheric tides on the creation of shorter-period IDL oscillations, additional investigation is needed, that will include in depth analysis of other potential sources as well, which is out of the scope of the present work. At last, our results concerning shorter-scale periodicities in IDL and Es may also prove useful for future investigations that attempt to explore tidal variability on shorter timescales in the upper atmosphere, which, up to date, are much less understood.
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