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Abstract

:

This paper presents the observations of ionospheric parameters in Kaliningrad (54° N, 20° E) during a meteorological storm in the Baltic Sea during October 2017 and 2018. Analysis of the total electronic content (TEC) during the storm showed that perturbations of the TEC values from the median can reach two standard deviations of the value. For the critical frequency of the F2 layer, it was 1.5–1.6 times the standard deviations. On days of a meteorological storm, significant changes were noted in the dynamics of the E-layer’s critical frequency. The reasons for the occurrence of the observed phenomena were due to the propagation of acoustic-gravity waves generated by convective processes in the lower atmosphere during periods of a meteorological storm. Spectral analysis of TEC variations revealed an increase in the amplitudes of ionospheric variations 10–16 min over the area of a meteorological storm. The analysis allowed us to conclude that ionospheric perturbations during the meteorological perturbation were caused by increased acoustic-gravity wave (AGW) generation processes in the lower atmosphere. The most likely cause of negative ionospheric disturbances were processes associated with the dissipation of AGW propagating from the area of a meteorological storm and increased turbulence in the lower thermosphere.
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1. Introduction


One of the important problems of atmospheric physics is the study of the processes determining the influence of the lower atmosphere dynamics on the variability of the parameters of the ionosphere. The most important factors that affect the state of the ionosphere are associated with solar and geomagnetic activity [1,2]. However, the influence of processes in the lower atmosphere on the state and dynamics of the upper atmosphere cannot be underestimated [3].



Experimental studies of the state and dynamics of the ionosphere over areas with extreme meteorological events, such as hurricanes and typhoons, demonstrate the formation of various kinds of effects, including traveling ionospheric disturbances (TIDs), electric field and total electron content (TEC) disturbances, occurrences of optical emissions, F-scattering phenomena, etc. Spatial scales up to several hundred kilometers and existence times from several hours to 1–2 days depend on the intensity, duration, and scale of the event [4,5,6,7,8,9,10,11,12,13]. Monitoring less intense events also shows their impact on the upper atmosphere, although the effects in these cases are less pronounced [11,14,15,16].



Such a variety of ionospheric disturbances significantly complicates the tasks of interpreting observations and developing physical ideas about the processes that determine the reaction of the upper atmosphere. Increasing geomagnetic and solar activity causes an additional difficulty [1,2,17,18,19,20] and makes it impossible to reveal ionospheric effects from events associated with meteorological activity.



The impact of such phenomena in the lower atmosphere on the ionosphere is carried out in two ways: (1) electrical and electromagnetic phenomena, such as thunderstorms, sprites, etc. [21,22]; (2) through the propagation of various types of waves (e.g., planetary waves, tides, gravity waves, infrasound, etc.) with periods from several seconds to several days [23,24,25,26,27,28].



Much attention has been paid to the study of the role of acoustic-gravity waves (AGW), which can propagate from the lower atmosphere to the heights of the thermosphere and, to a large extent, determine the reaction of the ionosphere. AGW is an energetically powerful source that affects the state of the neutral gas in the atmosphere and, as a consequence, the ionosphere, which is confirmed by experimental studies [29,30,31].



The sources of such waves in the lower atmosphere are diverse. For example, they include mesoscale turbulence and convection [32,33,34,35], mesoscale disturbances arising in the atmosphere when a stationary incoming stream flows around mountains (the so called orography effects) [36,37], earthquakes [38,39,40], the passage of the solar terminator and solar eclipse [41,42,43,44,45], meteorological disturbances, and typhoons [46,47,48,49,50,51,52,53,54,55]. In numerous theoretical studies, the generation, propagation, and influence of AGWs have been studied in sufficient detail [56,57,58].



So-called meteorological processes are associated with local (from several hundred to thousands of kilometers) and intense changes in weather conditions that last for several days. According to [5], the contribution from meteorological disturbances is about 15% of the total variability of the ionosphere. Moreover, [6] estimated that the meteorological contribution was about 15–35% under calm geomagnetic conditions.



When studying the meteorological influence on the ionosphere, the role of wave processes is considered as the primary cause. The passage of atmospheric fronts, the formation of mesoscale turbulence, jet streams, and other meteorological processes in the lower atmosphere, are sources of AGW generation. As AGW propagates from the surface source, their amplitude intensifies due to a decrease in density at higher altitudes. The conditions for wave propagation in the upper atmosphere are also characterized by a rapid rise in temperature associated with the intensification of dissipative processes. Dissipation processes largely determine the possibilities of vertical propagation of waves and the height to which an atmospheric wave can propagate. Theoretical studies show that meteorological sources excite relatively short-period AGW [59]. Infrasonic waves and AGW with periods close to the Brunt-Väisälä period, propagating from the excitation region almost vertically, can reach the heights of the thermosphere and ionosphere [60]. The dissipation of such waves leads to the formation of local heating of the upper thermosphere and increasing turbulent processes in the lower thermosphere, which, in turn, affects the dynamics, gas composition, and ionization-recombination processes of the ionosphere [61,62,63,64,65].



However, the results of theoretical studies are of a qualitative nature, since experimental data on the space–time variations of the parameters of the lower atmosphere under disturbed conditions are insufficient to describe the initial conditions and sources of AGW. As a result, it remains necessary to conduct more experimental studies of ionosphere response to disturbances in the lower atmosphere for a better understanding of which mechanisms and at what altitudes prevail during the energy transfer from the lower regions to the ionosphere.



The purpose of this work is to analyze the results of ionospheric observations carried out in the Kaliningrad region during the passage of two strong meteorological storms that occurred in October 2017 and October 2018 against the background of calm geomagnetic activity.




2. Events Selection


The southeastern Baltic region, where Kaliningrad is located, is opened to penetration of western transit air masses. According to the materials of long-term meteorological observations, the number of days with strong winds (>15 m/s) in the Kaliningrad region was 28–38 per year, and in some years up to 60 days. The autumn–winter period (November–January) accounted for up to half of the stormy days. The strength of the observed storms was usually 7–8 points on the Beaufort scale (12–18 m/s), occasionally 9–10 points (18–25 m/s), in exceptional cases the wind reached 11–12 points (>25 m/s).



The paper presents the analysis of disturbances in the parameters of the E and F regions of the ionosphere based on observations in Kaliningrad (54° N, 20° E) during meteorological storms that occurred in October 2017 and 2018. To describe the meteorological situation, we used the measurements of the maximum values of wind gusts, as well as the atmospheric pressure reduced to mean sea level, according to Ref. [66]. Measurements of the meteorological station in Olsztyn (53° N, 20° E), Poland (hourly measurements) were used as an additional data source. Variations in the ionosphere parameters were obtained from measurements by Parus-A ionosonde of the Kaliningrad branch of IZMIRAN.



A series of meteorological events with the maximum wind speed in Kaliningrad of 17 m/s or more (corresponded to the Beaufort scale of 8 points or higher), which occurred during low geomagnetic and solar activity, were selected for the analysis. The criterion for quiet conditions was the Kp-index ≤3 on the day of the event and on the previous day. Moreover, the Dst-index value was −20 ≤ Dst ≤ 20 nT and did not change by more than 20 nT during the day. Such a criterion for the selection of events minimizes the influence of geomagnetic factors on the state of the ionosphere and allows us to say that the observed ionospheric disturbances were mainly determined by meteorological processes.



Figure 1 shows the results of observations of the maximum values of wind gusts and atmospheric pressure, which were reduced to the mean sea level in Kaliningrad, obtained from the data of Ref. [66]. Further, variations were found in geomagnetic indices during the period of meteorological storms that occurred in October 2017 and 2018. As one can see, the analyzed events occurred during calm geomagnetic conditions. Meteorological storms reached their maximum development in 2017 till 07:00 UT on 29 October to 03:00 UT on 30 October; and in 2018 till 03:00 UT in 23 October to 18:00 UT in 24 October 2018, when ff3 reached 20 and 17–20 m/s, respectively.




3. Influence of Meteorological Storm on E and F Regions of the Ionosphere


As data for analyzing the response of the ionosphere, we used hourly measurements of the critical frequency of the F2-layer of the ionosphere (foF2), which characterizes the maximum in the vertical profile of the electron number density, according to the Parus-A ionosonde of the Kaliningrad branch of IZMIRAN. Moreover, the measurements of the TEC averaged over a 10-min interval according to GPS signal observation data. As an additional source of data, we used observations at the International GNSS (Global Navigation Satellite System) Service (IGS) station LAMA (Lamkowko, Poland, located near Kaliningrad).



To analyze the foF2 and TEC disturbances, we have estimated the deviations of these values at the i-th time moment relative to the moving median centered on the day of the considered day with a window of 13 days before and after the considered time moment:


   Δ  x i  =    x i  −  x ¯    x ¯   · 100 % ,       x ¯  =     ∑  i N   x i   N  ,   










   i = − 13 … + 13   ,   N = 27 .   











The standard deviation was determined as:


  σ =    1  N − 1     ∑  i N     (   x i  −  x ¯   )   2    .  











Figure 2a shows variations in the parameters of the ionosphere (total electron content and critical frequency of the F2 layer) from 27 October 2017 to 1 November 2017. The maximum wind gusts reached 20 m/s in the second half of 29 October and the first half of 30 October. A significant increase in TEC was observed for several hours at night on 30 October 2017 (00:00–06:00 UT), reaching a maximum of 64% relative to the median values (2σ). In this time, the increase in foF2 was 32% or 1.5 standard deviations. TEC and foF2 measurements on 21–26 October 2018 are shown in Figure 2b. By the middle of 23 October, the surface atmospheric pressure dropped below 750 mmHg. The wind speed exceeded 17 m/s and reached 20 m/s the next day. On the night of 24 October, an increase in the electron concentration was observed and by 06:00–12:00 UT the increase in TEC reached 20% relative to the average values (2.4σ). The increase in the critical frequency of the F2 layer was 19% or 1.6σ by 06:00–11:00 UT on 24 October 2018.



One can also note the time delay (~12 h) between the appearance of the maximum wind disturbances in the lower atmosphere and the changes in the critical frequencies, as well as TEC, over the area of the meteorological storm. It is possible that the time delay in the appearance of ionospheric disturbances is determined by the wave nature of the processes that determine the connections between the lower and upper atmosphere. The effects of the meteorological storm in the ionosphere of the F region are more often manifested in the morning and daytime. In Ref. [67], it was shown that AGW had a weaker effect on the ionosphere parameters at night due to the lack of ionization sources and local scale of compensation sources. Furthermore, theoretical estimates of the influence of night sources on the ionosphere are shown in Ref. [68].



The development of a meteorological storm—accompanied by rapid changes in wind speed and leads to local ionospheric disturbances—manifested in an increase in daytime ionospheric TEC values directly above the meteorological disturbance region. The change in wind speed was determined by the unstable state of the atmosphere and characterized the processes of excitation of atmospheric waves.



The physical mechanisms of such behavior in the F-region ionosphere and their relative importance are well-known [69,70]. It can be assumed that the reasons for such ionospheric effects may be associated with the processes of horizontal plasma transfer from the region of a large-scale thermospheric disturbance that formed above the epicenter of a meteorological storm located north of Kaliningrad. For example, in the observations presented in [15,16], it was shown that positive ionospheric effects occur at the southern border of the zone of meteorological disturbances.



Figure 3 shows the variations in the critical frequency (foEs, MHz), including the minimum effective wake height Es (hʹEs, km) during the passage of meteorological storms in October 2017 and 2018, when the maximum wind speed in Kaliningrad exceeded 17 m/s.



During the passage of meteorological disturbances (29–30 October 2017 and 23 October 2018), a change in the characteristics of the sporadic Es layer was observed. It manifested itself in a decrease in the critical frequency foEs below the ionosonde sensitivity threshold (~2 MHz) and in a non-monotonic change in layer height.



In October 2017, the meteorological storm began at 06 UT on 29 October and lasted until 23:00 UT (Figure 3a). A rapid decrease in the critical frequency Es of the layer was noted after 12:00 UT. From 17:00 UT on 29 October till 06:00 UT on 30 October and from 14:00 UT on 30 October till 07:00 UT on 31 October, the critical frequency foEs decreased below the ionosonde sensitivity threshold (~2 MHz).



In October 2018, the area of low atmospheric pressure in Kaliningrad was recorded from 06:00 to 23:00 UT on 23 October. The disappearance of the sporadic layer during this period was noted from 14:00 UT on 23 October till 07:00 UT on 24 October. After the passage of meteorological storms, the observed Es parameters recovered to pre-storm values.



A significant decrease in the critical frequency and, accordingly, in the electron concentration of the E-layer, which was observed directly during a meteorological storm and was absent before and after the event under study, allowed one to associate such disturbances in the parameters of the lower ionosphere with processes caused by the passage of a meteorological storm.



According to theoretical concepts, the formation of sporadic layers in the E region of the ionosphere at mid-latitudes was due to the heterogeneity of the vertical structure of horizontal winds [71,72,73,74]. Despite the sporadic nature of the appearance of Es, regularities in the dynamics of its parameters made it possible to speak about the regularity of these variations. Presented observations of Es (Figure 3) clearly show the night layers caused by metal ions, as well as the morning increase in the height and critical frequency of the sporadic layer on the days preceding the passage of meteorological disturbances. During the days of a meteorological storm (29–30 October 2017), significant changes in the dynamics of the parameters of the sporadic layer appeared. The sporadic layer during these periods was observed only in the daytime. After the storm in the Kaliningrad region, the parameters of the sporadic layer recovered to the values observed on the days preceding the meteorological disturbances. Similar changes in the parameters of the sporadic layer were observed during the periods of the passage of summer thunderstorm fronts in Europe in 2013–2014 [75]. In these studies, it was shown that several hours after the thunderstorm fronts have passed through the observation area, the critical frequency Es dropped below the sensitivity threshold of the ionosondes (~2 MHz). After analyzing the observation results, we came to the conclusion that the most probable cause of the Es layer disturbance is AGW generated in the troposphere and mesosphere during the passage of thunderstorm fronts [75].



Observations of disturbances of atmospheric and ionospheric parameters in the Kaliningrad region (Figure 2 and Figure 3) also showed that the delay between the reaction of the ionosphere and the moment of maximum disturbances of atmospheric parameters was several hours. The delay was consistent with the concept of disturbances of the ionosphere initiated by AGWs of tropospheric origin. The results of observations presented in the paper were obtained under conditions of meteorological storms that took place in autumn without an increase in thunderstorm activity, which suggested that the main process of AGW generation was convective processes in the troposphere.



Numerous experimental and theoretical works have been devoted to studying the effect of AGW on sporadic layers in the E-region of the ionosphere [59,63,64,71,76,77,78,79,80,81]. These studies have considered various aspects of AGW influence, including the effect of waves on the inhomogeneity of horizontal winds at the heights of the E-region of the ionosphere, on the perturbation of the critical frequency of the layer, and on the recombination processes in the upper mesosphere and lower thermosphere.



Small time delays in the reaction of the ionosphere to disturbances in the troposphere made it possible to limit the spectral range of AGWs excited in the atmosphere and penetrating the heights of the ionosphere. Further, [59] showed that, under conditions of meteorological disturbances, AGWs are excited with short periods, which when propagating vertically, can reach the heights of the ionosphere in 2–3 h [61,82]. Similar conclusions follow from the works [83,84,85], where it was shown that waves with periods close to the Brunt-Väisälä period are capable of propagating almost vertically and reaching the heights of the ionosphere. The effects of such waves are manifested in processes caused by wave dissipation and atmospheric turbulization at heights of the mesosphere and lower thermosphere. However, due to the smallness of the periods of such waves, the height, at which the effects of dissipation are noticeable, is significantly higher than the height of the E-layer of the ionosphere. Thus, it can be assumed that the effects of dissipation of such waves does not significantly affect Es dynamics. On the other hand, the vertical propagation of such waves and the growth of the amplitude with the height can lead to the breaking of waves at the heights of the lower thermosphere, which, presumably, leads to an increase in the atmospheric density at heights of the lower thermosphere and an increase in the intensity of recombination processes [86], which has a significant effect on turbulent processes [87,88].




4. Spectral Analysis


Based on the theoretical studies [59,61,83] and observational data [7,15,16,30,48] presented above, it is clear that the observed changes in TEC values during meteorological storms were caused by the local heating of the thermosphere due to dissipation of AGWs propagating to the upper atmosphere from the region of meteorological disturbances in the lower atmosphere.



For further confirmation of this statement, it is important to show the increase of fluctuations with corresponding wave periods during the passages of meteorological storms over the observation stations, based on the spectral analysis of disturbances.



For experimental studies of the ionosphere, methods based on the receiving, processing, and interpretation of signals from satellites of global navigation systems (i.e., GPS and GLONASS) are widely used [89,90].



The orbital periods of GPS satellites are practically equal to one day, which makes it possible to analyze the local daily changes in TEC by observing signals between passing satellites and ground stations located in a given region. The duration of observations of satellite signals passing in the field of visibility of the ground station reached 90 min or more, which was more than enough to detect variations with AGW periods.



To isolate the high-frequency components of the TEC variations, the spectrum of variations of the differential TEC was considered and defined as the ratio of the difference between TEC values on the satellite-station path of the receiving signals received in two successive time step observations. To determine the dynamics of the spectra during the observation period, the Wavelet transform was applied using the Morlet wavelet transform as the kernel.



The algorithm for collecting and processing observational data to determine the frequency characteristics of TEC variations included the following key points: (1) selecting satellites passing through the area of meteorological disturbance; (2) collecting data on TEC variations, time of flight of the satellite, and its trajectory; and (3) calculating the TEC wavelet spectrogram during the observation period of the satellite.



To study the frequency characteristics of TEC variations during meteorological storms that occurred in October 2017 and 2018, we considered observations at the mid-latitude station VIS0 (57° N, 18° E), located on the island of Gotland in the Baltic Sea, directly in the area of meteorological disturbances.



In the analysis of the observations of signals from individual GPS satellites, TEC variations were distinguished with periods of no more than 30 min, which corresponded to the periods of AGW and IGW, which, as shown above, propagated almost vertically from the meteorological storm area to the heights of the upper atmosphere. Figure 4 shows the trajectory of the PRN3 satellite over the VIS0 station on the latitude-longitude map of surface pressure on 24 October 2018, according to the ERA5 reanalysis data [91]. The threshold value of the elevation angle for the analysis of the ionospheric response was determined to be no more than 30˚. The satellite flyby was chosen as close as possible to the VIS0 receiving station. As can be seen from the figure, on 24 October 2018, the area of reduced pressure was located to the north of Kaliningrad.



Figure 5 shows the wavelet periodograms of the TEC variations over the VIS0 station from 27 October–1 November 2017 and 21–26 October 2018, which were obtained from the PRN 3 satellite signal observations. To calculate the wavelet periodograms of the TEC variations, the day-to-day data from a single GPS satellite was used to demonstrate the variability of AGW activity in the ionosphere during periods of meteorological activity. The GPS satellites orbited in an almost circular way, which allowed us to consider changes in spectral characteristics at the same time on different days. This consideration made it possible to exclude the influence of the regular sources on the ionosphere. The satellite flyby was recorded in the daytime (about noon), which allowed us to eliminate the effects of the solar terminator on the Earth’s ionosphere. There were a large number of AGW sources in the lower atmosphere, so the presence of such waves was observed daily. However, as follows from Figure 5, during the periods of meteorological disturbances on 29–30 October 2017 and 23–24 October 2018, there was an increase in the intensity of variation with periods of 10–16 min.



The variability of the wind speed in the lower atmosphere characterized the atmosphere dynamics instability and, consequently, the increase in wave activity. As already noted, in conditions of meteorological disturbances, an increase in wave activity in the AGW range was observed [92,93,94]. In observations of the frequency characteristics of TEC variations over VIS0 station, there was a significant increase in the amplitudes of harmonics with periods of 10–16 min and a maximum on the day of a meteorological storm (30 October 2017 and 23–24 October 2018). The storm was consistent with the position of the low-pressure region in the surface atmosphere (Figure 2) and with disturbances observed in the E and F regions of the ionosphere, which are presented in Section 3.



In theoretical studies, it was shown that the propagation of such waves from the Earth’s surface and their dissipation in the upper atmosphere led to the formation of localized regions of thermosphere heating [67,95,96]. The appearance of increased temperature affected the ionization-recombination processes and led to the decrease of electron concentration directly above the epicenter of the meteorological disturbance.



Thus, under conditions of meteorological storms, the processes of AGW excitation in the lower atmosphere were enhanced. The propagation of such waves into the upper atmosphere led to the formation of disturbances in the state of the thermosphere on spatial scales determined by the duration and spatial dimensions of the region located in the zone of meteorological disturbance. The appearance of such areas affected the circulation and electrodynamic processes in the upper atmosphere and led to the local ionospheric disturbances over the storm area.




5. Conclusions


The parameters of two meteorological storms in the Baltic Sea that occurred on October 2017 and 2018 during calm geomagnetic events were analyzed. The results of a comprehensive experimental study showed:



1. The passage of meteorological storms had a significant impact on the ionospheric parameters of TEC and foF2. An increase in TEC was observed for several hours at night on 30 October 2017, reaching a maximum of 64% relative to the median values. Further, the increase in foF2 was 32% during this time. The increase in TEC reached 20% relative to the median values. The increase in the critical frequency of the F2 layer was 19% on the morning of 24 October 2018.



2. Results of observations of the sporadic Es layer dynamics in the Kaliningrad region during the passage of two meteorological storms in October 2017 and 2018 showed that under conditions of sufficiently strong meteorological disturbances. When the speed of wind gusts reached 8 points on the Beaufort scale and higher, there was a significant decrease in the critical frequency of the sporadic layer Es below the sensitivity threshold of the ionosonde. The observed phenomena at heights of the E region were apparently caused by the propagation of AGWs generated by convective processes in the lower atmosphere during periods of a meteorological storm. The effect of AGW was manifested in the intensification of turbulent processes in the lower thermosphere and, as a consequence, led to an increase in the density of the lower thermosphere and an increase in the efficiency of recombination processes.



3. Spectral analysis of TEC variations that occurred on from 27 October 2017 to 1 November 2017 and from 21 October to 26 October 2018 showed an increase in the amplitudes of variations with AGW periods of 10-16 min per day of a meteorological storm (29–30 October 2017 and 23–24 October 2018). Such waves can propagate almost vertically from the disturbance region in the lower atmosphere and reach the heights of the ionosphere and have a significant effect on the parameters of the ionosphere. The dynamics of changes in the region of such ionospheric variations is quite consistent with the change in the position of the low-pressure region.



The results of the analysis of atmospheric and ionospheric observations suggest that, under conditions of meteorological storms, the processes of AGW excitation in the lower atmosphere intensify. AGWs propagate vertically to the heights of the ionosphere and affect the turbulent regime of the lower thermosphere, which in turn leads to an increase in recombination processes and to the observed changes in the parameters of the ionosphere.
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Figure 1. Variations in atmospheric pressure P, maximum wind gusts ff3, indices of geomagnetic activity Kp and Dst in Kaliningrad and Olsztyn during (a) 27 October–1 November 2017 and (b) 21–26 October 2018. 
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Figure 2. Total electronic content (TEC) and critical frequency of the F2 layer (foF2) measurements in Kaliningrad and Olsztyn (a) from 27 October to 1 November 2017; (b) 21–26 October 2018. The gray lines indicate the median values of TEC and foF2. 
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Figure 3. Time variations of the critical frequency foEs, the translucency range ∆fEs, and the minimum height hʹEs of the sporadic Es layer on (a) 27 October–1 November 2017 and (b) 21–29 October 2018 according to vertical sounding data in Kaliningrad. 
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Figure 4. Surface pressure maps from ERA5 reanalysis data at 03:00 UT on 24 October 2018 and the trajectory of the PRN3 satellite. 
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Figure 5. Wavelet spectrogram of AGWs associated with the convective storm system on October 2017 (a) and October 2018 (b) over VIS0 station (57°48′ N, 18°37′ E) on Baltic sea. 
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