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Abstract

:

The development of sporadic-E (Es) layers over five Digisonde stations in the American sector is analyzed. This work aims to investigate the dynamic of such layers during the days around the geomagnetic storm that occurred on 8 September 2017. Therefore, a numerical model (MIRE) and Radio Occultation (RO) technique are used to analyze the E layer dynamics. The results show a downward movement in low-middle latitudes due to the wind components that had no significant changes before, during, and after the geomagnetic storm. In fact, our data and simulations showed weak Es layers over Boulder, Cachoeira Paulista, and Santa Maria, even though the winds were not low. However, the RO data show the terdiurnal and quarterdiurnal influence in the Es layer formation, which can explain this behavior. In addition, we observed an atypical Es layer type, slant Es layer (Ess), during the main phase of the magnetic storm over Boulder. The possible cause of the Ess layers was gravity waves. Another interesting point is the spreading Es layer occurrence associated with the Kelvin–Helmholtz Instability (KHI). Finally, it is confirmed that the disturbed electric field only influenced the Es layer dynamics in regions near the magnetic equator.
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1. Introduction


The denser layers in the E region, 100–140 km, are known as Sporadic (Es). They are characterized by being thin, occurring in different formats that are classified in letters in digital ionosonde data. These letters refer to the physical mechanism of the Es layer development, and it has three main categories (Esb, Esq, and Esb). The blanketing Es layers (Esb) are due to the wind shear mechanisms, which occur in magnetic latitudes around ±20–60° [1]. The equatorial Es layers (Esq), related to Gradient Drift instabilities (or Type II irregularities), are characterized by diffuse and non-blanketing Es trace in ionograms acquired around ±5° [2]. The third type, known as auroral layers (Esa), is associated with electric fields and particle precipitation and occurs over the poles [3]. Additionally, within the Esb layers, we have other classifications: “c” (cusp, Esc), “h” (high, Esh), and “l (low, Esl)/f” (flat, Esf). In addition, we have the s (slant, Ess) type that are attributed to the presence of gravity waves [4].



The components of the tidal winds (diurnal, semidiurnal, terdiurnal, and quarterdiurnal) are the main agents responsible for the Es dynamics at low and middle latitudes. This process, the wind shear mechanism, is characterized by wind components carrying the ions in opposite directions. Due to the magnetic field presence, there is a Lorentz force making the molecular (N2+, NO+, O+, O2+) and metallic ions (Fe+, Mg+, Ca+, Na+) move upward or downward [1]. Thus, in the null points of these winds, there is an accumulation of these ions forming a new layer. The electrons follow the magnetic field lines to maintain neutrality in the plasma, allowing the Es layer duration [5]. For this reason, wind shear is ineffective around the magnetic equator [6].



There are doubts about the relationship between geomagnetic magnetic storm occurrences and Es layer development. In fact, the role of the electric field is negligible at low and middle latitudes [7]. Ref. [8] affirmed that in regions with a magnetic inclination angle higher than 2°, the electric field plays only a small role in the formation of the Es layers. Therefore, the wind shear mechanism is predominant in the Es layer formation in these latitudes [1]. Some authors also mention that the tidal winds do not suffer from the magnetic storms event [9], although this subject is still under discussion.



Recently, ref [2,10] discovered some interesting Es layer behavior at low latitudes due to magnetic storms. They observed strong Es layers are a consequence of the combined effect of the winds and disturbed electric fields. In fact, the westward disturbed electric field due to the disturbance dynamo effect (DDEF) caused an intensification in the Es layer in regions near the geographical equator, where the winds have low velocity. Additionally, the Gradient Drift instability due to the Equatorial Electrojet Current (EEJ) can intensify during a magnetic storm main phase, mainly due to the prompt penetration electric fields (PPEFs) action [11,12,13,14], and the Esq layer is observed in low latitudes stations. The authors also observed that the disturbed electric field has no influence in regions far away from the magnetic equator.



Additionally, in low and middle latitudes, atypical and multiple Es layers are seen in Digisonde data that is associated with the Kelvin–Helmholtz Instability (KHI) [15]. The KHI is caused by the large wave amplitudes caused by the winds. In fact, suitable differences between the ion and electron mobilities can cause an unstable ambient, forming large wave amplitudes. This instability can be seen through the spreading in the Es layer [16]. Other interesting results were found by [17], revealing multiple Es layer traces associated with the influence of the electric fields. In such work, the authors analyzed the electron density, the electric field, and wind components in the E region heights during the SEEK-2 rocket campaign on 3 August 2002. Their results showed that the complex Es structures observed in the ascending phase of the SEEK-2 rocket launching could be due to the electric field. The authors suggested that the electric field causes a convergence in the ions into a layer at several altitude regions, contributing to the Es layer formation. However, [17] they do not mention the electric field’s source. They only mention that this electric field component had an external origin and that it was possibly generated by an F-region disturbance. In addition, the KHI appeared to be unrelated to the magnetic storm events.



Therefore, the impact of geomagnetic storms in Es layer development over equatorial and low-middle latitudes is still discussed in the literature. Until now, we do not know the real effect on the physical mechanisms of the Es layer formation during disturbed periods. To analyze this behavior in depth, we analyzed the observed Es layer from five Digisondes stations over the American sector, Boulder (40.6° S, 105° W, dip ~50°), Jicamarca (12° S, 76.8° W, dip ~0.5°), São Luís (2.3° S, 44.2° W, dip ~8°), Cachoeira Paulista (22.7° S, 45° W, dip ~35°), and Santa Maria (29.7° S, 53.8° W, dip ~−37°),during the geomagnetic storm of 8 September 2017. The ionospheric parameters presented several interesting behaviors on days before, during, and after the storm. We also examined the Es layer behavior using a numerical model MIRE (Portuguese acronym for E Region Ionospheric Model) and Radio Occultation (RO) technique. This analysis confirmed that wind shear was the principal agent of the Es layer formation over low and middle latitudes [1,7,10]. Finally, this study aims to investigate the dynamic of the Es layers during the days around the geomagnetic storm that occurred on 8 September 2017, to investigate the differences in their dynamics.




2. Data Analysis and Methodology


2.1. The Es Layer Parameters Obtained in Ionograms


The electron density and virtual height of the Es layer are obtained in ionograms provided by Digisonde, which is a high-frequency radar with a variable operational frequency of 1 to 20–30 MHz. This equipment consists of a transmitter, receiver, and antennas [18], and it is widely used to analyze the Es layer. In this work, we used a chain of Digisondes (Figure 1) at Boulder (BOU), Jicamarca (JIC), São Luís (SLZ), Cachoeira Paulista (CXP), and Santa Maria (SMS). The magnetic equator from the International Geomagnetic Reference Field (IGRF) model is shown as the red line for the year 2017. The white circles refer to the South America Magnetic Anomaly (SAMA) position, a region with a low magnetic field intensity.



The parameters analyzed here are the blanketing frequency (fbEs), which refers to the frequency at which reflections from a layer at greater heights may be observed, and the virtual height of the Es layer (h’Es). The fbEs is associated with the electron density through the relationship: n = 1.24 × 104 (fbEs)2 [19]. In addition, the ionograms are taken between 5, 10, or 15 min, depending on the location.




2.2. MIRE Mode8


The theoretical model (MIRE) is used to analyze the physical mechanism in the Es layer formation. MIRE provides the E and Es electron density using the continuity and momentum differential equations for the molecular/atomic (    NO  +  ,      O   2 +  ,      N   2 +  ,      O   +   ) and metallic (    Fe  +  ,      Mg   +   ) ions, varying from 86 to 120 km in a step of 0.05 km to height, and from 00 LT to 24 LT in a step of 2 min to time [20,21]. All the details about this model can be found in [20] and [22].



In MIRE, the basic equation to analyze the Es layer dynamic is the ions’ vertical velocity given in Equation (1).


   V  i z   =    ω i 2       v  i n  2  +  ω i 2          cos I · sin I ·  U X  +    v  i n      ω i    · cos I ·  U y  +  1   v  i n      e   m i    · cos I · sin I ·  E x   +  e   ω i   m i    · cos I ·  E y  +  e   v  i n    m i    ·      v  i n  2     ω i 2    + s i  n 2  I   ·  E z     



(1)




where    ω i    is the ion gyrofrequency,    v  i n     is the ion-neutral collision frequency, I is the magnetic inclination angle,    m i    is the ion mass, e is the ion electric charge,    E x  ,      E y   , and    E z    are the electric field components, and    U x    is the meridional and    U y    is the zonal wind components. The following reference system represents all the vectors: the X-axis points towards the south, and the Y-axis points to the east, whereas the Z-axis completes the right-handed coordinate system, pointing up.



Thus, it is possible to choose the scenario to simulate the Es layer dynamics, winds, and/or electric fields. After that, MIRE calculates the ion density for each component, considering all the chemical reactions and their coefficients that can be found in [20]. The electron density (ne) is acquired through the charge neutrality conditions using the sum of the concentrations of the molecular/metallic ions (Equation (2)):


  n e =    O 2 +    +   N  O +    + [  O +  ] +    N 2 +    +   F  e +    +   M  g +    .  



(2)








2.3. The Winds Profile


The wind profile here is obtained using the Global Scale Wave Model (GSWM-00) (http://www.hao.ucar.edu/modeling/gswm/gswm.html, accessed on 3 September 2022), which successfully describes the atmospheric tides wind dynamics for the altitudes analyzed in this work [19,20].



The wind profile here is obtained in the Global Scale Wave Model (GSWM-00) (http://www.hao.ucar.edu/modeling/gswm/gswm.html, accessed on 3 September 2022), which successfully describes the wind dynamics at low heights [23,24]. The GSWM-00 outputs zonal and meridional; diurnal (24 h) and semidiurnal (12 h) amplitudes and phases are included in the wind shear equations given in Equations (3) and (4) for the correspondent latitude of each analyzed station.


   U x   z  =  U  x 0    z  · cos     2 π    λ x      z −  z 0    +   2 π  T    t −  t  x 0    z      ,  



(3)






   U y   z  = −  U  y 0    z  · sin     2 π    λ y      z −  z 0    +   2 π  T    t −  t  y 0    z        ,    



(4)




where    U  x 0    z    and    U  y 0    z    correspond to wind magnitudes at the height z,    λ x    and    λ y      are the wavelengths, T is the tidal period (24 h for diurnal and 12 h for semidiurnal),    z 0      is a reference height, assumed as 100 km, and    t  x 0    z    and    t  y 0    z    are the wave phases.




2.4. The Es Layer Detection by Radio Occultation (RO) Technique


A multi-satellite constellation of LEO (low Earth orbit) is widely used to sound the atmosphere on a global scale using the GPS radio occultation (RO) technique [25]. During a GPS radio occultation, the Earth’s atmosphere is scanned between the LEO orbit altitude and the Earth’s surface. In fact, the LEO satellite observes a modification in the GPS signal that is related to the refractive index of the atmosphere. Thus, it is possible to obtain atmospheric parameters such as temperature, pressure, electronic density, and others. In addition, the main LEO satellite missions that provide GPS RO data are CHAMP (Challenging Minisatellite Payload), GRACE (Gravity Recovery and Climate Experiment), and FORMOSAT-3/COSMIC (FORMOsa SATellite mission-3/Constellation Observing System for Meteorology, Ionosphere, and Climate). These missions have accumulated an extensive database with an expressive number of RO profiles available. Refs. [25,26] describe more details about this technique.



Therefore, the GPS RO technique can detect the Es layer (blanketing Es layers) using the signal-to-noise ratio (SNR) profiles described in [26]. In fact, the strong fluctuations in SNR represent the Es layer occurrence, and it is a good technique for analyzing the Es layer behavior around the globe [27,28]. These fluctuations are detected numerically by applying a bandpass filtering technique. The SNR profiles are normalized, and the standard deviation (SD) is calculated for the whole profile in a 2.0 km running window. Thus, when the SD exceeds a numerically defined threshold and the fluctuation in the profile has an altitude range lower than 10 km, we consider an Es layer detection. It is important to mention here that the atmosphere is scanned with a 50 Hz rate down to the surface to allow analyzing the thin structures that are the Es layers, and for this reason, it is not possible to study this profile above 120 km.



Lastly, we analyze the S4 index using the RO technique in this work. The degree of the SNR fluctuation can be obtained and is related to the intensity of the Es layer, called the S4 scintillation index.





3. Results


3.1. The 8 September 2017, Geomagnetic Storm


We used the Dst index to identify the geomagnetic storm periods, and it chose the quiet periods. This data was acquired from the World Data Center in Kyoto (http//wdc.kugi.kyoto-u.ac.jp/dstae/index.html, accessed on 1 August 2022). We analyzed on days around the geomagnetic storm driven by the Interplanetary Coronal Mass Ejection (CME) that occurred on 7 September 2017.



Figure 2 shows: (a) the variations of the Dst index in nT, (b) the solar wind velocity in km/s (VR), (c) the number density of protons per cm3 (NP), (d) the Bz component of the interplanetary magnetic field (IMF) in nT, and (e) the AE index. The interplanetary medium parameters were obtained from the Magnetic Field Experiment (MAG) and Proton and Alpha Monitor (SWEPAM) instruments onboard the Advanced Composition Explorer (ACE) spacecraft [29]. The vertical black lines refer to the beginning of the sudden commencement, the main phase, and the recovery phase of the geomagnetic storm.



The CME arrived in the Earth’s magnetosphere at 2300 UT on 7 September 2017, causing an abrupt increase in the Bz component. The CME effect lasted until 9 September 2017, at around 0100 UT. In this period, the Bz component turned southward (negative). After that, the Earth’s environment started to recover. The Dst index reached −122 nT at 0200 UT on 8 September 2017, which is considered an intense storm according to the classification by [30]. The VR increased gradually from about 400 km/s to around 800 km/s. Furthermore, the AE index showed values higher than 2000 nT on 7 September. The recovery phase started on 8 September 2017, in which the parameters returned gradually to typical behavior.




3.2. The Behaviour of the Es Layer Parameters over the American Sector


In this work, we evaluate the electronic density of the fbEs and the h’Es over the American sector. Figure 3 shows the fbEs between 5–11 September 2017 (red symbols) from top to bottom: Boulder, São Luís, Jicamarca, Cachoeira Paulista, and Santa Maria. The vertical line refers to the magnetic storm onset. Notice that there were no available data in Cachoeira Paulista, which are marked as “No Data”. The main characteristic we observed was a cosine behavior in all stations, showing a pattern of enhancement starting at around 0900 UT, reaching maximum values at around 1200 UT, followed by a steady decrease [20].



The fbEs did not reach values greater than 6 MHz on most days, except in short hours during daytime over Jicamarca. We also observed a peak in São Luís on 11 September (around 1600–1700 UT), in which the fbEs reached almost 8 MHz. It is important to mention that the Jicamarca station is located at equatorial latitudes in South America. Consequently, the Es layers over this station do not block the upper regions (Esq layers), and the fbEs refer to the minimum F layer trace (fmimF).



Another feature was the absence of the Es layer over all stations. This fact is associated with the M and X solar flare occurrences during the days studied [31,32,33]. On 6 September 2017, the solar flare class reached X9.3, and at all the stations, we did not observe the Es layer for some hours (starting around 0800 UT). The X-ray from the solar flare significantly increased the ionization of the D region, causing radio signal absorption through this layer. This behavior is called blackout, and when it occurred, the Es layer and F region traces were partially or totally not observed [5,34].



Figure 4 presents the virtual height of the Es layer using the h’Es parameter between 5–11 September 2017 (green symbols) from top to bottom: Boulder, São Luís, Jicamarca, Cachoeira Paulista, and Santa Maria. The literature [1,20,26] shows that the Es layer height at low-mid latitudes varied between 90 and 150 km. In addition, these Es layers moved downward due to the tidal winds [4]. The exception was Jicamarca, where the Esq layer (an irregularity layer) was located around 95–100 km. The dashed lines refer to the downward movement of the Es layer at low and middle latitudes, and the black and red lines are related to the days before, during, and after the magnetic storm occurrence, respectively. In some hours, the height had values greater than 150 km, indicating the presence of intermediate layers [35].



Therefore, the main points observed are:




	(1)

	
In general, the Es layer development had no significant changes over Cachoeira Paulista and Santa Maria in the days that preceded and during the geomagnetic storms;




	(2)

	
In São Luís, we observed steady Es layers located around 100 km. This pattern is the same as the Es layer behavior over Jicamarca;




	(3)

	
The high Es layers occurred a few moments after the start of the magnetic storm over Boulder due to the presence of the “s” type (slant) (dashed red lines); and




	(4)

	
The atypical spreading Es layer was observed over Boulder and Santa Maria.









All these points will be discussed in the following section.





4. Discussion


4.1. The Physical Dynamic in the Es Layer Development over the American Sector


Before, during, and after the magnetic storm, the Es layer performed a downward movement shown in h’Es (dashed lines in Figure 4). This behavior was due to the tidal winds dynamic, in which the diurnal and semidiurnal tides act in the Es layer. Figure 5 shows some ionograms illustrating the Es layer movement over: (a) Boulder, (b) Cachoeira Paulista, and (c) Santa Maria. Analyzing these ionograms, we observed the intermediate Es layer presence occurrence (layers located around 150–180 km) when the dynamic was controlled by the winds, diffusion, and molecular ions. At these heights, we had the low amplitudes of the zonal wind, the absence of the metallic ions, and the high ambipolar plasma diffusion coefficient value, making the intermediate layers last only a short time. In fact, these layers tend to perform a downward movement due to the semidiurnal action in a time interval of a few minutes to hours, forming Esc or Esl types [36]. In middle latitudes, such as Boulder and Santa Maria (transition stations between the low-and mid-latitudes), the wind amplitudes tend to be stronger than equatorial and low-latitudes stations [10]. For this reason, the Esh seems to last longer than at Cachoeira Paulista.



We used a MIRE for the regions analyzed to verify the wind pattern in such regions. Figure 6 shows the meridional (left panel) and the zonal (middle panel) wind components obtained using GSWM for Boulder (Figure 6a), Cachoeira Paulista (Figure 6b), and Santa Maria (Figure 6c). It is important to mention that the GSWM-00 tidal winds are monthly. Thus, we chose September to simulate the Es layer. In addition, the wind components considered here are diurnal and semidiurnal. The zero curves in the wind profiles refer to the shear responsible for the Es layer occurrence in simulations. The zonal components have strong amplitudes concerning the meridional winds in the three locations analyzed. The right panel of Figure 6 presents the Height–Time–Intensity (HTI) maps of the electron density in a log scale simulated by MIRE. In the background of these simulations, we have the E region density, characterized by the low and high electron density values in the nighttime and daytime, respectively. In all stations, we observed thin layers that refer to the Es layers.



The Es layers in the simulations are related to the wind components, i.e., the denser layers classified by “c”, “f”, or “l” types. Unfortunately, our simulations were up to 115 km, and it was not possible to analyze the Esh layers. However, notice that the results present a downward movement for the three low-middle regions analyzed here, agreeing with the observational data shown in Figure 4. One important point is that the Es layer in simulations is weak during nighttime for the three stations compared to other previous works using MIRE for low latitudes [20].



The diurnal and semidiurnal tides in the mesosphere and lower thermosphere (MLT) region are the main components that control the Es layer dynamics [1]. In addition, it is believed that the electric fields do not cause any modification in the Es layer development [36]. However, other components, such as terdiurnal and quarterdiurnal, can also act in the Es layer formation. MIRE does not consider these components because we do not have available data or models. Thus, to verify this behavior, we analyzed a global visualization of the Es layer density using the RO technique based on the constellation of LEO (low Earth orbit) satellite data. The LEO satellite missions that provide RO data are FORMOSAT/COSMIC (FORMOsa SATellite mission/Constellation Observing System for Meteorology, Ionosphere, and Climate). This mission has accumulated an extensive database to study the Es layers [26]. The signal-to-noise ratio (SNR) profiles were used to identify the Es layer through RO since they are sensitive to abrupt changes in the electron density in the ionosphere. The SNR showed strong fluctuations when passing a sporadic E layer. The authors in [26] give details about this detection. The S4 (scintillation) index is a method to estimate the intensity of the Es layer using the sampling point, which is assumed to be the altitude of the Es layer [28]. The S4 refers to the intensity of the Es layer.



Therefore, Figure 7 shows the S4 scintillation index in the latitude range of 80° to 80° south and north in September in 2017. This graph refers to the global distribution of GPS RO profiles provided by the COSMIC satellites. All the days that the Es layer occurred were considered. The disadvantage of this data mode is that we do not obtain information above ~120 km. Thus, the numbers of the Es layer considered were very low concerning the Digisonde data. The color bars show the S4 index varying between 0 and 0.30. Notice a clear tidal signature around −20° and 20° when the Es layer intensity was more expressive. In addition, we noted that the Es layer was very weak in Northern middle latitudes, agreeing with the observational data and simulations over Boulder. The main observation in the RO result is the quarterdiurnal signature at Southern low latitude stations, whereas the semidiurnal is seen at the Northern. Ref. [37] analyzed the quarterdiurnal tide influence in the Es layer development in a middle latitude station. The results show that during the equinoxes, the zonal wind shear is an important driving mechanism for the quarterdiurnal in the Es layer, even their amplitudes being low. Thus, it is interesting that the Es layer dynamics at low and middle latitudes are controlled by the tide wind behavior only, independent of the disturbance occurrences.



Thus, we did not observe significant changes in the Es layer during the disturbed periods for Boulder, Cachoeira Paulista, and Santa Maria. We verified the simulations for days before the main phase of the magnetic storm (not shown here), and we did not see any considerable differences. In fact, the disturbed electric fields can influence the Es layer structures during geomagnetic storms in stations where the wind has low amplitudes [30]. The electric field induced by the prompt penetration electric fields (PPEFs) or due to the disturbance dynamo effect (DDEF) when it is directly westward can cause an intensification in the Es layer, as seen in Equation (1). However, as we have seen in the weak Es layers with the maximum fbEs of 5 MHz and in the simulations, the winds controlled all the Es layer dynamics, and electric fields did not cause any modification in the Es layer development, agreeing with the hypothesis in [38].



There was only one effect mechanism due to the magnetic storms that occurred over Santa Maria, which was the auroral Es (Esa) layer occurrence in ionograms, similar to the auroral sites. Santa Maria is a station located in the center of the South America Magnetic Anomaly (SAMA), as shown in Figure 1, characterized by the low magnetic field intensity value. Thus, it is possible to have particle precipitation mechanisms, and although the Esa layers are not expected in stations outside of the polar regions, they can occur over Santa Maria [39]. In our time study, we saw the Esa during the recovery phase on 9 September 2017 (not shown here). Other works [3] and [39] also saw the Esa layers in recovery over the SAMA regions. Therefore, it is well established that such layers happened because of the low-energy electron precipitation over the SAMA region. Generally, when the Esa signatures occur, the winds have a secondary role in the Es layer development, and it is difficult to detect these Es layer types in the ionograms.



Regarding the equatorial regions, it is well-known that the Equatorial Electrojet (EEJ), an eastward electric current during the daytime driven by the zonal and vertical electric fields, causes plasma instabilities in the E region [5]. These instabilities, named Gradient Drift, are responsible for the Esq layers in ionograms, characterized by a diffuse and non-blanketing trace located at 100 km [40]. This explains the stable behavior in the h’Es over Jicamarca (Figure 4). In fact, the wind shear was not effective due to the horizontal configuration of the magnetic field, not allowing the denser/blanketing layer formation [10].



Over São Luís, we had an interesting behavior that was the competition between the winds and electric field in Es layer development [6]. The geomagnetic field configuration is different in the Brazilian sector, with a high declination compared to other equatorial regions. The magnetic inclination angle varies at a rate of 20′ per year, corresponding to an apparent northwestward movement of the magnetic equator at a rate of 11.6′/year [41]. Thus, as analyzed by [5] and [42] it is possible to observe the Es layer types due to the winds and the Esq layer due to the EEJ instabilities over São Luís. This behavior was common until 2015. After this year, the magnetic equator is not located near São Luís, and the Esq layer is not always seen anymore.



However, ref [2] found evidence that distant regions of the magnetic equator can also experience such equatorial dynamics during disturbed periods. In such analysis, they investigated the Es layer development in regions not so close to the magnetic equator during a High-Speed Solar Wind Stream (HSS) event. Using the Digisonde and magnetometer data and simulations, the authors observed the expansion of the EEJ current and, consequently, the instability occurrences. Therefore, the wind shear, mainly during the main magnetic storm phase, does not affect the boundary equatorial magnetic sites. Consequently, the Esq layers occurred in São Luís. Figure 8 shows the ionograms over (a) Jicamarca and (b) São Luís during the main magnetic storm phase. Notice that the Esq layer, which is always predominant over Jicamarca, occurred over São Luís.



The event analyzed here refers to a CME, and it is known that the ionospheric responses concerning the HSS are different. The previous results in [2] show Esq layers during the main phase of the magnetic storm only, and during the recovery phase, the EEJ current weakened, allowing the winds to play a role in the Es layer formation again. Nevertheless, we notice that the Es layer pattern in electron density and height dynamics (Figure 3 and Figure 4) show similarities between Jicamarca and São Luís. In fact, the ionograms over São Luís (not shown here) during the days after the magnetic storm showed weak Es layers. The winds started to act only on 11 September, in which strong blanketing of Es layers was observed in São Luís data, as seen in the fbEs peak for this station in Figure 3. Thus, we believe that during intense geomagnetic storms, this EEJ expansion has a longer duration, an impossibility with the action of the winds in the Es layer development during the recovery geomagnetic storm phase [43,44].




4.2. The Gravity Wave Role in the Es Layer Development over Boulder during the Main Magnetic Storm Phase


An interesting behavior in this study was that the Ess layer presence over Boulder was characterized by the oblique propagation of the radio signal. Figure 9 shows some ionograms illustrating the Es layer types (red arrows) during the fbEs peaks over Boulder on 8 September 2017. The black line in the left panel shows the fbEs localization. Although this parameter refers to the minimum point of the region above the Es layer, sometimes this layer is so strong that we use the maximum point in the second reflection of such an Es layer. In addition, it is possible to see that the Ess occurred between 10:55 UT and 11:55 UT. Interestingly, the Ess layer occurred right after the magnetic storm onset.



Additionally, the Ess layer trace was due to the atmospheric gravity waves (AGW), or it may have been associated with the presence of irregularities embedded in the E [45]. It is not expected in low and middle latitudes regions [36]. This layer always appears with other Es layer types, generally “q” or “f/l”. The Esf occurred at the same time as the Ess layer. Notice that the Esf spread, reaching values that did not exceed 4 MHz.



The influence of gravity waves in the Es layer development is still a topic of study, mainly during disturbed times. Ref. [46] affirmed that the atmospheric gravity waves could form the Es layer since these wave structures caused a node in the vertical drift velocity, allowing the accumulations of the metallic ions (mainly Fe+). In addition, [38] observed that the atypical Es layers over middle latitude stations in China are associated with the gravity wave presence. Ref. [45] noted the Ess layer presence in some hours over Brazilian stations. However, they do not deeply analyze the physical proprieties of these occurrences.



Hence, we have evidence that the Ess layer that can occur in ionograms during a magnetic storm’s main phase may be due to the gravity wave action. Furthermore, an interesting characteristic that caught our attention is that the flat trace was very spread. As mentioned before, Ref. [47] affirmed that wind instabilities can cause the Ess layer also. Some works mentioned that the Kelvin–Helmholtz Instability (KHI) could source atypical Es layers in middle latitudes [11]. According to [47], the gravity wave excitation by unstable shears with large amplitudes caused a growth of the KHI instability. These authors also affirmed that KH instability is among the most common sources of turbulence. Thus, we believe that the KH instability excited the gravity waves, and this is an explanation for the spread of Esf and Ess layer occurrences over Boulder during the disturbed time.



Finally, we find an interesting behavior over Santa Maria on 5 September 2017, days before the geomagnetic storm. We notice the same spreading trace that we observed over Boulder, as is possibly seen in the ionograms of Figure 10. Nevertheless, these atypical Es layers occurred during nighttime. Although this layer is similar to “a” type, it occurred in a quiet period, being unlike the action of particle precipitation. Here, we believed that it was evidence that the high amplitudes of the winds observed over Boulder and Santa Maria can cause instabilities over these middle latitude stations. This fact requires further investigation with more data to be fully understood. However, our results indicate that the wind dynamics are the only factor responsible for the development and atypical Es layer occurring in both quiet and disturbed periods over low and middle latitudes.





5. Conclusions


We presented a study about the Es layer dynamics during days around a geomagnetic storm that occurred on 8 September 2017. We analyzed the five Digisonde stations over the American sector to verify the Es layer behavior. We also used MIRE and RO data simulations to observe the wind influence on the dynamics of the Es layer during quiet and disturbed periods.



In general, the Es layer development had no significant changes over low and middle latitudes in the days preceding and during the geomagnetic storms. We saw the downward movement during the days before the magnetic storm due to the wind dynamics. In some hours, the height of the Es layers had values greater than 150 km, meaning the intermediate layers were present. The simulations agreed with this descendent movement of the Es layer in the ionograms.



One important point is that the Es layer in simulations was weak during nighttime for Boulder, Cachoeira Paulista, and Santa Maria. Analyzing the S4 index in the RO data, we observed that the Es layer was very weak in the Northern middle latitudes, agreeing with the observational data and simulations over Boulder. In addition, the main observation in the RO result was the quarterdiurnal signature in the Es layer formation at Southern low latitude stations, whereas the semidiurnal was seen at the Northern. This behavior is an interesting finding, showing that the Es layer dynamics at low and middle latitudes are controlled by the tidal winds only, independent of the disturbance occurrences.



Over São Luís, we observed steady Es layers located around 100 km. This pattern agrees with the Es layer behavior over Jicamarca. We observed that the Esq layers developed during the main and recovery phases of the geomagnetic storm in the boundary equatorial magnetic site, São Luís. This result confirms that Gradient Drift instability can intensify during disturbed periods, extending the EEJ influence to these border regions. However, in the previous works in the literature, the Esq layer was not observed days after the main phase of the magnetic storm.



The high Es layers occurred a few moments after the start of the magnetic storm over Boulder due to the presence of the “s” type (Ess). Hence, we have evidence that the gravity waves acted in the Es layer development. Another interesting characteristic is the spreading Es layer trace seen in the Ess simultaneously. Some works in the literature mentioned that the Kelvin–Helmholtz Instability (KHI) could cause these atypical Es layers in middle latitudes. The same spreading Es layer was observed over Santa Maria on 5 September 2017, days before the geomagnetic storm. Here, we believed that it was evidence that the high amplitudes of the winds observed over Boulder and Santa Maria can cause instabilities over these middle latitude stations. This fact requires further investigation with more data to be fully understood.



Finally, our results indicate that the wind dynamics are the only response to the development and atypical Es layer that occurred in quiet and disturbed periods over low and middle latitudes.
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Figure 1. Map showing the instrument sites used in this study. The magnetic equator positions in 2017 (red line) and the SAMA location (white isolines) are also shown. The acronyms for the stations are: BOU, Boulder; JIC, Jicamarca; SLZ, São Luís; CXP, is Cachoeira Paulista; SMS, Santa Maria. 
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Figure 2. (a) The Dst index; (b) the solar wind velocity VR; (c) the number density of protons NP; (d) the interplanetary magnetic field component Bz; and (e) the AE index from 5–11 September 2017. 
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Figure 3. The fbEs parameter (red symbols) from top to bottom: Boulder, São Luís, Jicamarca, Cachoeira Paulista, and Santa Maria on 5–11 September 2017. 
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Figure 4. The h’Es parameter (green symbols) from top to bottom: Boulder, São Luís, Jicamarca, Cachoeira Paulista, and Santa Maria on 5–11 September 2017. The dashed lines refer to the downward movement of the Es layer at low and middle latitudes, and the black and red lines are related to the days before, during, and after the magnetic storm occurrence, respectively. 
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Figure 5. Ionograms collected at: (a) Boulder; (b) Cachoeira Paulista; and (c) Santa Maria show the downward movement due to the wind action. 
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Figure 6. Wind profile of the meridional (left panel) and zonal (middle panel) components obtained using GSWM and electron density (right panel) as a function of Universal Time (UT) and height (km) simulated by MIRE considering the diurnal and semidiurnal tidal winds representative of September 2017 for: (a) Boulder; (b) Cachoeira Paulista; and (c) Santa Maria. 






Figure 6. Wind profile of the meridional (left panel) and zonal (middle panel) components obtained using GSWM and electron density (right panel) as a function of Universal Time (UT) and height (km) simulated by MIRE considering the diurnal and semidiurnal tidal winds representative of September 2017 for: (a) Boulder; (b) Cachoeira Paulista; and (c) Santa Maria.



[image: Atmosphere 13 01714 g006]







[image: Atmosphere 13 01714 g007 550] 





Figure 7. The S4 scintillation index in the latitude range of 80° to 80° south and north in September 2017. 
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Figure 8. Ionograms collected at: (a) Jicamarca: and (b) São Luís during the main geomagnetic storm phase, showing the Esq layer presence in both stations. 
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Figure 9. Ionograms collected at Boulder during the main geomagnetic storm phase show the Ess layer and Esf spreading, associated with the gravity waves and the Kelvin–Helmholtz Instability, respectively. 
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Figure 10. Ionograms collected at Santa Maria on 5 September 2017, showing the atypical Es layer in this station. 
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