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Abstract

:

In the current study, we investigated the mechanism of medium-scale traveling ionospheric disturbance (MSTID) triggering spread-F in the low latitude ionosphere using ionosonde observation and Global Navigation Satellite System-Total Electron Content (GNSS-TEC) measurement. We use a series of morphological processing techniques applied to ionograms to retrieve the O-wave traces automatically. The maximum entropy method (MEM) was also utilized to obtain the propagation parameters of MSTID. Although it is widely acknowledged that MSTID is normally accompanied by polarization electric fields which can trigger Rayleigh–Taylor (RT) instability and consequently excite spread-F, our statistical analysis of 13 months of MSTID and spread-F occurrence showed that there is an inverse seasonal occurrence rate between MSTID and spread-F. Thus, we assert that only MSTID with certain properties can trigger spread-F occurrence. We also note that the MSTID at night has a high possibility to trigger spread-F. We assume that this tendency is consistent with the fact that the polarization electric field caused by MSTID is generally the main source of post-midnight F-layer instability. Moreover, after thorough investigation over the azimuth, phase speed, main frequency, and wave number over the South America region, we found that the spread-F has a tendency to be triggered by nighttime MSTID, which is generally characterized by larger ΔTEC amplitudes.
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1. Introduction


The irregularity in the ionospheric F region, which often manifests as spread-F, greatly impacts the radio communication, satellite navigation, and electricity distribution networks [1,2]. Spread-F observed by ionosonde can generally be classified into four types: strong range spread-F (SSF), range spread-F (RSF), frequency spread-F (FSF), and mixed spread-F (MSF) [3]. The generally morphological features of spread-F, such as the occurrence distribution with local time, season, latitude, longitude, solar cycle, and geomagnetic activity, have been thoroughly studied by several researchers [4,5,6,7].



Previous studies suggest that the generation of spread-F in the equatorial and low-latitude region can be attributed to Rayleigh–Taylor (RT) instability [8], which causes the low-density plasma to rise upward and develop into plasma bubbles. The pre-reversal enhancement (PRE) of the equatorial zonal electric field that occurs after sunset is considered to be provide a favorable condition for the development of the equatorial spread-F [9,10]. However, the exact pattern of triggering these equatorial ionospheric irregularities remains extensively debated. There are several hypotheses about the spread-F occurrence mechanism. According to Fagundes’s research on the electric field of PRE, spread-F is controlled by F-layer height variations [11]. Recent works by [12,13,14] suggest that the PRE effectiveness in seeding equatorial spread-F can be derived by calculating dh’F/dt from ionograms over the equator.



Many studies have proposed that medium-scale traveling ionospheric disturbance (MSTID) exerts some impact on the excitation of spread-F in the mid- and low-latitudes. MSTID can generally be excited in two ways: seeding by atmospheric gravity waves or Perkins instability [15]. MSTID triggered by Perkins instability has a northwestward/southwestward propagation pattern in the nighttime south/north hemisphere. If the MSTID is excited by gravity waves, propagating neutral gravity waves cause plasma movement along the earth’s magnetic field lines, thereby causing periodic advection and compression of the plasma [16,17]. An atmospheric gravity wave causing oscillation of neutral air and ion-neutral collisions ultimately lead to the generation of a polarization electric field in the F region. According to several previous studies, polarization electric fields can trigger the RT instability and thus induce spread-F occurrence [18,19,20]. If the MSTID is triggered by Perkins instability, the indicated MSTID is normally accompanied by polarization electric fields generated to maintain a divergence-free ionospheric current. The perturbations of the electric fields can thus trigger the RT instability and eventually excite ionospheric irregularity at the magnetic equator [21]. Ref. [22] reported that, at mid-latitudes, most of the spread-F traces in equatorial ionograms are recorded because of the existence of periodic titled isotonic surfaces generated by the passage of MSTID. It was also pointed out that the MSTID wave amplitudes are larger when equatorial spread-F is present [23,24]. Ref. [25] found that there is a significant positive correlation between low-latitude spread-F and mid-latitude MSTID.



Further correlation between MSTID and spread-F has been studied by a number of scholars [26]. However, there are limited investigations to discuss the key parameters of MSTID and their correlation with the occurrence of spread-F. In this paper, we present two typical cases to indicate the variation of MSTID propagation parameters during MSTID events, and the statistical analysis of the MSTID and spread-F occurrences over the South America region during the period of April 2017–April 2018 using ground-based ionosondes and Global Position System (GPS) receivers. This study shows that the characteristic parameters of MSTID events, such as MSTID main frequency, occurrence local time, detrended total electron content maximum amplitude, phase speed, wave number, and propagation azimuth in South America, manifest a certain tendency to trigger spread-F near specific key values.




2. Data and Methods


The data used in this work consist of two parts: the data collected by ionosondes located in South America, provided by Lowell Digisonde International, and the data collected by GPS receivers provided by the IGS Data Center.



The ionosondes installed in South America record the ionograms regularly, thereby allowing us to detect the spread-F during a long period. Moreover, extracting O-wave traces from the ionograms continuously and observing the variation of the virtual height at specific frequencies over time can help us to better study the occurrence of MSTID. For the validity of the observed data, the selected ionosonde stations should be geographically non-collinear, that is, they are not on the same line, which is essential for obtaining the key MSTID propagation parameters. However, the resulting parameters may lack accuracy due to the long recording time interval of ionograms, most of which are taken at 10 min intervals. To obtain parameters with higher precision, total electron content (TEC) data with a time resolution of 30 s collected by different GPS receivers was used to support our research. The MSTID information can be extracted from TEC data, and this technology was introduced by [27]. Studies conducted by [28] enabled scholars to further analyze the MSTID characteristics over a wider geographic area. The geographical locations of the ionosonde stations and the GPS receivers in South America are shown in Figure 1. In this study, the ionosondes of DPS-4D with 10-min time resolution located at Cachoeira Paulista (22.7°S, 45.0°W, dip latitude 13.9°S), Santa Maria (29.7°S, 53.7°W, dip latitude 20.3°S), and Campo Grande (20.5°S, 55°W, dip latitude 11.1°S) were used for the study of MSTID and spread-F occurrence analysis. The frequency and virtual-height information in ionograms were scaled and used in this study. We were only concerned with the TEC data collected adjacent to the three indicated ionosonde stations. Following the principles of non-collinearity of the locations of three GPS stations [29], the TEC data with a time resolution of 30 s observed by CHPG (22.6°S, 45.0°W, dip latitude 13.9°W), CHPI (22.7°S, 45.0°W, dip latitude 13.9°W), and UFPR (25.4°S, 49.2°W, dip latitude 16.5°W) stations were used to calculate the characteristics of MSTID events during the period of April 2017–April 2018.



The relevant information of MSTID and spread-F was obtained by O-wave trace indicated by red lines in ionograms. Figure 2 shows the procedure to extract the O-wave trace from the typical ionograms using the following procedure. In the image processing, the optical character recognition (OCR) function based on the Tesseract OCR engine was used in this study. The pipeline of the Tesseract OCR engine includes adaptive thresholding, page layout analysis, detecting baselines and words, and recognizing words [30,31,32]. The range of virtual height, frequency, and time in the traces on the ionograms (Figure 2a) were obtained using the OCR method. Then, digital image processing was applied to extract the O-wave trace. By analyzing the characteristics of ionograms, we utilized the following processing steps to extract the O-wave trace:




	(1)

	
Because different elements on ionograms are marked by different colors, we extracted rough O-wave traces by extracting fixed color pixel values, as shown in Figure 2b.




	(2)

	
During detection, due to issues such as interference or equipment limitation, some parts of the rough O-wave trace were discontinuous. To obtain the height variation for each frequency, a continuous trace was expected in this work. Morphological dilation was used to combine the inconsecutive parts and facilitate the extraction of the whole trace, as shown in Figure 2c.




	(3)

	
In addition to the required O-wave trace of the ionosphere, unwanted noise pixels also existed in the image of the rough O-wave trace. Most of these noise pixels are discrete noise which means the noise pixels are disconnected from the main trace. Thus, connectivity labeling and filtering by pixel size (size: 5 × 5) were utilized to remove the discrete noise and obtain a clearer O-wave trace, as shown in Figure 2d.




	(4)

	
Multi-hop traces are present on the ionograms, which represent radio waves reflected by the ground. The upper trace in Figure 2d, which is called the second-hop trace, was not required in this work because it is the replicate of the one-hop trace of O wave. It is well known that the height of the second-hop trace is twice that of the one-hop trace, so the one-hop trace can be easily distinguished from the second-hop trace according to the distinct height difference between them. The extracted one-hop trace is presented in Figure 2e.




	(5)

	
Then, a morphological erosion operation was used to eliminate the effect of some noise pixels which were close to the main trace, as shown in Figure 2f.




	(6)

	
Finally, morphological thinning was applied, making it possible to obtain more accurate height values of the O-wave trace from the ionograms. The final O-wave trace is presented in Figure 2h.









In this study, all ionograms were processed following the same processing steps. Moreover, if the ionograms contained a large number of diffusion effects, some of the diffusion pixels (which indicate the spread-F phenomenon) will remain in the ionograms rather than a thin line after processing, as shown in Figure 2h.



In the large number of ionograms, such as those shown in Figure 2, we noticed that there was always a black trace drawn on the ionograms, indicating the O-wave trace. By extracting this black trace from the ionograms, we could examine the validity of the O-wave trace obtained by digital image processing. Using the ionograms collected from Cachoeira Paulista during September 2017 to obtain the examined result, the root-mean-square error (RMSE) of frequency–virtual height curves is shown in Figure 3. The result shows that the technique we applied produces larger errors in the low frequency zone, especially when the frequency is less than 2 MHz, which is probably caused by the wave trace of the ionospheric E region, whereas the errors in the high frequency region are relatively small and stable. Because we are concerned with the higher frequencies, especially those of 4, 5, 6, and 7 MHz, the indicated techniques are effective.



By consecutively recording how the virtual height of the extracted O-wave trace at certain key frequencies, such as 2, 3, 4, 5, 6, and 7 MHz, fluctuated over 48 h, further analysis was carried out. The O-wave traces corresponding to each frequency are shown in Figure 4 and Figure 7, which are depicted by isolating the corresponding pixels of each frequency directly. These figures not only essentially indicate the O-wave trace variations, but also show the spread-F occurrence during the day and night. In Figure 4 and Figure 7, the traces fluctuating with a certain period show the occurrence of a typical MSTID, and the corresponding region is highlighted in red, whereas the corresponding diffuse pixels in the figures represent a typical spread-F event, which is highlighted in green. By setting a threshold to filter the possible clutter echo, we can identify 209 days with spread-F occurrence out of 367 recorded days. Further statistical analysis is shown in the following.



In this study, the three-channel maximum entropy method (MEM) was utilized to calculate the characteristics of MSTID, such as the frequency, phase velocity, wave number, and azimuth. A detailed introduction to the MEM method is provided in [33,34]. The calculation process of MSTID parameters is given as follows:



First, we selected the TEC data from three GPS stations. On the basis of MEM theory, the spatial position of the three GPS stations needs to satisfy the non-collinearity principle. The TEC data used in this study from the CHPG, CHPI, and UFPR stations meet the requirements.



Second, we needed to obtain the TEC disturbance from the background TEC data. In this study, a running window with a time interval of 2 min and a length of 1.2 h was used to preprocess the time series of TEC data to produce a series of TEC data with a length of 1.2 h. Then, using the least squares method, the TEC disturbance data were obtained from the 1.2 h time series of TEC. In this work, the maximum amplitude of TEC disturbances exceeding 2 TECU (1 TECU = 1016 electrons/m2) were considered MSTID events in our study. Thus, we were able to obtain 1119 valid MSTID events during the period of April 2017–April 2018.



Third, the MEM method was applied to TEC disturbance data from three GPS stations to calculate the key parameters of MSTID. The MEM method can be described using the following equation:     f ,  ϕ  21   ,  ϕ  31     = M E M    I 1  ,  I 2  ,  I 3     , in which f, ϕ21, ϕ31, I1, I2, I3 are the MSTID frequency, the phase difference between station 1 and station 2, the phase difference between station 1 and station 3, and the ΔTEC time series observed by three stations at the same time, respectively. The indicated phase difference can be calculated using following equation:


  ϕ  f  = arctan     i m a g    P  x y    f      r e a l    P  x y    f         



(1)




where Pxy is the cross-power spectrum of the two stations. After obtaining these parameters, we can compute the wave number k of the indicated propagation pattern:


   k x  =    y  21    ϕ  31   −  y  31    ϕ  21      x  31    ϕ  21   −  x  21    ϕ  31      



(2)






   k y  =    x  21    ϕ  31   −  x  31    ϕ  21      y  31    ϕ  21   −  y  21    ϕ  31      



(3)






  k =    k x 2  +  k y 2     



(4)







Furthermore, we can obtain more key parameters, such as horizontal phase speed vph and wave propagation azimuth σ, according to the following equations:


   v  p h   =   2 π f  k   



(5)






  σ = a r e tan      k x     k y       



(6)







Due to the limitation of sampling frequency, we cannot determine the main frequency of MSTID. However, because the azimuth σ is robust to a range of frequencies during a MSTID event, we were able to compute the mean azimuth σ for a range of frequencies.



In the process of statistical analysis of the data recorded from April 2017 to April 2018, we found that MSTID can trigger the spread-F. We selected two typical cases to demonstrate the relationship between MSTID and spread-F.




3. Results


Figure 4 shows the variation of the virtual heights at different plasma frequencies extracted from the ionograms taken from three ionosonde stations. As shown in Figure 4, the red region shows clear fluctuations representing significant MSTID characteristics, whereas the green region shows noteworthy spread-F characteristics. Moreover, we utilized the ΔTEC time series recorded at the three IGS stations, as shown in Figure 5, to further examine and compute the MSTID variation parameters; the indicated result is shown in Figure 6. The region highlighted by the red color indicates the MSTID occurrence. During the recorded MSTID occurrence, which lasted approximately 42 min, the average frequency, the average phase velocity, the average wave number, and the average azimuth were 4.0579 h−1, 725.3989 km/h, 0.0320 rad/km, and −0.8771 rad (309.746°), respectively, suggesting a northwestward propagation. Using the same analysis techniques, we analyzed a similar case recorded on 13 September 2017. The traces of the ionograms are shown in Figure 7, and indicate that spread-F occurrence may have been triggered by the previous MSTID occurrence. More accurate parameters can be computed with the TEC data. With the ΔTEC traces shown in Figure 8, we can acquire the specified parameters.



As shown in Figure 9, with the indicated MEM, we could acquire the accurate MSTID frequency f, phase speed vph, wave number k, and propagation azimuth σ during an MSTID occurrence that lasted approximately 52 min, and their average values were 1.5524 h−1, 683.33 km/h, 0.0146 rad/km and −1.0269 rad (301.163°), respectively, suggesting a northwestward propagation of MSTID. Figure 9 indicates how the stated parameters varied over time during an MSTID occurrence case.



In summary, from Figure 4, Figure 5, Figure 6, Figure 7, Figure 8 and Figure 9, we report the MSTID and spread-F events observed by ionosondes and GPS stations in South America. These observational results demonstrate that nighttime MSTID may be the possible source of the generation of spread-F.




4. Statistical Analysis


With the same techniques we employed in the case study, we were able to perform statistical analysis with the ionogram data and the IGS data during April 2017–April 2018 to explore further possible connections between MSTID and spread-F.



Throughout the total observed period from April 2017 to April 2018 over the station Cachoeira Paulista in South America, the ionosondes mentioned above recorded valid ionograms data on 367 days, of which the spread-F was observed on 209 days. Furthermore, we analyzed the TEC data collected from CHPG, CHPI, and UFPR stations. The seasonal distributions of the spread-F and MSTID occurrence are shown in Figure 10. From the figure, we may note that MSTID was significantly more frequent in spring and summer, and much less frequent during winter, whereas spread-F occurrence was slightly more frequent in autumn and winter. With this inversely distributed occurrence rate of spread-F and MSTID, we assume that a certain type of MSTID has a greater possibility to trigger spread-F. Further analysis is elaborated in the following.



Then, we analyzed the variations of spread-F and MSTID occurrence distribution with local time, and the result is shown in Figure 11. It can be seen from the indicated figure that the MSTID around midnight has a high possibility of triggering spread-F. Due to the results of the below analysis of the azimuth of the MSTID propagation, which is generally northwestward, we naturally assume that the major source of MSTID is the Perkins instability. Perkins instability is generally associated with polarization electric field, which is believed to account for the post-midnight F-layer instabilities.



By eliminating the data with no MSTID occurrence before the spread-F occurrence, we can locate the MSTID occurrence that may trigger a spread-F event and perform further statistical analysis on the key parameters of the MSTID, including MSTID main frequency f, occurrence local time, ΔTEC maximum amplitude, phase speed vph, wave number k, and propagation azimuth σ, using MEM on 1119 cases throughout a year. The indicated result is shown in Figure 12.



Figure 12 shows that during April 2017–April 2018 of the indicated region of South America, the MSTID main frequency was mainly below 0.5 h−1, the TID ΔTEC amplitude was mainly below 4, the major azimuth was basically between −1 and −0.7 rad, and the velocity speed varies mainly between 0 and 2000 km/h.



Combining the results in Figure 11 and Figure 12, we suppose that MSTID occurrence is highly likely to trigger spread-F. Moreover, according to the above statistical analysis, TID that is apt to trigger a spread-F event is generally characterized by larger ΔTEC amplitude, propagation azimuth around −1 rad, wave number around 0.005 rad/km, and phase speed around 1000 km/h.




5. Discussion and Conclusions


To examine the theory that MSTID may seed spread-F occurrences, we investigated the MSTID and spread-F occurrence in the South America region from April 2017 to April 2018. As shown in Figure 11, spread-F occurrence is most common around midnight, which is consistent with the work of [35]. This may due to the preferable conditions for Rayleigh–Taylor instability during nighttime. There are several factors that have been investigated in several previous studies, such as the smaller neutral density during nighttime, pre-reversal enhancement, solar activity, and altitude of the F-layer height [36,37]. However, limited research has investigated the underlying factors of MSTID that trigger spread-F occurrence. MSTID can be excited in two approaches: by gravity waves or by Perkins instability. It is generally acknowledged that TID may seed spread-F occurrence through polarization electric fields. Previous research has conclusively determined that polarization electric fields can trigger Rayleigh–Taylor instability and thus induce spread-F occurrence [15,19,20]. According to the previous study of Miller, MSTID triggered by atmosphere gravity waves play a role in the seeding of F-layer irregularities [38]. However, unlike MSTID triggered by gravity waves, in which polarization electric fields initiate under favorable circumstances [15], the MSTID triggered by Perkins instability is generally accompanied by polarization electric fields to maintain a divergence-free ionospheric current. Therefore, we assume that MSTID triggered by Perkins instability would show a further tendency to trigger spread-F occurrence.



Through a statistical analysis of the seasonal distribution of MSTID and spread-F, the result in Figure 10 indicates that MSTID is significantly more common in spring and summer, and much less frequent during winter, whereas spread-F is more frequent in autumn and winter. This is consistent with many studies that suggest that MSTIDs are more common in summer, especially at nighttime, taking into account the seasonal difference between northern and southern hemispheres. From the inverse seasonal variation of the occurrence rate of MSTID and spread-F, we assumed that, although it is generally acknowledged that MSTID plays a role in inducing the spread-F occurrence, some types of MSTID are noticeably more likely to trigger spread-F. One factor we take into account is how the MSTID is excited; we assume MSTID triggered by Perkins instability generally increases the tendency to trigger spread-F. MSTID triggered by Perkins instability in the southern hemisphere generally shows a northwestward propagation pattern. We studied the MSTID azimuth distribution in the South America region, which is shown in Figure 12. The main azimuth is northwestward, which is consistent with the stated principle of the MSTID azimuth distribution.



We studied the MSTID occurrence at midnight and found MSTID occurring post-midnight had a clearly greater possibility of triggering spread-F occurrence. Because Perkins instability only occurs during nighttime and the favorable conditions for F-layer instability, such as PRE, occur during post-sunset, we assume this peak possibility distribution is seeded by midnight polarization electric fields, triggering Rayleigh–Taylor instability and the formation of plasma bubbles.



However, according to the statistical analysis, there exist several cases of daytime spread-F occurrence which are not likely to be triggered by MSTID seeded by Perkins instability. We conjecture this may be triggered by gravity waves. Although there was a lack of favorable conditions, such as PRE, to trigger Rayleigh–Taylor instability, oscillation of neutral air, which excites ion-neutral collisions, may be a reason for the daytime spread-F occurrences [20].



As shown in Figure 12, according to the statistical analysis in which the days with no MSTID occurrence before spread-F occurrence were eliminated, MSTIDs that tend to trigger spread-F are generally characterized by larger ΔTEC amplitudes, propagation azimuth around −1 rad, wave number around 0.005 rad/km, and phase speed around 1000 km/h, which is consistent with the research of other scholars. Using subtle phase-path measurements for the equatorial region, [39] shows that MSTID wave amplitudes become larger when spread-F exists [40].



Based on the above discussion, our results are generally consistent with previous studies with different measurements. However, there are some new findings worth noting, which can be summarized as follows:




	
The cases of MSTIDs observed in the South America region generally manifest a northwestward prorogating pattern, which may suggest the majority of the observed MSTIDs are triggered by Perkins instability.



	
Nighttime MSTIDs in the South America region have high possibilities according to statistical analysis. Assuming these are caused by Perkins instability, the phenomenon is consistent with the post-midnight F-layer instability being caused by the polarization electric field, which often initiates during a MSTID event triggered by Perkins instability.



	
The inversely seasonal variation of MSTID and spread-F occurrence may suggest that certain types of MSTID generally have a higher possibility of triggering spread-F. MSTIDs that tend to trigger spread-F in the South America region are generally characterized by larger ΔTEC amplitudes, a phase speed around 900 km/h, and an azimuth between −1 rad and −0.9 rad. Further research should explore this topic.
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Figure 1. Geographic locations of the ionosonde stations and the GPS stations in South America. 
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Figure 2. Procedure of O-wave trace extraction in ionograms. (a) Original ionogram, (b) color extraction, (c) morphological dilation, (d) trace connectivity labeling and filtering noise, (e) removing the second-hop, (f) morphological erosion, (g) morphological thinning, (h) the obtained O-wave trace from the ionogram. 
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Figure 3. The RMSE computed with the extracted O-wave trace with the morphological processing perspective and the extracted black trace. The outcome of the examined section was obtained using 4394 ionograms collected from Cachoeira Paulista during September 2017. 
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Figure 4. The case with traces extracted from the ionograms collected from 21 August 2017 to 22 August 2017. Each row of traces shown in the figure are recorded by the ionosondes at Cachoeira Paulista, Campo Grande, and Santa Mari. The listed figures all show a specific pattern: medium-scale traveling ionospheric disturbance (MSTID) variation followed by typical nighttime spread-F occurrence. 
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Figure 5. Time series of ΔTEC recorded by CHPG, CHPI, and UFPR stations during 21 August 2017. 
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Figure 6. MSTID parameters calculated by TEC time series recorded by CHPG, CHPI, and UFPR stations during 21 August 2017. 
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Figure 7. The case with traces extracted from the ionograms collected from 13 September 2017 to 14 September 2017. Each row of traces shown in the figure are recorded by the ionosondes located in Cachoeira Paulista, Campo Grande, and Santa Maria, respectively. The listed figures all show a specific pattern—MSTID variation followed by typical nighttime spread-F occurrence. 
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Figure 8. Time series of ΔTEC recorded by CHPG, CHPI, and UFPR stations during 21 August 2017. 
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Figure 9. MSTID parameters calculated by TEC time series recorded by CHPG, CHPI, and UFPR stations during 21 August 2017. 
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Figure 10. The seasonal distribution of the occurrence rate of MSTID and spread-F. Season 1, 2, 3, and 4 refer to autumn, winter, spring, and summer, respectively, in the southern hemisphere. 
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Figure 11. The local time variations of MSTID occurrence rate and spread-F occurrence rate. 
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Figure 12. The statistical analysis of the key parameters of MSTID, namely, MSTID main frequency f, occurrence local time LT, ΔTEC maximum amplitude, phase speed vph, wave number k, and propagation azimuth σ. 
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