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        Abstract



        
          Objective:


          The diurnal variations of several ionospheric characteristics during the Space Weather Events of 4-10 September 2017, for Chilean latitudes, will be reported.

        


        
          Materials and Methods:


          Observations were made using a recently installed ionosonde at the Universidad de La Serena field station (29°52'S; 71°15’W). Also, reported is the total electron content determined using the upgraded Chilean network of dual-frequency Global Navigation Satellite Systems (GNSS) receivers.

        


        
          Results:


          Sudden ionospheric disturbances are described in terms of the minimum reflection frequency determined from ionosonde records. An attempt to derive the extent of the effect on high frequency propagation paths in the region is made using simultaneous ionosonde observations at other locations.


          The geomagnetic storm ionospheric effects are discussed in detail using the observed diurnal variation of maximum electron concentration (NmF2), virtual height of the F-region (h’F/F2) and Total Electron Content (TEC). These are complemented with the time-latitude variation of TEC for the 70°W meridian.

        


        
          Conclusion:


          It is found that large increases of NmF2, h’F/F2 and TEC observed during 8 September 2017 storm are well described in terms of the evolution of the Equatorial Ionospheric Anomaly (EIA) over the same time interval. Known physical mechanisms are suggested to explain most of the observations.
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      1. INTRODUCTION


      It is well known that geomagnetic storms generate ionospheric disturbances. These disturbances have been reported around the world [1 , 2]. Initially, ionospheric disturbances were detected in communications using radio wave propagation, then, they were measured as disturbances on vertical incidence radar (ionosonde) observations. Today, it is possible to detect ionospheric disturbances with satellites, rockets, incoherent scatter radars, coherent radars, all-sky imagers, among other instrumentation. Using both space- and ground-based concurrent observations, it is possible to obtain good temporal and spatial resolutions of the observations.


      Reports of regional studies of the effects of geomagnetic storms have been made (e.g. Italy, North Africa and Brazil), as multi instrument ionospheric observations have become available [3-8]. One regional study relates the increases of maximum electron concentration (NmF2), Total Electron Content (TEC) and airglow intensity for several hours during a geomagnetic storm (13-15 November 2012) associated with northward evolution of the Equatorial Ionospheric Anomaly (EIA) in the northern hemisphere [3]. Other reports [4] on the generation of traveling ionospheric/thermospheric per turbations by a geomagnetic storm (27-28 February 2014). They found anti-correlation between observed NmF2 and the height of the maximum of maximum electron concentration (hmF2).


      Specifically, for the South American sector, geomagnetic storms with associated ionospheric disturbances have been reported in studies [5-9], among others, using observations made by some instruments deployed over Brazil and Perú. These are considered particularly valuable because it has long been recognized that the structures of the thermosphere and ionosphere may be unique along the longitude sector containing South America and the Antarctic Peninsula. For these locations, solar associated effects (which are better represented in geographic latitude) are probably well separated from geomagnetic effects (which depend on geomagnetic latitude) [10]. In particular, modelling using the Coupled Thermosphere-Ionosphere-Plasmasphere model [11] has shown that the relation between thermospheric circulation, vertical motions, and composition changes has specific characteristics in this longitude sector [12-14], a sector identified by leading ionospheric physicist [15] as “far-from-pole” (magnetic pole). Along these longitudes, the equatorial boundaries of the auroral zones, where energy is received in the thermosphere from electric fields and particle precipitation generated by magnetospheric processes, are farther away from the equator than elsewhere in the southern hemisphere. Furthermore, due to the offsets of the magnetic poles the geographic latitudes of these boundaries change with longitude by about 15° in the southern hemisphere as compared with only 8° in the northern hemisphere [12]. Moreover, eastern South America and the Antarctic Peninsula are on the westward slope of the South Atlantic Geomagnetic Anomaly, making the longitude sector unique globally. The effects of geomagnetic storms on the ionosphere in this sector also seem to be different from those at other locations [16-18].


      The purpose of the present paper is to report on the ionospheric response observed in Chile to the Space Weather Events of 4-10 September 2017. In particular, this paper describes the ionospheric effects of multiple solar X-ray flares (intensity and evolution) and of the ensuing geomagnetic storms for low and middle latitudes within a rather special longitude sector. Moreover, this paper examines the association between the effects on different ionospheric characteristics on the grounds of known physical mechanisms.


      This paper is unique as it presents the first ever observations of ionospheric characteristics made by an ionosonde at La Serena. Moreover, the TEC determinations reported here are from the densest network of Global Navigation Satellite Systems (GNSS) receivers available in Chile. Only a subset of this network was used in a previous study [19].

    


    
      

      2. MATERIALS AND METHODS


      After the great Chilean earthquake of 27 February 2010, some significant changes in ionospheric observations have taken place within Chile.


      First, the long-time operated Concepción Station (36°47’S; 73°02’W) was relocated at the Universidad Adventista de Chile, Chillán (36°38’S; 72°00’W). This is 91.1 km along with the 80°09’ East of North azimuth. A Canadian Advanced Digital Ionosonde (CADI) and an Ionospheric Prediction Service (IPS-42) ionosonde were deployed [20]. The first CADI ionogram was taken on 9 August 2012 at 16:18 LT (75°W). Later on, a new ionospheric station was established at a field station of Universidad de La Serena (LS, 29°52'S; 71°15’W), La Serena, and the IPS-42 was deployed there. Ionospheric soundings were started on 24 August 2017. A short report on these soundings was given in a conference presentation [21].


      A second development on ionospheric observations arises from the tenfold increase in the Chilean network of dual-frequency GNSS receivers set up by the Centro Sismológico Nacional (National Seismological Centre, CSN in Spanish). These allow TEC determinations over most of the continental Chile. The locations of the receivers are indicated in Fig. (1) together with those of the two ionosondes.


      [image: ]
Fig. (1)

      Locations of (triangles) ionosondes and (dots) GPS receivers. Chillán (CH, 36°38’S; 72°00’W), Jicamarca (JI, 11°57’S; 78°52’W), La Serena (LS, 29°52'S; 71°15’W) and Tucumán (TU, 26°50’; 65°14’W).

      
        

        2.1. Ionospheric Characteristics From Ionosonde


        Digital ionograms obtained at 15 min intervals from 26 August to 24 September 2017 with the IPS-42 ionosonde at LS were manually scaled using the DIGION programme [22]. Seven ionospheric characteristics were determined, i.e. fmin, foE, ftEs, foF2, h’E, h’F/F2 and M3000F2 (see a brief meaning description in List of Abbreviations). NmF2 was then calculat ed using the standard formula as: NmF2=1.24·1010(foF2)2 [23]. foF2 is in MHz and NmF2 in m-3. Reference values for each ionospheric characteristic were calculated as the median values at 15 min intervals from 17 days selected within the observed interval, since these days are considered geomagnetically unperturbed. Thirteen days fulfill the Ap ≤ 10 and Dst ≥ -25 criteria. However, there are four days that although qualify for the Dst condition, do not qualify for the Ap condition. These days are included so as to minimize ionospheric observations gaps, and because no significant geomagnetic perturbations were observed during them. Moreover, leaving out those four days does not alter the shape of the diurnal variations. A reference lower boundary, as the median minus the interquartile range, and a reference upper boundary, as the median plus the range, were also computed. A 9-point running mean was applied to all three reference series of values. The variability of a given ionospheric characteristic is specified as the difference between the reference upper boundary and reference lower boundary. Diurnal variations of global geomagnetic indices and LS ionospheric character istics NmF2, h’F/F2 and fmin, for 3 September 2017 are given in Fig. (2) . They are shown because 3rd September 2017 is one of the few days for which observations are available all day long. Unfortunately, no ionosonde observations were made during the studied time interval at the Chillán ionosonde due to the CADI failure. Geophysical information on ionosondes/digi sonde used is presented in Table 1.
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Fig. (2)

        Diurnal variations of global geomagnetic indices and La Serena (29°52'S; 71°15’W) ionospheric characteristics and vTEC for 3 September 2017. (a) kp. (b) Dst. (c) NmF2. (d) h’F/F2. (e) fmin. (f) vTEC. Open circles, black filled circles and a black line are observed values; black filled circles are for those values scaled as “doubtful” according to international accepted rules [34]. Red lines are for smoothed median values plus interquartile range and blue lines are for the median minus interquartile range for 17 quiet days.

        
          Table 1 Geographical and geophysical information of the ionosonde/digisonde stations mentioned in this work.


          
            
              
                	Station

                	Geographical Latitude

                	Geographical

                Longitude

                	Geomagnetic Latitude

                	Magnetic

                Declination

                	DIP

                Angle
              

            

            
              
                	La Serena (LS)

                	-29.9°

                	288.7°

                	-16.5°

                	0.7°

                	-30.7°
              


              
                	Chillán (CH)

                	-36.6°

                	288.0°

                	-21.2°

                	6.8°

                	-37.8°
              


              
                	Tucumán (TU)

                	-26.9°

                	294.6°

                	-14.9°

                	-5.5°

                	-28.1°
              


              
                	Jicamarca (JI)

                	-12.0°

                	283.2°

                	0.2°

                	-1.6°

                	-0.5°
              

            
          


        

      


      
        

        2.2. Total Electron Content From Gps Observations


        TEC was calculated with a 1 min time resolution using the program in a study [24] from Receiver Independent Exchange Format (RINEX) files for 91 stations that were made available by the Centro Sismológico Nacional (http:// www.sismologia.cl), Universidad de Chile, from September 2016 onwards. For only 6 of these stations RINEX files are available at the International GNSS Service (IGS). This software calculates the slant TEC (sTEC) from pseudo-ranges measurements of each GNSS receiver (note that data from RINEX files are available at 30 seconds intervals). The clock errors and tropospheric effects are eliminated using the phase and code values for the transmitted L1 and L2 GPS frequencies. Differential satellite biases and receiver bias are included to obtain absolute values of sTEC. Finally, the satellite elevation and azimuth angles are used in the calculation of vertical TEC (vTEC) from sTEC. We have used vTEC values corresponding to satellite elevation angles ≥30° in order to minimize possible errors.


        Mean vTEC is computed along three longitude bands 5° wide, using values from all GPS receivers within two-degree latitude intervals. These mean values are assigned to longitudes 75°, 70° and 65°W. Reference median, lower boundary and upper boundary values were computed in the same way as those selected for the ionosonde observed ionospheric characteristics. Fig. (2) shows the sample diurnal variation of vTEC for 3 September 2017 corresponding to LS computed as the mean assigned to the 28°-30°S latitude range and the 70°W longitude. Reference lower and upper boundary are also shown.

      

    


    
      

      3. RESULTS


      
        

        3.1. Sudden Ionospheric Disturbances (SIDs)


        A detailed description of the evolution of various characteristics of solar and geomagnetic activities during the Space Weather Events of 4-10 September 2017 is given in a study [25]. Just for the purpose at hand it is recalled that on the 26 August-24 September 2017 interval, 19 flares with intensities above M1.1 and 4 above X1.3 were observed. Of all these, clear effects are seen on the LS ionosonde observations during the X9.3 flare of 6 and the X8.2 of 10 September 2017. A specific description of some of these flares is also given in a study [26] (Fig. 6).


        Diurnal variations of global geomagnetic indices, ionospheric characteristics for LS, GOES X-ray flux and vTEC for 6 and 10 September 2017 are shown in Fig. (3). Also shown are fmin for Jicamarca (JI, 11°57’S; 78°52’W) and Tucuman (TU, 26°50’; 65°14’W). The X-ray fluxes are those observed by the GOES-15 X-ray Sensor (XRS) instrument’s “long” band (0.1- 0.8 nm) available at https://satdat.ngdc.noaa.gov. Although it is not possible to identify the SID starting time at LS on 6 September 2017 Fig. (3), left), because there is an ionogram gap, fmin decreases steadily from about 6 MHz at 14:00 UT (09:00 LT) to approximately 4 MHz at 20:00 UT (15:00 LT). At nearly all times fmin is above the reference upper boundary and the linear decrease rate for the 14:00 to 20:00 UT (09:00 to 15:00 LT) is about 0.3 MHz/h. There is also a sudden fmin decrease between 20:00 UT and 21:00 UT (15:00 and 16:00 LT), after which fmin is within the lower and upper reference boundaries. Ionograms from TU, some hundred km North-East of LS show the blackout starts at 11:53 UT (06:53 LT) and ends at 13:03 UT (08:03 LT). For JI, at equatorial latitudes, the blackout starts at 12:00 UT (07:00 LT) and finishes at 13:25 UT (08:25 LT). The corresponding fmin decreases the rate for JI is 0.24 MHz/h, somehow similar to that for LS. No firm statement can be made as to the starting and ending times for the different locations quoted. This lack of certainty is due to the fmin dependency on the ionosonde sensitivity (which depends on the receiver sensitivity and the antennas gain) and on the upper ionosonde frequency limit. Although the upper frequency limit of LS ionosonde is 22.6 MHz as compared with 15 and 16 MHz for TU and JI, the sensitivity of the JI ionosonde is far greater than that for other two ionosondes. This is because it has 42 dB gain just on account of signal processing: phase coded pulse compression (21 dB) and coherent Doppler integration (additional 21 dB).


        On 10 September 2017 (Fig. 3, right), the flare onset is at 15:35 UT (10:35 LT), this is 5 min after the last recorded ionogram at LS and 10 min before the following one. However, there is no blackout at 15:45 UT (10:45 LT), fmin is only larger than the reference upper boundary. Blackout is clearly observed from 16:00 to 19:00 UT (11:00 to 14:00 LT). This may be due to the slow increase of the flare radiation intensity since it takes 31 min after for the flare to reach a maximum at 16:06 UT (11:06 LT). The other flares observed between 6 and 10 September 2017 took half of that time. The 10 September 2017 flare intensity decay took 25 min compared to 7 to 19 min for the other flares. The first ionogram showing reflection traces (19:15 UT; 14:15 LT) exhibits a large fmin (6.39 MHz) well above the upper boundary for that hour. The fmin rate of linear decrease in this case is approximately 1.3 MHz/h. Blackout is observed at TU from 15:53 to 16:38 UT (10:53 to 11:38 LT), two hours shorter than at LS. Although blackout starts almost simultaneously at JI (15:58 UT; 10:58 LT), TU and LS, at JI it ends two hours later than at TU. The fmin decrease at JI which is 1.1 MHz/h.


        The rates of fmin decrease at LS and JI for the 10 September 2017 X8.2 flare are almost 4 times larger than those for the 6 September 2017 X9.3 flare. Part of the reason for this difference may be associated with the flare occurrence time: the X9.3 ionospheric effects are mainly morning ones (12:00-20:00 UT; 07:00-15:00 LT) while those for the X8.2 occur in the afternoon (16:00-22:00 UT; 11:00-17:00 LT) when the mean solar zenith angle is smaller. Nevertheless, it is more likely that the major reason relates the particular evolution of the radiation intensity for the two cases. Since both flares occur near the spring equinox (southern hemisphere), the daytime length (about 12 h) is approximately the same at LS and JI, thus the evolution of the flare radiation is the same at both places. The minimum solar zenith angle is obviously smaller at JI than at LS, but this difference should only affect the intensity and duration of the effect and does not affect its time evolution, provided that other factors are the same (e.g. composition).


        [image: ]
Fig. (3)

        Diurnal variations of global geomagnetic indices, ionospheric characteristics, GOES X-ray flux and vTEC for 6 (left) and 10 (right) September 2017. (a) kp. (b) Dst. (c) NmF2 and (d) h’F/F2 for La Serena (LS, 29°52'S; 71°15’W). (e) fmin for LS, Jicamarca (JI, 11°57’S; 78°52’W) and Tucuman (TU, 26°50’; 65°14’W). (f) GOES solar X-ray flux and (g) vTEC for LS. Open circles, black filled circles and a black line are for LS; black filled circles are for those values scaled as “doubtful” according to international accepted rules [34]. Red lines are for smoothed median values plus interquartile range and blue lines are for the median minus interquartile range for 17 quiet days. fmin at JI and TU are shown in magenta dots and green dots, respectively.

        There are no traces on the LS ionograms for 14:45, 15:00 and 15:15 UT (09:45, 10:00 and 10:15 LT), 7 September 2017, this may be due to instrument failure and not necessarily associated with the 7 September 2017 X1.3 morning flare (14:20, 14:36 and 14:55 UT; 09:20, 09:36 and 09:55 LT, start, maximum and end of flare, respectively). It is true that fmin (Figure not shown) is larger than the reference upper limit from 15:30 through to 16:45 UT (10:30-11:45 LT). However, no typical slowly decreasing is observed. By contrast, ionograms for the whole flare interval observed at TU and JI do show the usual variation of fmin during flares. In particular, fmin at JI changes from 3 to almost 8 MHz within five minutes.


        Observations for the 8 September 2017 M2.9, also a morning flare, again show fmin values larger than those expected for unperturbed condition at all LS, TU and JI. This time, the blackout condition at 15:45 UT (10:45 LT) observed over LS is most likely due to increased absorption and not to ionosonde failure as suspected for the 7 September 2017 flare.


        The blackouts and large values of fmin already mentioned are consistent with many HF circuit blackouts for equatorial and low latitudes over a range of frequencies. The absorption for oblique incidence HF propagation is always larger than that for corresponding vertical incidence propagation. Thus, at least for blackout conditions (fmin larger than 15 or 16 MHz at TU and JI) HF propagation using frequencies over the whole HF range (3 to 30 MHz) would be impaired. Finally, it is worth noting that TEC observations may not show any effects of the flares already discussed using ionosonde observations. Fig. (3) shows the diurnal variations of vTEC for LS determined as indicated before during the 6 and 10 September 2017 flares confirming the absence of the effects. A simple coarse estimation assuming step shape regions indicates that the D- and lower E-region contribution would be about 1% of the F-region. This is for an F-region foF2 = 10 MHz, hmF2 = 250 km, ymF2 (semi-thickness) = 100 km, foD/E = 3.5 MHz, hmE = 100 km and ymD/E = 20 km. However, some effects on TEC seem to be observable using a more refined analysis as reported in studies [27, 28]. In any case, the contribution to vTEC by D- and lower E-region increased ionization due to the flares radiation is indeed small when compared with the contribution of the F-region.

      


      
        

        3.2. Ionospheric Storms


        
          

          3.2.1. Diurnal Variations


          Diurnal variations of global geomagnetic indices and ionospheric characteristics NmF2, h’F/F2 and vTEC for LS and TU (assumed to be similar on the grounds of nearness) during the 7 (05:00-24:00 UT), 8 and 9 (00:00-05:00 UT) September 2017 are shown in Fig. (4) . Also shown in Fig. (4) are NmF2, h’F/F2 and hmF2 for JI.


          There are four significant deviations of the ionospheric characteristics from what could be considered as the reference values. The first is an increase of NmF2 at LS, though only suggested by three values (23:45, 00:00, 00:15 UT; 18:45; 19:00; 19:15 LT) in the evening of 7 September 2017. These three values are followed by strong Spread-F up to 06:30 UT (01:30 LT) of 8 September 2017, but this does not preclude another six NmF2 values to be determined around midnight. The ionosphere reflection dispersion in both frequency and height characteristic of the Spread-F condition, sometimes permit height and critical frequency to be determined. The nine values are definitely above the variability range. The NmF2 increase at LS is confirmed over TU. By contrast, a decrease of NmF2 at JI is initially suggested by a few values (near 01:30 UT; 20:30 LT), although some of the following scalings may be less clear due to the prevalent Spread-F. The NmF2 decrease at JI coincides with the vTEC increase observed at LS and TU. The NmF2 increase at LS is clearly related to the large increase of h’F/F2 observed at JI that coincides with the sharp Dst decrease (about -150 nT) corresponding to the storm main phase. Moreover, the JI height increase may be associated with two h’F/F2 increases observed at TU and LS peaking at 02:00 and 03:00 UT (21:00 and 22:00 LT), the latter at 350 km by comparison to the observed LS variability of 220 to 280 km (median plus minus interquartile range). The two peaks take place two and three hours after the h’F/F2 peak observed at JI.


          A second deviation from 07:00 UT (02:00 LT) and up to 11:00 UT (06:00 LT) on 8 September 2017 is evident as a significant increase of h’F/F2 and an almost concurrent decrease of NmF2 well observed at TU. The deviation takes place near the end of a first recovery phase of the storm (Dst from about -140 to -60 nT). vTEC at LS is low but within the variability limits. Unfortunately, no ionograms are available at LS due to ionosonde malfunction.


          The following significant features are a small h’F/F2 peak observed at LS between 15:30 and 15:45 UT (10:30 and 10:45 LT) on 8 September 2017 (there are two ionograms missing) which occurs just one hour before ensuing large and short lived NmF2 increase. Both h’F/F2 and NmF2 deviations are clearly confirmed at TU. The NmF2 increases are also simultaneous with a corresponding increase of vTEC at LS and TU. No clear corresponding features for these two characteristics are observed at JI. Note there is only a very small increase of NmF2 at JI.


          The last deviation from reference values is the very large increase of NmF2 at LS peaking at about 22:30 UT (17:30 LT). It is associated with a small h’F/F2 change just half an hour before. An even larger NmF2 increase is simultaneously observed at TU. The maximum value cannot be determined because the corresponding foF2 is larger than the ionogram upper frequency limit (15 MHz, 2.79×1012 m-3). A corresponding very large vTEC simultaneous increase at LS is also evident. The earlier h’F/F2 increase at TU is better identified than that observed at LS. In both cases, h’F/F2 decreases immediately after, reaching a minimum at about 00:00 UT (19:00 LT). No NmF2 increase is observed at JI. As a matter of fact, NmF2 is almost constant over the whole interval. By contrast to the minimum h’F/F2 at LS and TU, a small simultaneous maximum of h’F/F2 and hmF2 is observed at JI. vTEC was also calculated as a latitude polynomial fit, for a given time, to vTEC values used for the smaller figure, also at one-minute resolution. Then, the latitude of maximum vTEC was calculated using the polynomial fit for each minute. The red line on the enlarged figure indicates the time evolution of the latitudinal maximum, after smoothing.

        


        
          

          3.2.2. Latitudinal Variations


          Fig. (5) shows the time latitude variation of the observed vTEC along the 70±2.5°W longitude band for 26 August and 8 September 2017, one of the quieter days of the month (q3, Σkp = 6-, Ap = 3; Dst = -4) and the storm day, respectively. The time variations are those as explained in Section 2.2. Although the 28 August 2017 is the quietest day of the month (q1, Σkp = 4+, Ap = 2; Dst =-15), the development of the EIA is not so clearly evident on that day. The EIA is an increase of ionization usually observed at about the geomagnetic equator in the afternoon [29, 30]. Also shown in Fig. (5) is an enlargement of the 8 September 2017 variation. In this enlarged figure, there are more gaps or they are larger because the observed mean values correspond to 1° latitude interval instead of 2° latitude.


          [image: ]
Fig. (4)

          Diurnal variations of global geomagnetic indices, ionospheric characteristics and vTEC for 7 (05:00-24:00 UT), 8 and 9 (00:00-05:00 UT) September 2017. (a) kp. (b) Dst. (c) NmF2 and (d) h’F/F2 at La Serena (LS, 29°52'S; 71°15’W) and Tucumán (TU, 26°50’; 65°14’W). (e) NmF2 and (f) h’F/F2 and hmF2 at Jicamarca (JI, 11°57’S; 78°52’W). (g) vTEC at LS and TU. Open circles, black filled circles and a black line are for LS; black filled circles are for those values scaled as “doubtful” according to international accepted rules [34]. Green lines are for TU. Black and magenta dots are for JI. Red lines are for smoothed median values plus interquartile range and blue lines are for the median minus interquartile range for 17 quiet days. The horizontal grey bars show spread-F intervals.

          [image: ]
Fig. (5)

          Time latitude variation of vTEC for (top left) geomagnetically quiet day (26 August 2017) and (top right) storm day (8 September 2017), and (bottom) enlarged version of storm day (note different vTEC scale). (red line) latitude of maximum vTEC.

          The development of the EIA for quiet times is clearly shown in Fig. (5). The latitude of maximum vTEC is at about 26°S and takes place at around 19:00 UT (14:00 LT). On the storm day, two separate events are evident. The first event is a short increase of vTEC (~ 2 h), has a large latitudinal extent (~ 30°), peaking almost simultaneously at all latitudes between 16:00-17:00 UT (11:00 and 12:00 LT), though the latitude maximum seems to lay equatorward of the available vTEC values. It is recalled that this event is clearly seen in Fig. (4) and is identified as the third deviation. It is not clear whether the event can be associated with the development of the EIA. Some suggestions will be offered in the Discussion.


          The second and much larger and longer event is then observed. The latitudinal maximum is clearly identified as moving steadily poleward of 15°S (the fourth deviation identified in Fig. (4). The enlargement of the 8 September 2017 variation shows that this latitudinal maximum southernmost location is found between 30 and 31°S at about 00:30 UT (19:30 LT). It is over TU at about 22:20 UT (17:20 LT) and over LS around 23:40 UT (18:40 LT). Moreover, maximum values of vTEC are attained within the 22:15-23:20 UT (17:15 -18:20 LT) time interval between 27 and 28°S. These two stages of the development match very well with the observations of the third and fourth deviations of NmF2 at LS and TU and of vTEC at TU, as described before (Section 3.2.1, Fig. (4), although the timing may show some differences. These differences arise from uncertainties on the NmF2 timing at LS and TU (see section 3.2.1) and the smoothing procedure used to determine the latitudinal maximum.

        

      

    


    
      

      4. DISCUSSION


      Some 24 hours before the onset of the geomagnetic storm, sudden changes in several interplanetary characteristics are observed at the L1 point by the ACE satellite [26]. The L1 point is a place in the Earth-Sun direction, where Sun’s gravity is equal to Earth’s gravity. The OMNIWeb data set (https://omniweb.gsfc.nasa.gov) shows that changes in solar wind velocity and pressure exhibit clear sudden increases at 23:50 UT (18:50 LT) of 6 September 2017. Unfortunately, there are no ionosonde observations available at LS for the following hours. However, available TEC values confirm that no changes are observed. Furthermore, ionograms at JI also show no significant changes. Thus, no further discussion was considered necessary.


      It is recalled that while presenting the diurnal variations of various ionospheric characteristics during the 7 to 9 September 2017, four deviations from reference values were considered. Here a few suggestions are made to explain these deviations. In Fig. (6) are shown again the h’F/F2 diurnal variations of 7 and 9 September 2017, together with the associated changes of the Interplanetary Electric Fields (IEF), solar wind speed, magnetic pressure and the magnetic field Bz component given by the OMNIWeb data set and the incoherent scatter radar vertical drift (E×B drift) observations (ISR) at JI (http://jro-db. igp.gob.pe/madrigal). A quiet time reference E×B drift is also given [31].


      The large increases of h’F/F2 and hmF2 observed at JI on 7 September 2017 are associated with the sudden changes of all interplanetary parameters during the 23:00-24:00 UT (18:00-19:00 LT) interval indicating the storm onset. These changes are followed within an hour by the ISR drift observed at JI. It seems that the penetration IEF increases the E×B drift which in turn lifts the F-region. The lift takes the concentration of the electrons from the F layer across the geomagnetic field lines at equatorial latitudes (fountain effect) and the subsequent downward diffusion along the field lines leading to increases of TEC at the crests of the EIA, and thus observed at LS and TU.


      The second increase of h’F/F2 takes place in the morning of 8 September 2017 (07:00-11:00 UT; 02:00-06:00 LT) at TU and JI (no ionograms available at LS). This feature is associated with the increases of the ISR drift Fig. (6f) observed at JI between 07:00 and 11:00 UT (02:00 and 06:00 LT), including two small peaks. This night-time upward drift corresponds to negative IEF direction (Fig. (6e). A sudden switch in IEF polarity (12:00 UT = 07:00 LT), which coincides with other sudden changes of interplanetary characteristics during the Magnetic Ejecta phase of the ICME [26] does not seem to have any effect on ionospheric characteristics observed at all three locations (JI, TU and LS). This lack of significant effects may be expected because the events occur in the early morning, since the effects are attenuated after the evening change of the IEF sign and the night-time low concentration.


      As already noted, the third clear increases of h’F/F2 at LS and TU peaking around 16:00 UT (11:00 LT) of 8 September 2017, are followed by large and short lived NmF2 peaks at LS and TU, and a very small increase at JI. This may be due to a quick increase of the fountain effect driving most of the ionization directly to the TU and LS latitudes without much effect on the equatorial ionosphere. It should be conceded, though, that no significant increases of E×B are observed at JI on the relevant time interval. Fig. (6) also shows that there is a little but sharp decrease of BZ and a concurrent increase of P between 16:00 and 17:00 UT (11:00 and 12:00 LT). The simultaneous decrease of IEF obviously is related to the BZ increase since it is derived from it, the other factor being VSW which, for the corresponding interval, is almost constant. However, a similar situation, even more significant, is shown by these parameters earlier on, 15:00 to 16:00 UT interval (10:00 to 11:00 LT). A further search shows that it is only for the 16:00-17:00 UT (11:00-12:00 LT) interval that the proton temperature has a sharp peak (not shown in Fig. (6). Whether there is a relationship between proton temperature and NmF2 or vTEC at LS and TU needs to be confirmed. No relation is found on any of these intervals with AE index (an auroral index indicating intensity of electric currents along the auroral zone). Alternatively, it would be useful to explore the hypothesis of Batista et al. [32], which associates equatorial sharp changes (NmF2) with thermospheric wave-like winds effects. Thus, the physical mechanism for this third deviation is not clear.


      The largest increases of NmF2 and TEC observed at LS and TU on 8 September 2017 at 23:00 UT (18:00 LT, Fig. (4), but not at JI, which are consistent with the systematic southward shift of the EIA, as determined from the time-latitude variation of TEC discussed in Section 3.2.2. There is also a small decrease of the ISR drift Fig. (6f) beginning at about 22:30 UT (17:30 LT) which may be interpreted as the effect of on equatorward wind (opposite to what is expected during daytime) since there is no consistent IEF signature. It is here suggested that an intensified EIA crest Fig. (5) is due to this increased equatorward thermospheric wind that uplift the F-region along the inclined geomagnetic lines [33].


      [image: ]
Fig. (6)

      Diurnal variations of ionospheric characteristics at Jicamarca (JI, 11°57’S; 78°52’W) and interplanetary L1 observations for 7 (05:00-24:00 UT), 8 and 9 (00:00-05:00 UT) September 2017. (a) h’F/F2 and hmF2 from Figure 4 at JI (black and magenta dots, respectively). (b) Magnetic Bz component. (c) Solar wind speed. (d) Solar wind pressure. (e) Interplanetary Electric Field. (f) (red) Incoherent scatter radar vertical drift and (black) quiet time reference drift at JI [31].
    


    
      CONCLUSION


      SIDs are observed at La Serena (29°52'S; 71°15’W) following most significant solar flares of 6 to 10 September 2017, in spite of some observations gaps. The SIDs are also simultaneously observed at Tucumán (26°50’; 65°14’W) and Jicamarca (11° 57’S; 78°52’W). Some indication on the evolution of the SIDs in two cases is also given, taking into account the various instrumental sensitivity differences. An estimation of the impairment of HF propagation paths is also suggested.


      Geomagnetic storms ionospheric effects on NmF2, h’F/F2 and vTEC are reported for equatorial and low latitudes. Simultaneous increases of NmF2 and vTEC coincide with a large increase of equatorial h’F/F2 concurrent with the main phase of the storm during the evening (LT 75°W) of 7 September 2017. Increases of h’F/F2 at low latitudes are delayed by a couple of hours. By contrast, simultaneous increases of h’F/F2 at equatorial and low latitudes during the recovery phase are associated with concurrent decreases of NmF2 and vTEC. On a secondary recovery phase of the storm, increases of h’F/F2 at low latitudes are followed (by about an hour) by two very large increases of NmF2 and vTEC at low latitudes. One is around 8 September 2017 noon and the other in the evening. Increases are not observed at equatorial latitudes. The two events are clearly observed on the time-latitude variation of vTEC for the 70°W meridian. It is found that later effects are well described in terms of the evolution of the EIA over the same time interval. IEF and E×B variations are suggested to explain most of the observations, though alternatively, hypothesis related to thermospheric wave-like winds can be explored.

    

  


  
    
      LIST OF ABBREVIATIONS


      
        
          	

          	
        


        
          	ACE

          	= Advanced Composition Explorer
        


        
          	Bz

          	= Magnetic Field z-component
        


        
          	CADI

          	= Canadian Advanced Digital Ionosonde
        


        
          	CSN

          	= Centro Sismológico Nacional
        


        
          	Dst

          	= Disturbance storm time index
        


        
          	EIA

          	= Equatorial Ionospheric Anomaly
        


        
          	GNSS

          	= Global Navigation Satellite System
        


        
          	GPS

          	= Global Positioning System
        


        
          	fmin

          	= The lowest frequency at which an o-mode (ordinary) echo is observed on the ionogram
        


        
          	foE

          	= E layer o-mode critical frequency
        


        
          	foF2

          	= F2 layer o-mode critical frequency
        


        
          	ftEs

          	= Top frequency of the Es trace (any mode)
        


        
          	h’E

          	= E layer o-mode minimum virtual height
        


        
          	hmE

          	= True height of E-layer
        


        
          	hmF2

          	= True height of F2 peak
        


        
          	h’F/F2

          	= F/F2 layer o-mode minimum virtual height
        


        
          	ICME

          	= Interplanetary Coronal Mass Ejection
        


        
          	IEF

          	= Interplanetary Electric Field
        


        
          	IGS

          	= International GNSS Service
        


        
          	IPS

          	= Ionospheric Prediction Service
        


        
          	ISR

          	= Incoherent Scatter Radar
        


        
          	JI

          	= Jicamarca station
        


        
          	LS

          	= La Serena station
        


        
          	LT

          	= Local Time
        


        
          	M3000F2

          	= F2 layer M factor (ratio of the maximum usable frequency divided by the critical frequency)
        


        
          	NmF2

          	= Maximum electronic density
        


        
          	P

          	= Flow Pressure
        


        
          	RINEX

          	= Receiver Independent Exchange Format
        


        
          	SIDs

          	= Sudden Ionospheric Disturbances
        


        
          	sTEC

          	= slant TEC
        


        
          	TEC

          	= Total Electron Content
        


        
          	TU

          	= Tucumán station
        


        
          	UT

          	= Universal Time
        


        
          	Vsw

          	= Solar Wind Velocity
        


        
          	vTEC

          	= vertical TEC
        


        
          	ymD/E

          	= semi-thickness of D/E-Layer
        


        
          	ymF2

          	= semi-thickness of F2-Layer
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