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Abstract  25 

Low-cost instrumentation combined with volunteering and citizen science educational initiatives 26 

allowed the deployment of L-band scintillation monitors to remote sense areas that are 27 

geomagnetically conjugated and located at low-to-mid latitudes in the American sector 28 

(Quebradillas in Puerto Rico and Santa Maria in Brazil). On October 10-11, 2023, both monitors 29 

detected severe scintillations, some reaching dip latitudes beyond 26°N. The observations show 30 

conjugacy in the spatio-temporal evolution of the scintillation-causing irregularities. With the aid 31 

of collocated all-sky airglow imager observations, it was shown that the observed scintillation 32 

event was caused by extreme Equatorial Plasma Bubbles (EPBs) reaching geomagnetic apex 33 

altitudes exceeding 2,200 km. The observations suggest that geomagnetic conjugate large-scale 34 

structures produced conditions for the development of intermediate scale (few 100s of meters) in 35 

both hemispheres, leading to scintillation at conjugate locations. Finally, unlike previous reports, 36 

it is shown that the extreme EPBs-driven scintillation reported here developed under 37 

geomagnetically quiet conditions. 38 

 39 

Plain Summary 40 

The ionosphere is a region of the Earth’s upper atmosphere characterized by a relatively large 41 

density of free ions and electrons produced, mainly, by solar photoionization. Ionospheric 42 

Equatorial Plasma Bubbles (EPBs) are drastic decreases in ionospheric density known to develop 43 

near the equator during nighttime and expand to low latitudes. EPBs cause fluctuations in 44 

transionospheric signals transmitted by Global Navigation Satellite Systems (GNSS) such as the 45 

GPS (Global Positioning System). In this report, we present the results of a study made possible 46 

by low-cost, GNSS-based sensors hosted by volunteers and citizen science educational initiatives. 47 

The study evaluated the behavior of scintillation in the northern and southern hemispheres at low-48 

to-mid latitudes. We found similar spatio-temporal behavior in the scintillation events observed by 49 

monitors deployed in geomagnetically conjugate areas in the northern and southern hemispheres. 50 

We also found that the observed scintillation events were associated with EPBs that reached low-51 

to-mid latitudes (extreme EPBs). Although these events are more likely to occur under disturbed 52 

geophysical conditions, the case presented here took place during a quiet period. The results 53 

indicate that GNSS systems at low-to-mid latitudes can be affected by EPBs-driven scintillation 54 

more often than previously anticipated. 55 
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Introduction  56 

In recent years, there has been a growing number of reports describing the detection of events of 57 

ionospheric plasma depletions at low-to-mid and mid latitudes. These events have been connected 58 

to geomagnetic equatorial origins and can be classified into two categories. The first category is 59 

formed by Equatorial Plasma Bubbles (EPBs) reaching abnormally high geomagnetic apex 60 

altitudes (> 1500 km) and, therefore, dip latitudes in the low-to-mid latitude range (20°-30°). These 61 

events are referred to as super plasma bubbles (e.g., Ma and Maruyama, 2006; Cherniak and 62 

Zakharenkova, 2016) or extreme plasma bubbles (e.g., Cherniak and Zakharenkova, 2022; 63 

Sousasantos et al., 2023). The second category is formed by ionospheric plasma depletions 64 

reaching even higher geomagnetic apex altitudes (say 6,000 km or more) and more poleward dip 65 

latitudes (40° or more). Only a few of these events have been detected, and some of their behavior 66 

(e.g., zonal drift at mid latitudes) has been reported as not following the pattern expected for 67 

regular EPBs. This second category may involve a more complex connection between EPBs and 68 

high latitude plasma streams and are referred to as poleward-streaming plasma density depletions 69 

(Zhakharenkova and Cherniak, 2020; Cherniak and Zakharenkova, 2022).  70 

 71 

The detection of low-to-mid and mid-latitude ionospheric plasma depletions was made possible, 72 

in great part, by observations made by increasing ground-based networks of instruments (e.g., 73 

geodetic Global Navigation Satellite System - GNSS receivers) and measurements covering wide 74 

areas that became available in recent years. The occurrence of extreme EPBs and poleward-75 

streaming plasma density depletions is most often observed during geomagnetically disturbed 76 

periods (Basu et al, 2005; Basu et al., 2007; Ma and Maruyama, 2006; Huang et al., 2007; Martinis 77 

et al., 2015; Cherniak and Zakharenkova, 2016, 2022; Katamzi-Joseph et al., 2017; Aa et al., 2018, 78 

2023; Li et al., 2018; Zakharenkova and Cherniak, 2020, 2021; Rodrigues et al., 2021; Sori et al., 79 

2022; Sousasantos et al., 2023). Geomagnetic disturbances are known to affect the ionospheric 80 

electrodynamics and plasma structuring at low latitudes through the disturbance dynamo (Blanc 81 

and Richmond, 1980) and/or penetration electric fields (e.g., Senior and Blanc, 1984). The number 82 

of works evaluating the impacts of these events in terms of scintillation over low-to-mid latitudes, 83 

however, is way more limited.   84 

 85 
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Here, new results associated with the analyses of a comprehensive new set of observations of an 86 

event of extreme EPBs that drove severe scintillation at low-to-mid latitudes are reported. These 87 

new results include: (1) observations that were made in areas that are geomagnetically conjugate, 88 

allowing the track of the spatio-temporal evolution of scintillation-causing irregularities over 89 

corresponding geomagnetic field lines at both hemispheres; and (2) the evaluation of an event of 90 

extreme EPB-driven scintillation over low-to-mid latitudes (dip latitudes > 26°) during a 91 

geomagnetic quiet-time.  92 

 93 

These observations were only possible due to advances in ground-based instrumentation and 94 

collaboration from volunteering and citizen science educational initiatives. In Quebradillas (Puerto 95 

Rico), one ground-based scintillation monitor was deployed at volunteer’s house. In Santa Maria 96 

(Brazil), an identical monitor was deployed at the facility belonging to the Bate-Papo 97 

Astronômico-Santa Maria Tecnoparque, an initiative to promote and disseminate science for the 98 

general public in the areas of astronomy, astronautics and meteorology. More information (in 99 

Portuguese) can be found on their official webpage (https://batepapoastronomico.com/). 100 

 101 

The report is organized as follows: In Section 2, details about the instrumentation used in this 102 

study, their locations, and data sets are summarized. In Section 3, main results are presented and 103 

discussed. These results relate to: (a) the geomagnetic conditions under which the scintillation over 104 

low-to-mid latitudes were observed; (b) the spatio-temporal evolution of scintillation-causing 105 

irregularities over geomagnetic conjugate areas; (c) the relationship between the observed 106 

scintillation events and extreme EPBs. Finally, the main findings are summarized in Section 4. 107 

  108 

2. Instruments, sites, and data sets 109 

In this work, data from ScintPi 3.0 scintillation monitors were used to assess the severity of the 110 

amplitude scintillation and the latitudinal extent and apex altitudes of the scintillation-causing 111 

irregularities. ScintPi 3.0 can be described as low-cost, easy-to-install, and easy-to-maintain L-112 

band ionospheric scintillation and Total Electron Content (TEC) monitor. It is based on 113 

Commercial Off-The-Shelf (COTS) dual-frequency GNSS receivers and Raspberry Pi single-114 

board computers (Gomez Socola and Rodrigues, 2022). 115 

 116 

https://batepapoastronomico.com/
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Two ScintPi 3.0 monitors were deployed at locations that have geomagnetically conjugate areas 117 

in their fields-of-view (FOVs). One monitor was deployed in Quebradillas (Puerto Rico) and 118 

another in Santa Maria (Brazil). These monitors are hosted by a volunteer collaborator in 119 

Quebradillas and an educational center (Bate-Papo Astronômico-Santa Maria Tecnoparque) in 120 

Santa Maria. Data from October 10-11, 2023, when severe scintillations were detected over dip 121 

latitudes > 26°, were analyzed. The monitor in Quebradillas was deployed in December 2021 and 122 

the monitor in Santa Maria was deployed in June 2023. 123 

 124 

The development, use, and performance of low-cost scintillation monitors have been reported in 125 

the literature (Rodrigues and Moraes, 2019; Vani et al., 2021; Freitas et al., 2022; Gomez Socola 126 

and Rodrigues, 2022). Low-cost monitors such as ScintPi provide an opportunity not only for 127 

research but for education as well (Wright et al., 2023). For instance, the system in Santa Maria is 128 

hosted by a citizen-led project (“Projeto Bate-Papo Astronomico”) that promotes science with 129 

emphasis in the areas of astronomy, astronautics, and meteorology through observations and talks. 130 

ScintPi has helped with dissemination of information and engagement of learners in science. To 131 

reduce the work required from a host, ScintPi automatically acquire and upload the measurements 132 

to a server at The University of Texas at Dallas via internet. The hosts, however, have access to 133 

the server and can use the observations in their own initiatives.  134 

 135 

The amplitude scintillation S4 index (Briggs and Parkin, 1963; Yeh and Liu, 1982) was used as a 136 

measure of scintillation severity. The S4 is defined as the standard deviation of the signal intensity 137 

normalized by the average intensity over an interval of 60s. Scintillation severity can be classified 138 

as weak (0.2 ≤ S4 < 0.4), moderate (0.4 ≤ S4 < 0.7), and severe (S4 ≥ 0.7) (e.g., Sreeja et al., 2020). 139 

The results used only data from satellites with elevation angles ≥ 20°. An exception was allowed 140 

for the results in Figure 4, where data from elevation angles ≥ 10° were used due to their relevance 141 

to the discussion. 142 

 143 

To aid the interpretation of the scintillation measurements, observations of airglow (red line, 630.0 144 

nm filter) made by all-sky imagers located in Culebra (Puerto Rico) and São Martinho da Serra 145 

(Brazil) were also analyzed. The all-sky imager in Culebra was moved from the Arecibo 146 

Observatory in 2023 and is part of the Boston University (BU) all-sky imager network (Martinis 147 
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et al., 2018) and is deployed at the Climate Center for Open Research and Education (CCORE). 148 

The imager in São Martinho da Serra is part of the Estudo e Monitoramento Brasileiro do Clima 149 

Espacial (EMBRACE) network at the Instituto Nacional de Pesquisas Espaciais (INPE), under a 150 

collaboration with the China-Brazil Joint Laboratory for Space Weather (CBJLSW). Information 151 

about the location of the ScintPi 3.0 monitors and all-sky imagers are provided in Table 1. 152 

Station Instrument  
Geographic 

Longitude 

Geographic 

Latitude 

Dip 

Latitude 

(at 350 km) 

Quebradillas ScintPi 3.0 66.91°W 18.47°N 24.54°N 

Culebra All-sky imager 65.31°W 18.33°N 23.86°N 

Santa Maria ScintPi 3.0 53.87°W 29.68°S 22.19°S 

São Martinho da Serra All-sky imager 53.82°W 29.44°S 22.05°S 

Table 1 – Identification of the stations and instruments, including the geographic coordinates and dip latitudes. The 153 
International Geomagnetic Reference Field 13 (IGRF-13) (Alken et al., 2021) was used to estimate the dip latitudes. 154 

 155 

The geomagnetic indices Dst and Kp obtained at the NASA’s Space Physics Data Facility 156 

repository and the Auroral Electrojet (AE) index (quicklook version) from the World Data Center 157 

for Geomagnetism, Kyoto University, were used to assess the geomagnetic conditions under which 158 

the observations were made.  159 

 160 

3. Results and Discussion 161 

In this section, the results are detailed. First, the geomagnetic conditions during the event evaluated 162 

are presented, confirming that the extreme EPBs-driven scintillation over low-to-mid latitudes 163 

analyzed in this work occurred during a geomagnetically quiet period. In the sequence, the 164 

evolution of the scintillation over the conjugate areas is presented and discussed. Finally, airglow 165 

observations are used to confirm that the observed scintillation events were associated with 166 

extreme EPBs.  167 

 168 

3.1. On the geomagnetic conditions during the extreme EPB of October 10-11, 2023 169 

To assess the geomagnetic conditions during October 10-11, 2023, the geomagnetic indices Dst 170 

and Kp were used. Loewe and Prölss (1997) defined that a weak geomagnetic storm requires, in 171 
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general, at least Kp ≥ 4 and Dst ≤ -36 nT (i.e., smaller values/absolute values of Kp/Dst indicate a 172 

quiet period). Figure 1 presents Dst (red line) and Kp (blue bars) values for October 7-12, showing 173 

that the magnitude of these geomagnetic indices remained at much lower levels, not only for the 174 

time of the observations but also during the four previous days. 175 

 176 
Figure 1 – Geomagnetic indices Dst (red) and Kp (blue) between October 7-12. The extreme EPBs-driven scintillations 177 
occurred in the night between October 10-11 (green shaded region). The blue dashed line highlights that Kp was 178 
always ≤ 3. Not only the hours when the scintillations occurred were under geomagnetically quiet conditions, but also 179 
the prior days. 180 

 181 

The lowest values (largest “magnitudes”) of Dst were -23 nT at 03:00UT on October 8 and -21 nT 182 

at 18:00UT on October 9. Kp reached at most 3.0 for 18:00-21:00 UT on October 9. Besides being 183 

considerably lower than the levels defined by Loewe and Prölss (1997), it must also be mentioned 184 

that these values occurred more than 24 hours prior to the observed scintillation. It is, then, unlikely 185 

that geomagnetic disturbances could have contributed to conditions favoring the development of 186 

extreme EPBs-driven scintillation at low-to-mid latitudes.   187 

 188 

Finally, in addition to Dst and Kp, initial estimates of the Auroral Electrojet (AE) index were also 189 

analyzed to account for substorm contributions to the EPB event and the ensuing scintillation. So 190 

far, the provisional data is not available, but the “quicklook” version has already been posted at 191 

https://wdc.kugi.kyoto-u.ac.jp/ae_realtime/index.html. AE values during October 10, 2023, were 192 

low with only a small and short increase (~300 nT) around 10:00 UT (i.e., more than 12 hours 193 

prior to the scintillation observed), and during October 11 the AE only had negligible values. 194 

https://wdc.kugi.kyoto-u.ac.jp/ae_realtime/index.html
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Therefore, it is also reasonable to assume that no contributions from substorms influenced the 195 

development of the extreme EPBs leading to scintillation. 196 

 197 

3.2. On the spatio-temporal evolution of scintillations at geomagnetic conjugate regions 198 

The monitors used in this study can make scintillation measurements using signals from multiple 199 

GNSS constellations (Global Positioning System-GPS, Galileo, Beidou, and Globalnaya 200 

Navigazionnaya Sputnikovaya Sistema - GLONASS). This feature allows a better tracking of the 201 

spatio-temporal evolution of scintillation-causing irregularities within the field-of-view (FOV) of 202 

the ground-based monitors. More importantly, the locations of the monitors in Quebradillas 203 

(northern hemisphere) and Santa Maria (southern hemisphere) allow observing, simultaneously, 204 

areas that are geomagnetically conjugate.  205 

 206 

Several studies reported the geomagnetic conjugacy of large-scale (> 10s of km) ionospheric 207 

structures (e.g., Shiokawa et al., 2004, 2015; Martinis et al., 2007; Abdu et al., 2009; Sobral et al., 208 

2009; Martinis et al., 2020). Conjugate observations of intermediate scale size (few 100s of meters) 209 

irregularities, however, have been extremely limited (e.g., de Paula et al, 2010; Sousasantos et al., 210 

2022a). Theoretical works show that large-scale transverse polarization electric fields are expected 211 

to map efficiently along geomagnetic field lines (Farley et al., 1960). At smaller scales, however, 212 

the efficiency of electric field mapping is expected to be significantly reduced (Farley et al., 1960; 213 

Spreiter and Briggs, 1961; LaBelle, 1985). The observational setup and the event analyzed here 214 

allow for a case study of the behavior of low-to-mid latitude intermediate-scale irregularities 215 

causing L-band scintillation at geomagnetically conjugate locations. 216 

 217 

To properly evaluate the geomagnetic conjugacy of scintillation as observed by these monitors, 218 

the measurements were analyzed according to Ionospheric Pierce Points – IPP (assumed to be at 219 

350 km) for sequential time intervals, as shown in Figure 2. Recent works show that the altitude 220 

of the IPP must be chosen carefully to proper represent the situation. Closer to the dip equator, for 221 

instance, IPPs located at higher altitudes can be more well-suited (e.g., Espejo et al., 2022). The 222 

stations used in this work, however, are located at low-to-mid latitudes and both, simulations 223 

(Souza et al., 2020) and observations (Moro et al., 2022) indicate that, over these latitudes, the F-224 

region peak is commonly located around 350 km.      225 
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 226 

The scintillation values are for the L1 ~ 1.6 GHz signals and from all GNSS satellites and elevation 227 

angles greater than 20°. 228 

 229 

The FOV of the Quebradillas (Santa Maria) ScintPi 3.0 monitor is represented by the region within 230 

the solid magenta (black) line. The region within the dashed magenta (black) line corresponds to 231 

the mapping of the FOV of Quebradillas (Santa Maria) to the conjugate hemisphere. The mapping 232 

was calculated using the International Geomagnetic Reference Field 13 (IGRF-13) (Alken et al., 233 

2021).  234 

 235 

Here, it is important to point out that the FOV of the Santa Maria monitor, mapped to the northern 236 

hemisphere (black dashed line), is mostly within the FOV of Quebradillas (magenta solid line). 237 

The same is not true for Quebradillas. That is, the mapping of the FOV of Quebradillas to the 238 

southern hemisphere (magenta dashed region) is not mostly within the FOV of Santa Maria. The 239 

distortion of the geomagnetic field lines causes the conjugate region of the FOV of Quebradillas 240 

monitor to cover a much wider area and reach more poleward latitudes in the southern hemisphere. 241 

Therefore, for the description and interpretation of the conjugate measurements the reader is 242 

recommended to focus on the Santa Maria measurements (FOV within the solid black line) and on 243 

conjugate observations in the northern hemisphere near Quebradillas (within the dashed black 244 

lines). For reference, isolines of dip latitudes (for 26°N and 26°S) are also shown in Figure 1. The 245 

dip latitudes were calculated using local magnetic coordinates obtained from the IGRF-13 (dip 246 

latitude=arctan[tan(magnetic inclination)/2]). 247 

  248 

Figure 2 summarizes the conjugacy and spatio-temporal variation of scintillation-causing 249 

irregularities observed by the Santa Maria and Quebradillas monitors. First, Figure 2 (a) shows 250 

that no appreciable scintillation activity was observed by the Santa Maria and Quebradillas 251 

monitors on October 10 between 22:00 UT and 23:00 UT. Figure 2 (b), however, shows that the 252 

occurrence of moderate scintillation (S4 > 0.4) started to be observed in Santa Maria on October 253 

10 between 23:00 UT and 24:00 UT. Scintillation occurrence also started in Quebradillas. More 254 

importantly, the scintillation in Quebradillas starts to be observed within the conjugate FOV 255 
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(within the dashed black line). In both cases, scintillation started to occur in the lower latitudes 256 

portion of the areas monitored by the sensors.  257 

 258 

Figures 2 (c) and 2 (d) show that scintillation magnitudes increased in Santa Maria and extended 259 

to more poleward dip latitudes in the area within the FOV. The observations in Quebradillas within 260 

the conjugate area (i.e., within the dashed black line) also show a similar increase in the intensity 261 

of scintillation and an extension to more poleward dip latitudes. Figure 2 (e) might suggest that 262 

strong scintillation can be seen in Santa Maria without a counterpart in Quebradillas. This is 263 

because the location of severe scintillation observed by the Santa Maria monitor (indicated by the 264 

green arrow) maps to a conjugate region that had no measurements available (i.e., no 265 

corresponding IPPs observed over Quebradillas). The moderate scintillation observed in Santa 266 

Maria (indicated by the gray arrow), on the other hand, maps to a conjugate region where IPPs are 267 

available and confirm the occurrence of scintillation-causing irregularities on both hemispheres.  268 

 269 

It must be emphasized here that the scintillation magnitudes are not expected to be the same in the 270 

observations over conjugate areas. The background densities that dictate the intensity of 271 

scintillation (de Paula et al., 2003; Rodrigues et al., 2021; Sousasantos et al., 2024a) in the two 272 

hemispheres are unlikely to be the same (Sousasantos et al., 2022a). Additionally, differences in 273 

the intensity of scintillations are expected since the distribution (e.g., elevation angles) of the IPPs 274 

in the two hemispheres are not the same and that can also influence the severity of the scintillation 275 

(Sousasantos et al., 2022b; Moraes et al., 2023). Finally, Figure 2 (f) shows that scintillation 276 

occurrence was negligible in both sites on October 11, between 03:00 and 04:00 UT. 277 

 278 

In summary, the observations presented in Figure 2 show experimental evidence of similar spatio-279 

temporal evolution of intermediate scale-size irregularities responsible for scintillation at 280 

geomagnetically conjugate areas. Given the low efficiency of the electric field mapping at those 281 

scales, one cannot expect that intermediate-scale irregularities are elongated from one hemisphere 282 

to the other. The observations would then indicate that the conjugate large-scale structures which 283 

do elongate, if any, could produce conditions that are favorable for the development of 284 

intermediate-scale irregularities in both hemispheres, at least for the event studied here. 285 



 11 

 286 
Figure 2 – Temporal evolution of amplitude scintillation over low-to-mid latitudes for conjugate stations in the 287 
northern and southern hemispheres. The values of the S4 index are indicated by the color bar at the top of the panels. 288 
The panels also show the FOVs of Quebradillas (magenta circle) and Santa Maria (black circle) and the projections 289 
of the conjugate regions corresponding to the FOVs of Quebradillas (magenta dashed region) in the southern 290 
hemisphere and Santa Maria (black dashed region) in the northern hemisphere. Isolines of dip latitudes at the equator 291 
(red) and ± 26° (yellow) are also depicted.      292 

 293 

One additional statistical evaluation was performed (see Figure_S2 in the supplementary material). 294 

For this analysis only the observations at Santa Maria (FOV within the solid black line) and the 295 

corresponding conjugate observations in the northern hemisphere near Quebradillas (within the 296 

dashed black lines) were used. Complementary Cumulative Distribution Functions (CCDFs) of S4 297 

values were calculated hourly and show differences in the distribution of scintillation intensities 298 

observed at the two sites. This can be caused by several factors including differences in the plasma 299 
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drift conditions and background ionospheric densities (Sousasantos et al., 2022a), differences in 300 

the alignment of the signals with the geomagnetic field lines and differences in the geometry of 301 

the satellites (Sousasantos et al., 2022b). 302 

 303 

3.3. The extreme EPB of October 10-11, 2023 304 

The results summarized in Figure 2 and discussed in the previous section indicate a geomagnetic 305 

conjugate behavior of intermediate-scale size irregularities. It was then hypothesized that large-306 

scale structures, if any, could map along magnetic field lines and create destabilizing conditions 307 

which would lead to intermediate-scale irregularities in the conjugate areas. In that case, the 308 

scintillation event of October 10-11, 2023, would have required, for instance, the occurrence of 309 

extreme EPBs reaching dip latitudes beyond 26° (i.e., magnetic apex altitudes higher than 2,200 310 

km). 311 

 312 

The timing and the spatial evolution of scintillation shown in Figure 2 indeed suggest that 313 

ionospheric irregularities were associated with EPBs. But, as mentioned earlier, the occurrence of 314 

EPBs reaching dip latitudes beyond 26° is unusual during geomagnetic quiet-time conditions, 315 

although hypothesized to be possible (e.g., Mendillo et al., 2005). Consequently, EPB-driven 316 

scintillation (and especially severe scintillation) is expected to be limited to smaller dip latitudes 317 

during geomagnetic quiet-time. Spogli et al. (2013) showed reasonable percentages of occurrence 318 

of S4 > 0.25 reaching regions up to dip latitudes of ~ 21.42° (at that time), what is considerably 319 

smaller than 26°. Their work also did not separate occurrences during geomagnetic quiet and 320 

disturbed conditions and their percentages include all levels of scintillation, from weak (e.g., 0.2 321 

≤ S4 < 0.4) up to possible severe cases (S4 ≥ 0.7), not making distinction between quiet or disturbed 322 

events and weak or severe scintillation. More recently, Gomez Socola et al. (2023) analyzed three 323 

months of scintillation observations made by monitors in Puerto Rico and found that quiet-time 324 

scintillation was limited to dip latitudes smaller than 22°. On the other hand, Sousasantos et al. 325 

(2023) showed that, under geomagnetically disturbed conditions, extreme EPBs-driven 326 

scintillation can develop and reach dip latitudes beyond 28°. Therefore, attributing the scintillation 327 

event to extreme EPBs would benefit from additional experimental evidence. 328 

 329 
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Additional evidence that the scintillation event of October 10-11, 2023, was indeed associated with 330 

extreme EPBs and large-scale plasma structuring in conjugate areas comes from all-sky airglow 331 

imagers installed in Culebra (Puerto Rico) and São Martinho da Serra (Brazil). The airglow 332 

measurements made by the São Martinho da Serra and Culebra imagers cover the FOVs of Santa 333 

Maria and Quebradillas ScintPis, respectively.  334 

 335 

Figure 3 summarizes the analyses of the collocated airglow and scintillation observations. The 336 

upper panels show a sequence of unwarped airglow images observed by the Culebra imager 337 

between October 10, 23:30 UT and October 11, 01:30 UT. The lower panels show airglow images 338 

from São Martinho da Serra for the same period. Over both locations, the images were unwarped, 339 

considering altitudes of 250 km. The images show the dark streaks that are commonly associated 340 

with EPB depletions. As expected from the behavior of EPBs, the depletions are first observed at 341 

low dip latitudes and extend poleward with time. Features such as bifurcations, which are also 342 

common signatures of EPBs can also be seen in the images. The images serve to confirm the 343 

occurrence of extreme EPBs reaching dip latitudes beyond 26° N (apex altitudes above 2,200 km). 344 

 345 

In addition to airglow images, Figure 3 also shows IPPs and observed S4 values. The S4 values are 346 

for ±30-minute intervals around the time of the airglow observations (~23:30 UT, ~00:30 UT, 347 

~01:30 UT, from left to right, respectively). The S4 values are represented by the color bar above 348 

the panels. The dashed white line in the Culebra images represents the geomagnetic region that is 349 

conjugate of the Santa Maria ScintPi FOV. 350 

 351 

Figure 3 shows an excellent agreement between the locations of scintillation occurrence and the 352 

EPBs, despite uncertainties in the altitude of the irregularities causing scintillation. The IPPs were 353 

computed assuming a mean altitude of 350 km. The airglow images also confirm the conjugacy of 354 

the EPBs structures. For instance, three different EPB structures labelled A, B, and C are indicated 355 

in the panels showing the images at ~01:30 UT (right-hand side of Figure 2) and can be identified 356 

in the airglow observations over both hemispheres. It is important to recall that this is a 357 

geomagnetically quiet-time event. 358 
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 359 
Figure 3 – All-sky images over Quebradillas (upper panels) and Santa Maria (lower panels) and the amplitude 360 
scintillation index S4 (colors) for three different times (~23:30 UT, ~00:30 UT, and ~01:30 UT). The conjugate region 361 
of the FOVs of the ground-based scintillation monitors at Quebradillas/Santa Maria over the opposite hemisphere 362 
(white dashed lines) are also depicted. For reference, yellow arrows and isolines indicate, respectively, some locations 363 
of moderate and severe scintillation and dip latitudes. 364 

 365 

To provide a clearer perspective of the reach of these quiet-time extreme EPBs and the associated 366 

ionospheric scintillation over low-to-mid latitudes, Figure 4 was prepared. It shows the collocated 367 

observations over the northern hemisphere. Unlike all the previous analyses, here the elevation 368 

angle constraint was decreased to ≥ 10° to cover regions more to the east, closer to the longitudinal 369 

limits of the all-sky coverage. The resulting FOV of the ScintPi is depicted in Figure 4. In this 370 

figure, the S4 values correspond to the L2 frequency (~ 1.2 GHz). The all-sky image is for ~01:30 371 

UT, and the S4 values are for the ±30-minute interval around the image hour. 372 

 373 

From Figure 4 it is evident that: (1) the “scintillation patch” appearing in the eastern part of the 374 

field of view is associated with the quiet-time extreme EPB indicated by the yellow arrow; and (2) 375 

the scintillation patch reached dip latitudes beyond 26°N and values of S4 = 0.9. In summary, 376 
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unlike conventionally thought, the results presented here demonstrate that extreme-EPB driven 377 

severe scintillation can occur over low-to-mid latitudes also under geomagnetically quiet 378 

conditions.  379 

 380 
Figure 4 – Combined observation of extreme EPBs and associated severe scintillation under geomagnetic quiet-time 381 
over low-to-mid latitudes in the northern hemisphere. The “scintillation patch” highlighted by the yellow arrow clearly 382 
reaches dip latitudes beyond 26°N and values of S4 = 0.9.  383 

 384 

It may be mentioned here that another event was observed by the scintillation monitors on 385 

November 02-03 (Figure_S1 in the supplementary material) with S4 (L1) reaching ~ 0.6 at dip 386 

latitudes of 25.47°N (geographic coordinates: 63.68°W, 20.75°N), corresponding to an apex 387 

altitude of ~2021 km. Inspection of the Culebra all-sky images confirmed that the scintillation was 388 

also caused by quiet-time extreme EPBs. The airglow images can be accessed at 389 

http://sirius.bu.edu/dataview/?location=culebra&year=2023&filt=6300&month=Nov&day=3. 390 

 391 

It is possible that the lack of routine observations at low-to-mid latitudes might have led to the idea 392 

that severe scintillation over low-to-mid latitudes would only occur during geomagnetic disturbed 393 

conditions or that events other than EPBs would be related to the occurrence of severe scintillation 394 

over low-to-mid latitudes. But as the solar cycle 25 rises, an increase in the occurrence of extreme 395 

EPBs is expected. As a result, intense scintillation at low-to-mid latitudes during both, 396 

geomagnetically quiet and disturbed periods, may occur. Scintillation measurements such as those 397 

presented here and supported by our citizen science collaborators can contribute to a better 398 

http://sirius.bu.edu/dataview/?location=culebra&year=2023&filt=6300&month=Nov&day=3
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understanding of how events of equatorial origin, such as EPBs, can reach the low-to-mid latitudes 399 

and impact GNSS operations under distinct geophysical conditions.  400 

 401 

This study provides the first observations showing that severe scintillation can be experienced over 402 

dip latitudes > 26° during geomagnetically quiet conditions. The underlying physical conditions 403 

favoring the development of quiet-time extreme EPBs remain to be investigated and discussed in 404 

a future work, when complementary thermospheric and ionospheric observations are available. It 405 

must be point out, however, that Mendillo et al. (2005) hypothesized that the altitude/latitude extent 406 

of the EPBs is controlled by the flux tube integrated ion mass density. More specifically, that EPBs 407 

would stop rising when the magnetic flux-tube-integrated ion mass density inside the EPB equals 408 

that of the surrounding background ionosphere (Krall et al., 2010). Therefore, the EPB 409 

observations might indicate that larger than usual scale lengths of the integrated ion mass density 410 

height profiles can occur even during geomagnetic quiet conditions caused, perhaps, by the quiet-411 

time variability of low latitude F-region drifts or of the ionospheric plasma density latitudinal 412 

distribution. 413 

 414 

4. Conclusions 415 

Two ScintPi 3.0 scintillation monitors were deployed at sites located at low-to-mid latitudes in the 416 

northern and southern hemispheres with the aid of volunteering and citizen science educational 417 

collaborators. These monitors allowed simultaneous observations of scintillation and the 418 

evaluation of its spatio-temporal evolution over geomagnetic conjugate areas in the American 419 

sector.  420 

 421 

This work reports observations made on October 10-11, 2023, that provide experimental evidence 422 

of similar behavior of intermediate-scale (a few 100s of meters) irregularities causing L-band 423 

scintillation at geomagnetically conjugate areas. While scintillation-causing irregularities are not 424 

expected to elongate from one hemisphere to another, it is suggested here that large-scale 425 

ionospheric structures that can map along field lines could produce conditions favoring the 426 

development of intermediate-scale irregularities and L-band scintillation in both hemispheres. 427 

 428 
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Additionally, since scintillation observed by the monitors reached dip latitudes beyond 26°, this 429 

event would require the occurrence of extreme EPBs capable of attaining apex altitudes above 430 

2,200 km over the geomagnetic equator. Simultaneous and collocated measurements made by all-431 

sky airglow imagers were used to confirm that the scintillations were indeed associated with quiet-432 

time extreme EPBs. The images also confirmed that similar large-scale perturbations occurred in 433 

the conjugate areas, providing conditions for similar behavior in scintillation-causing 434 

irregularities. 435 

 436 

The observations also show that, unlike events presented in previous studies that focused on 437 

geomagnetically disturbed conditions, extreme EPBs and severe scintillation can reach dip 438 

latitudes above 26° under geomagnetically quiet conditions. Routine (uninterrupted) scintillation 439 

observations in Quebradillas and Santa Maria can contribute to a better understanding about how 440 

far, in dip latitude or apex height, can EPBs extend under different conditions of geomagnetic and 441 

solar activity. It is possible that scintillation effects associated with EPBs can affect GNSS systems 442 

located in the low-to-mid latitude region more often than previously anticipated.  443 

 444 

 445 

 446 

 447 

 448 

 449 

 450 

 451 

 452 

 453 

 454 

 455 

 456 

 457 

 458 

 459 
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