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Key Points:

e GPS Scintillation abruptly arose at conjugate sunrise terminator during the storm
recovery phase.

« Scintillation persisted for 5 hours over central America and decayed away within
2 hour after sunrise.

+ Scintillation was co-located with a large TEC reaching more than twice of the day-
side peak TEC.
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Abstract

We report on an extreme density enhancement and scintillation at dawn, observed within
the equatorial ionization anomaly (EIA) region, which was accompanied by a convec-

tive ionosphere storm (CIS). A region of Central America experienced an increase in to-
tal electron content (TEC) of up to ~50 TECu, starting at a sunrise at the magnetic con-
jugate footpoints. The enhanced EIA expanded poleward and westward with the local
sunrise terminator. Amplitude and phase scintillation at Global Positioning system (GPS)
frequencies emerged with the TEC enhancement, and moved with the expanding EIA.
The scintillation lasted for ~5 hours, and decayed away in 2 hours after local sunrise.

Plain Language Summary

Low latitude ionosphere is conducive to a Rayleigh-Taylor instability inherent to
the magnetic field lines parallel to the Earth. The instability’s growth rate typically peaks
after sunset, whereby an enhanced eastward electric field facilitates its growth. The in-
stability promotes profound density depletion to rise to higher altitudes, whereby small
scale irregularities develop. The resulting density irregularities are the most profound
space weather threat to traversing radio signals. The timing of the scintillating signals
follows the development of the instability. Namely, the most profound scintillation oc-
curs in the pre-midnight sector, and it decays away in hours after midnight.

1 Introduction

Convective ionospheric storms (CIS) in the low-latitude ionosphere have been and
continue to be a subject of intense theoretical and experimental studies. The CIS (Woodman
& La Hoz, 1976; Ossakow & Chaturvedi, 1978; Hysell, 2000; Kelley et al., 2011) desta-
bilizes ionospheric plasma near the magnetic equator by virtue of the Rayleigh-Taylor
Instability (RTT). The instability facilitates the rise of plasma depletions (Equatorial Plasma
bubbles, or EPB) that reach the topside ionosphere and then advect down along the field
lines to the low-latitude ionosphere, stretching between the EIA peaks (Hysell, 2000; Groves
et al., 1997). The EPBs cousist of a large spatial spread of underlying density irregu-
larities (Ossakow, 1981; Kelley et al., 2011, cf.), which profoundly affect traversing radio-
waves by means of Fresnel diffraction off the irregularities at scales around v2AZ (X be-
ing signal’s wavelength, and Z distance from a receiver) (Kintner et al., 2007), that is
about 400 m at the GPS frequencies.

A consequence of the Fresnel diffraction is a scintillating signal’s amplitude (Yeh
& Liu, 1982; Basu et al., 1988; Groves et al., 1997), with a peculiar local time distribu-
tion which normally emerges after sunset, sometimes extending into the post-midnight
sector (Basu et al., 1988; Béniguel et al., 2009; de Oliveira Moraes et al., 2017; Béniguel,
2019). The destabilizing driver that fosters the growth rate of the RTI and hence scin-
tillation is eastward electric field at the equator. The field normally peaks after sunset
— the pre-reversal enhancement (Farley et al., 1986) — whose strength is modulated by
geomagnetic activity and seasonality (Fejer & Scherliess, 1997).

Sporadic observations and reports of EPB near pre-sunrise local times have been
reported (Burke, 1979; Fukao et al., 2003; Zakharenkova et al., 2015; Wu et al., 2020);
however, not much attention was given to these events, and our understanding of the im-
pact on low-latitude TEC and scintillation is limited. A review of post-midnight EPBs
points out that they preferentially occur during the geomagnetically quiet summer months
of low solar activity (Otsuka, 2018). Nominal statistics of radio (primarily GPS) ampli-
tude scintillation (Basu et al., 1988; Béniguel et al., 2009; Jiao & Morton, 2015; de Oliveira
Moraes et al., 2017) do not capture these events due to low frequency. Furthermore, the
pre-sunrise EPBs normally cannot scintillate the GPS signals due to low plasma den-
sity at this local time (e.g., Otsuka, 2018). On the other hand, some case studies (Fukao
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Figure 1. Solar wind and geomagnetic indices from the OMNIweb database. The time period

under investigation is marked with vertical black lines. (a) Interplanetary magnetic field;. (b)
Solar wind speed (blue) and density (black). (c) Auroral electrojet index. (d) Sym/H (blue) and

Kp (black) indices.

et al., 2003; Zakharenkova et al., 2015; Wu et al., 2020) show dawn-time EPBs during
winter months and geomagnetically disturbed days, just like the event we analyze in the
remainder of this report. We analyze observations of an episodic plasma density enhance-
ment accompanied by CIS, resulting in severe amplitude scintillation on the 21st Decem-
ber 2015. We present the 2-D structure from a network of 1-Hz UNAVCO GPS receivers

in Central America and the Caribbean in the form of scintillation maps (Mrak et al., 2020).
We find the scintillation emerged with the conjugate sunrise, and decayed a few hours

after the local sunrise.

2 Observations

The GPS scintillation event occurred during the geomagnetically active period, as
depicted in Figure 1. A high-speed solar wind with a northward oriented interplanetary
magnetic field (IMF) hit the magnetopause on the 19 December 2015. The IMF turned
southward on the next day, fueling a geomagnetic storm intensification indicated by the
SYM/H index. The storm reached its peak with SYM/H~-150 nT and the Planetary
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K index (Kp) reaching 7~. The storm’s main phase was accompanied by several intense
substorm intensifications, indicated by the Auroral Electrojet (AE) index exceeding 1000 nT.
The IMF remained southward for about 30 hours. The scintillation event described be-

low was recorded in the American longitude sector, and it occurred in the storm recov-

ery period, indicated by the two vertical lines. The IMF rotated from predominantly south-
ward (negative Bz) to the dusk-to-dawn direction (negative By).

We utilize 1-second UNAVCO GPS receivers located at low latitudes (below 30°
geographic latitude GLAT) as scintillation monitors. We use modified scintillation in-
dices to produce 2-D maps of scintillating irregularities. Due to the hardware limitations,
we use Total Electron Content (TEC) to derive phase scintillation index orpc (Beach
& Kintner, 1999; Mrak et al., 2020), and amplitude scintillation index SN R, derived from
carrier-to-noise ratio (CNR). While the former is defined as the usual phase scintillation
index using standard deviation over 1 minute, the latter is computed in the same man-
ner. The conventional normalization by mean intensity is avoided for the reasons dis-
cuss by Mrak et al. (2020).

orgc = \/<OTEC?>— < §TEC >2 (1)
SNR, = \/<6CNR?>>— <§CNR >2 (2)

where < - > is a temporal average operation, and ¢ denotes a high-pass filtered quan-
tity with a cut-off frequency of 0.1 Hz. The line-of-sight scintillation index was converted
to vertical via mapping function upon calculation (Spogli et al., 2009). We use the tra-
ditional scintillation index S; on a single receiver to demonstrate the scintillation inten-
sity. Totally 38 receivers were available during the storm period, with spatial distribu-
tion depicted by the magenta markers in Figure 2a. We utilize available spatial distri-
bution of the receivers and construct scintillation maps in Figure 2 using the method de-
scribed by (Mrak et al., 2020). The underlying TEC maps were obtained from the MIT
Haystack GPS-TEC data product (Vierinen et al., 2016).

We present a sequence of the scintillation maps around sunrise in Figure 2. The
cyan solid line in the maps denotes the local sunrise terminator at 350 km altitude. In
contrast, a dashed blue line is a magnetic conjugate location of the sunrise terminator
mapped from the southern hemisphere, hereafter referred to as the conjugate sunrise ter-
minator. We refer to the conjugate sunlit region as that being between the conjugate sun-
rise terminator and local sunrise terminator. In this case we are referring to the north-
ern hemisphere as marked in Figure 2b. The scintillation maps include locations and me-
dian values of amplitude scintillation index (red dots) recorded within 15 minutes prior
to the panel’s epoch. Scintillation indicators are overlaid on top of TEC maps. The EIA
is clearly seen in the northern hemisphere, lingering over central America near 20°MLAT.
The scintillation emerged with the conjugate sunrise terminator (Figure 2b), within the
EIA. The scintillation area remained within the EIA, fixed in geographic location, for
a duration of the conjugate sunlit (panels b — d). The region of scintillation then rapidly
expanded poleward and westward at the time of local sunrise terminator. The expan-
sion took place together with the expansion of the EIA. This expansion was accompa-
nied by intensification of scintillation. The scintillation then slowly decayed as TEC de-
creased in two hours after the local sunrise. A video with a 5-minute resolution is avail-
able as supplemental material (Movie S1).

Total scintillation occurrence and strength as a function of Universal Time (UT),
and Magnetic Local Time (MLT) is presented in Figure 3. We plot network-wide lines-
of-sight-average scintillation indices (< - >) multiplied by the total number of recorded
scintillation events N at any given time. Two distinct scintillation intensifications stand
out as a function of UT, per the scintillation maps. The first peak corresponds to a pe-
riod of conjugate sunrise, whereas the second intensification took off with the local sun-
rise. The area over central America was affected by this exceptional space weather phe-
nomenon for a total of ~5 hours. The bottom panel shows scintillation indices as a func-
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Figure 2. (a-i) Scintillation maps depicting location and strength of amplitude scintillation
index SN R4 as red dots. The solid cyan line is the local sunrise terminator at 350 km altitude,
and the dashed blue line is the conjugate sunrise terminator (see text for details). Panel (a) de-
picts locations of the 1-Hz GPS receivers (magenta markers). Panel (c¢) includes red line fiducial,
representing the DMSP F16 trajectory. (g) Receivers’ averaged and normalized time-series pre-
sentation of amplitude (red) and phase (black) scintillation (see text for details). Continuous

lines are for the event, whereas markers denote scintillation measured on 18th December 2015.

tion of MLT, whereby locations of ionospheric piercing points were converted to geomag-
netic coordinates. The scintillation emerged right before 4 MLT and decayed away by

9 MLT.

We compare this event with a control day which was chosen to be the most geo-
magnetically quiet day before this storm — 18th December 2015. This control day is con-
venient baseline as the receivers did measure weak scintillation, at local time that well
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Figure 3. Time-series plots of median scintillation index receiver-averaged and normalized

time-series presentation of amplitude (red) and phase (black) scintillation (see text for details).

Continuous lines are for the event, whereas markers denote scintillation measured on 18th De-

cember 2015.

fits the climatology. Namely, the scintillation persisted for a couple of hours, beginning
near 19 MLT. There is a distinct time shift between the events, which pictorially bol-

ster anomalous timing.

We examine this phenomenon from a single receiver (SSIA, Honduras 89.12°W, 13.7°N)

point-of-view, located underneath the scintillation region between ~10 — 13 UT. We plot
vertical TEC (vTEC) from this receiver over the day in Figure 4a. We convert slant TEC
to vTEC via differential receiver bias estimation based on the minimization of standard
deviation (Ma & Maruyama, 2003). The thick blue line is average vTEC over lines-of-

sight above 30-degree elevation angle. For comparison, averaged vI'EC measured on 18th

December (the control day) is plotted as the red line for a comparison. Local sunrise times
are marked for the receiver location. The TEC enhancement began at the time of con-

jugate sunrise (LS350%), with a total TEC increase from ~10 to ~50 TEC units (TEChu,
1 TECu=10'6 electrons per square meter). Large perturbations in the vITEC started de-

veloping before a local sunrise terminator at 350 km (L.S350). The perturbations decayed
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Figure 4. Data derived from SSIA receiver located in Honduras. (a) Vertical TEC on the day
of the event for individual GPS satellites above 30 deg elevation (black), the blue line is aver-
aged vTEC, and the red line is averaged vTEC on 18th December 2015. Markers denote sunrises
(description in text). (b—e) Parameter estimates for four GPS satellites: (b) vTEC, (c¢) carrier-to-
noise ratio CNR, (d) phase scintillation index orgc, (e) amplitude scintillation index SNRy. (f)

Conventional amplitude scintillation index S4 for reference.

away together with decreasing background TEC starting at the local sunrise at the ground
(LS). Remarkably, the total TEC reached a daily peak at the sunrise, exceeding a nor-
mal daily daytime peak.

We show the four most affected lines-of-sight in panels b-f of Figure 4. TEC de-
pletions within the anomalous enhancement exceeded 30 TECu. They had embedded
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Figure 5. DMSP F16 measurements of plasma parameters during a recorded scintillation
time period. (a) Ion density, (b) 0.1 Hz high-pass filtered ion density, (c) Electron (Te) and ion
(Ti) temperatures, (d) horizontal (cross-track) ion drift (positive sunward), (e) vertical ion drift

(positive up).

smaller perturbations with noticeable data gaps marking losses of signal. In panel (c),
huge variations in CNR are co-linear with the TEC depletions, with fades exceeding 10 dB.
In the next row (d-e), the derived scintillation indices are presented, and in the bottom,
the nominal scintillation index Sy is presented as a reference. The Sy was computed from
the CNR, converted to intensity I = 10°V%/10 and calculated as S? = o7/ < I > (i.e.,
Rodrigues & Moraes, 2019).

Lastly, the Defense Meteorological Space Program (DMSP) F16 traversed the anoma-
lous density region in central America near 10 UT, with its trajectory drawn in Figure 2d.
In-situ ion density, perpendicular ion flow components, and plasma temperatures are pre-
sented in Figure 5. This southbound pass encountered a sharp density gradient near 30°MLAT,
with a total increase of about an order of magnitude. This occurred in the region where
the GPS receivers measured the large TEC enhancement at dawn, reaching ~50 TECu.

Right within the region of enhanced plasma, plasma irregularities resided in the topside
ionosphere (~850 km), identified with a high-pass filtered (0.1 Hz) ion density (dNi) in
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the second panel. Another set of plasma irregularities were measured near the magnetic
equator. Both irregularity regions were accompanied with subtle increase in ion and elec-
tron temperatures. Additionally, ion flow perturbations near the equator are positively
correlated with the density irregularities, with a net eastward (sunward) horizontal flow
(vm), and upward flow (vz) of >100 m/s at the equator.

3 Discussion

Sporadic observations of EPB near sunrise have been reported (e.g., Fukao et al.,
2003; Zakharenkova et al., 2015; Wu et al., 2020), but appear to be a rare phenomenon
and is facilitated by magnetic activity. Although the exact timing and driving mecha-
nism are ambiguous, the recent observations suggest they occur during a storm-time re-
covery phase in the winter hemisphere. Normal conditions for the RTI to operate is up-
ward drift at the equator (Hysell, 2000; Martinis et al., 2005); however, normal condi-
tion at dawn is a westward electric field (Fejer & Scherliess, 1997), hence a zonal rever-
sal is necessary for the RTT to operate. It has been shown that such reversals do occur
at geomagnetically disturbed periods (Fejer et al., 1976; Bowman, 1978). Additionally,
it has been speculated that in these kinds of circumstances, RTI could be operating to-
gether with the ExB instability (Burke, 1979). Long-lasting auroral activity drives the
disturbance dynamo, which nudges the RTT with high efficiency in time delay below 12
hours and 20-30 hours (Scherliess & Fejer, 1997). Moreover, the disturbance dynamo
effect peaks near 4:00 local time (Fejer et al., 1999). This is the local time we found the
increase in scintillation (cf., Figure 3).

The presented event provides new insight in terms of preconditioning and timing
of scintillation onset. We show that the EIA persisted throughout the night. Thus an
uncharacteristically abundant plasma basin at low-latitudes (near 10-20° MLAT) lin-
gered in the pre-dawn ionosphere. The initial onset of the scintillation, together with an
episodic TEC increase, began at the conjugate sunrise. This observation is intriguing.
Given the absence of abrupt changes in the solar wind or geomagnetic drivers during this
period, we can think of only one catalyst for the plasma density increase and accompa-
nying irregularity onset in the conjugate sunlit ionosphere — namely, conjugate photo-
electron transport (Carlson, 1966). Further investigations are needed to determine whether
the correlation with conjugate sunlight is causal or merely coincidental. We processed
the scintillation data from 2012-2020, and this was the only event with such character-
istics.

The scintillation strength and area increased significantly with local sunrise and
expanded beyond 35°MLAT. The scintillation increase was accompanied by further TEC

enhancement facilitated via photo-ionization, with the total TEC increase exceeding 50 TECu.

Additionally, the EIA experienced sudden poleward expansion, an indication of an in-
creased eastward electric field at the equator. This is expected based on the electric field

diurnal pattern (Fejer & Scherliess, 1997), with an increased gradient (westward-to-eastward

transition) during the geomagnetically disturbed period. The scintillation decayed away
within two hours after the local sunrise, consistent with other reported observations (Fukao
et al., 2003; Wu et al., 2020).

4 Summary

We presented an episodic increase in the EIA density, accompanied by GPS scin-
tillation caused by a Convective Ionospheric Storm at dawn. The observations show that

the ETA had persisted throughout the night, and became a region of scintillation-producing

plasma irregularities with an onset at the conjugate sunrise terminator. The EIA den-
sity abruptly elevated to ~50 TECu, and the scintillation severity followed the TEC trend.
The EIA, as well as the scintillation, decayed within two hours after local sunrise, mak-



216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

ing the region experiencing severe space weather event for a total of ~5 hours. We have
placed the observation in context with other reports and deduced the following findings:

1. At dawn, EPBs appear to be characteristic of a storm recovery phase, observed
at the local times when the disturbance dynamo is the most efficient.

2. The onset of the scintillation reported here was correlated with a local density in-
crease beginning with the conjugate sunlit.

3. Scintillation increased at local sunrise, the region expands poleward and decayed
away within a few hours.

A preliminary survey of scintillation occurrence in the American longitude sector

between 2012-2020 shows that this was the only event with GPS scintillation at dawn
local time.
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