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Development of the Storm-Induced Ionospheric Irregularities
at Equatorial and Middle Latitudes During the 25-26 August
2018 Geomagnetic Storm
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Abstract Can geomagnetic storms during low solar activity trigger formation of extreme equatorial
plasma bubbles (EPBs) that affect low and midlatitudes? We analyzed the ionospheric response to the 25-26
August 2018 geomagnetic storm and revealed formation of intense ionospheric plasma irregularities over
broad latitudinal ranges from equatorial toward middle latitudes in the American and Pacific sectors. Storm-
induced penetration electric fields created favorable conditions for strong fountain effect uplifted the equatorial
ionosphere, enhancement of the equatorial ionization anomaly (EIA), and postsunset EPBs generation. We
found two patterns of equatorial ionospheric irregularities expansion toward low and middle latitudes: (a)
storm-induced EPBs developed over a large latitudinal extent between widely spread EIA crests, (b) narrow
channel of the ionospheric irregularities stretched away from the EPB location toward the auroral zone in the
northwestward direction. The EPBs latitudinal extent largely exceeded climatological-based expectations for
solar minimum conditions; EPBs reached atypically high latitudes (20°-25° magnetic latitude [MLAT]) in the
Pacific Ocean sector. The poleward-streaming plasma density depletions were registered along the western
coast of North America. The ionospheric irregularities transported in the northwestward direction toward
midlatitudes reaching as high as 40°-45° MLAT. The passage of these ionospheric irregularities coincided with
the spread-F conditions recorded at a midlatitude ionosonde (42° MLAT)—rather atypical phenomenon for
midlatitudes. It is suggested that enhanced westward drifts associated with prompt penetration and Sub Auroral
Polarization Stream electric fields can support the northwestward plasma transportation.

Plain Language Summary The 25-26 August 2018 geomagnetic storm occurred at the
background of very low solar activity. For this storm, we registered occurrence of very intense ionospheric
plasma irregularities developed in the equatorial region and expanded toward much higher latitudes. We
revealed that the storm-induced equatorial ionospheric irregularities expended toward middle latitudes in
two ways: (a) storm-induced plasma bubbles initially developed with a large latitudinal extent in the uplifted
equatorial ionosphere, and (b) poleward part of the largely expanded can be involved into transportation in
the northwestward across midlatitudes. The ionospheric irregularities were transported in the northwestward
direction toward middle latitudes reaching as high as 40°—45° magnetic latitude (MLAT). The passage of
these ionospheric irregularities coincided with the spread-F conditions recorded at a midlatitude ionosonde
(42° MLAT)—it is rather atypical phenomenon for midlatitudes, such scattered echoes are typically observed
at nighttime at ionosondes located in the equatorial region. It is suggested that enhanced westward drifts
associated with strong storm-time electric fields can support the northwestward plasma transportation.

1. Introduction

The 25-26 August 2018 space weather event was classified as the third largest geomagnetic storm of the twenty
fourth solar cycle (in terms of the Dst minimum excursion) after the March 2015 and June 2015 geomagnetic
storms. The slowly moving coronal mass ejection (CME) occurring on 20 August 2018 was expected to cause
a minor geomagnetic activity only, but surprisingly it turned into a strong geomagnetic storm at the very end of
the twenty fourth solar cycle. The space weather events of such intensity occurring during the solar minimum
period and at the background of the very low ionospheric density can result in a strong ionosphere—thermosphere
response. Several recent papers were devoted to the investigation of the positive and negative ionospheric storm
effects on the ionospheric density distribution over the globe (Astafyeva et al., 2020; Mansilla & Zossi, 2020;
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Younas et al., 2020), as well as regional effects in Asia (Lissa et al., 2020) and over Brazil (Spogli et al., 2021),
and reported interhemispheric asymmetries of the ionospheric response during this event.

Another crucial aspect of the Earth's ionosphere response is generation of different scale ionospheric irregular-
ities driven by geomagnetic storm development. Strong geomagnetic storms lead to an occurrence of intense
high-latitude ionospheric irregularities due to auroral particle precipitation and high-latitude ionospheric electric
field (Keskinen & Ossakow, 1983; Tsunoda, 1988). The equatorward edge of the auroral irregularities zone lo-
cates just poleward of the main ionospheric trough (MIT). There also exists a subauroral region of ionospheric
irregularities that lies equatorward of the MIT minimum. In particular, there are irregularities in the subauroral
region near the evening terminator, called dusk scatter event (DUSEfirst reported by Ruohoniemi et al., 1988),
whose source region collocated with the MIT minimum (Hosokawa & Nishitani, 2010) and these irregularities
are frequently observed after sunset by Super Dual Auroral Radar Network (SuperDARN) coherent backscatter
radars (Nishitani et al., 2019). During storms, one of the most expected ionospheric effects is an expansion of the
auroral oval (Akasofu, 1966) to lower latitudes, together with an equatorward shift of MIT structure. The location
of the equatorward edge of the auroral oval depends on the energy of the precipitating particles and the magne-
tospheric electric and magnetic fields (Kauristie et al., 1999). The zone of the intense high-latitude ionospheric
irregularities expands from auroral/subauroral latitudes toward middle latitudes, occasionally down to 50°-55°
magnetic latitudes (MLAT; Basu et al., 2001; Cherniak et al., 2015; Jakowski et al., 2008). Less expected and
predictable thread for midlatitudes can appear from the opposite direction—it is a poleward expansion of the
equatorial irregularities during geomagnetic storms.

Depending on the phase of a storm, local time (LT) in a particular longitudinal sector, season/solar flux con-
ditions, and type of the storm-induced electric fields causing upward/downward equatorial plasma drifts, this
combination of factors can support or suppress the equatorial plasma bubbles (EPBs) formation at various stages
of a storm. First, there is a prompt penetration electric field (PPEFs) phenomenon, when high latitude electric
fields directly penetrate to lower latitudes. The under-shielding PPEFs are eastward on the day and dusk side of
the equatorial ionosphere (Fejer, 1991; Fejer et al., 1999; Kikuchi et al., 2008). During intense storms, the PPEFs
of eastward polarity can cause large uplift of the equatorial ionosphere in the day and evening sectors that results
in equatorial plasma diffusion along magnetic field lines to much higher altitudes and higher (poleward) latitudes
with a drastic enhancement of the equatorial ionization anomaly (EIA), creating a daytime “superfountain” effect
(Mannucci et al., 2005; Tsurutani et al., 2004, 2008). In the dusk sector, PPEFs can superimpose on the normal
prereversal enhancement, resulting in larger upward E X B drifts (Fejer et al., 2008) and creating favorable con-
ditions for Rayleigh—Taylor instability (Sultan, 1996). Generally, PPEFs are rather short-lived (~30 min), but
under specific conditions, the PPEFs can last for several hours (Huang et al., 2005). The second process is the dis-
turbance dynamo electric fields (DDEFs) associated with large changes in the global thermospheric circulation
originating from auroral heating (Blanc & Richmond, 1980). The DDEFs can reach the equatorial ionosphere as
earlier as several hours after storm onset (Fuller-Rowell et al., 2002); they are long-lived and often become dom-
inant during the recovery phase. The DDEFs are directed westward on the day and dusk sides and eastward on
the night and dawn sides with largest magnitudes in the late-night sector (Scherliess & Fejer, 1997)—thus, they
can support suppression of the normal post-sunset EPBs in the dusk sector and promote formation of fresh post-
midnight/predawn EPBs during nighttime (Bhattacharyya et al., 2002; Hysell & Burcham, 2002; Yeh et al., 2001;
Zakharenkova et al., 2015).

Thus, storm-time electric fields serve as a major source of the equatorial ionosphere modification, forcing signifi-
cant changes in equatorial plasma drifts and typical EPBs generation. Previous studies reported occurrence of the
intense EPBs associated with PPEF effects during different geomagnetic storms (Abdu, 2012; Carter et al., 2016;
Kil et al., 2016; Li et al., 2018; Sori et al., 2021; Tulasi Ram et al., 2008; Zakharenkova et al., 2019). However, it is
still impossible to predict how strong will the ionosphere's response be to a particular geomagnetic storm and when/
where the storm-induced EPBs may occur around the globe. We know that occurrence of eastward PPEFs near local
dusk can promote development of very intense EPBs whose longitudinal and latitudinal scales are much greater than
those of normal EPBs. Sometimes, it can result in a huge plasma bite-out near the magnetic equator and formation
of “super” plasma bubbles of unexpectedly large intensity whose latitudinal extent toward low/mid latitudes can
occasionally reach 25°-35°MLAT (Basu et al., 2005, 2007; Cherniak & Zakharenkova, 2016; Foster & Rich, 1998;
Greenspan et al., 1991; Huang et al., 2007; Ma & Maruyama, 2006; Martinis et al., 2015). Thus, Ma and Maruy-
ama (2006) reported one of the first observations of the postsunset super plasma bubbles at midlatitudes (30°-34°N,
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31°MLAT, Japanese sector) during the February 2000 geomagnetic storm. Huang et al. (2007) reported an occur-
rence of the deep plasma density depletions potentially associated with EPB at midlatitudes (up to 46° MLAT) of
the American sector during the October 2003 superstorm. Cherniak and Zakharenkova (2016) reported the atypical
plasma bubbles occurrence within the European sector during the June 2015 geomagnetic storm. Plasma density
depletions were detected as poleward as 40°—45°N (35°—40°N MLAT) over 8 hr; they were associated to the plasma
bite-out in the dusk sector over the West African longitudes. All these extreme plasma bubbles events were reported
for intense space weather events during high solar activity period. Can geomagnetic storms during low solar ac-
tivity trigger extreme EPBs too? Recent studies demonstrated that at low solar activity, even geomagnetic storms
of moderate intensity can support formation of the storm-induced EPBs with such a large latitudinal extension (Aa
et al., 2019; Zakharenkova & Cherniak, 2020). Furthermore, the storm-induced EPBs can easily occur even during
the low bubble seasons. We should highlight that an occurrence of such super-bubbles is not an extremely rare or
singular event—it can strike even several longitudinal sectors during the same storm. For example, for the June 2015
geomagnetic storm, the plasma bubbles at midlatitudes were registered first in the African/European longitudinal
sector and then, several hours later, in the American sector, covering a wide-ranging longitudinal span (Cherniak
& Zakharenkova, 2016; Cherniak et al., 2019). For another case of the September 2017 geomagnetic storm, the
storm-induced EPBs expanded to midlatitudes were registered first in the American sector and near 12 hr later in the
Asian sector (Aaet al., 2018, 2019). This phenomenon represents one of the most challenging space weather threads
for Global Navigation Satellite System (GNSS)-based operation at midlatitudes due to lack of understanding and
ability to predict (Doherty et al., 2004; Mrak et al., 2020; Zakharenkova & Cherniak, 2021).

The present research has the objectives to examine: (a) how far the storm-induced EPBs can extend during quite
rare geomagnetic storms in low solar activity period; (b) if storm-induced EPBs occurring in different longitu-
dinal sectors demonstrate the same or different scenarios/patterns of generation and evolution? To address these
questions, we investigated an occurrence, evolution, and severity of the storm-induced ionospheric plasma irreg-
ularities at equatorial and middle latitudes of the American/Pacific sectors during the large geomagnetic storm
that occurred on 25-26 August 2018, during low solar activity period.

2. Database

To examine an occurrence of the strong ionospheric irregularities initiated by the August 2018 geomagnetic
storm, we analyzed measurements from 4,500+ ground-based GNSS stations with a specific Global Position-
ing System (GPS)-based index, ROTI (Rate of total electron content [TEC] Index change), proposed by Pi
et al. (1997). ROTI expresses sharpness of the GPS/GNSS phase fluctuations caused by ionospheric irregular-
ities and by strong spatial gradients of TEC. The ROTI values were calculated for every passage of GPS and
GLONASS satellites (elevation above 20°) over a ground-based GNSS station. The ROTI values were referred
to the intersection (ionospheric pierce point—ionospheric pierce point [IPP]) of the line-of-sight with the thin
ionospheric layer at 350 km altitude. Further, the derived ROTI values with IPP coordinates were averaged into
0.5° latitude/longitude grid to create the high-resolution ROTI maps with a 15-min rate (for more details on the
mapping technique, see Cherniak et al., 2018, 2019).

To assess the magnitude and spatial extent of the storm-induced ionospheric irregularities especially over oceans,
we used observations from several Low-Earth-Orbiting satellites. First, we analyzed observations provided by the
European Space Agency (ESA) Swarm mission of three satellites—Swarm A, Swarm B, and Swarm C—operat-
ing at polar orbits of ~88° inclination. The Swarm B satellite had a higher orbit of ~510 km altitude, whereas two
other satellites were flying in a tandem (separation of ~1° in space and ~9 s in time) at ~450 km orbit altitude.
We used in situ electron density (Ne) data from Langmuir probe instrument and field-aligned currents (FACs)
estimated from the Swarm magnetometer data (Liihr et al., 2015; Stolle et al., 2017). Second, we used in situ
ion density (Ni) and drifts measured by the Ion Velocity Meter instrument onboard the Defense Meteorological
Satellite Program (DMSP) F16 satellite at a much higher orbit altitude (~860 km). As of 26 August 2018, the
local times of the ascending and descending nodes for the F16 satellite were ~15.8 LT and ~3.8 LT, respectively.
Third, we used observations from Jason-2 and Jason-3 missions flying at a circular orbit at ~1,330 km altitude
with an orbit inclination of ~66°. Measurements provided by a dual-frequency nadir-looking radar altimeter
operating at 13.575 GHz (Ku-band) can be used to estimate an ionospheric electron content (EC) below the
Jason orbit (~1,330 km) but only over the ocean surface. Measurements provided by a dual-frequency onboard
GPS receiver can be used to estimate topside electron content above the Jason orbit. More details on processing
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nadir-looking KU and up-looking GPS measurements can be found in (Cherniak & Zakharenkova, 2019). Addi-
tionally, we utilize ionosonde measurements with a 15-min cadence from two ground-based digisondes located
at North America midlatitudes—Pt. Arguello (34.8°N; 120.5°W; 42.3° MLAT), and at low latitudes of the North
Pacific—Lualualei (21.4°N; 158.2°W; 20.0° MLAT).

3. The 25-26 August 2017 Geomagnetic Storm: Space Weather Conditions

The strong (G3) geomagnetic storm on 25-26 August 2018 occurred close to the end of the twenty fourth solar
cycle at the background of the low solar flux (F,,, ~ 70) and, correspondingly, at the low level on the ionospheric
plasma density. This storm is considered as the third largest geomagnetic storm of the twenty fourth solar cycle in
terms of the Dst minimum excursion (Dst minimum reached —175 nT). It is expected that ionospheric response
to a space weather event can be quite significant under such conditions.

This storm was produced by a slow CME on 20 August 2018, which arrived the Earth magnetosphere on 25
August 2018. Figure 1 presents high-resolution (1-min) variations of solar wind, interplanetary magnetic field
(IMF) vertical component, and geomagnetic activity indices such as AE, SYM-H, and Kp (3 hr) during 24-27
August 2018. The symmetric H component (SYM-H) index can be treated as a high-resolution (1-min) Dst index
and represents ring current intensity (Iyemori, 1990; Iyemori & Rao, 1996). The auroral electrojet (AE) index
represents global electrojet activity in the auroral zone. The IMF southward turning occurred after 14 UT on 25
August 2018 (Figure 1a). The IMF vertical component Bz remained steady negative during more than 17 hr from
15:30 UT on 25 August till 09:00 UT on 26 August, and the peak Bz component reached —16 nT near 05 UT on
26 August 2018. During this period, the main phase of the storm developed starting from ~18 UT on 25 August
and the SYM-H index dropped to a minimum of —205 nT at ~07:10 UT on 26 August 2018 (Figure 1f). The

24 Aug 2018 25 Aug 2018 26 Aug 2018 27 Aug 2018

20

a)'

™ "y o M
Mww*

—-104

6004 b)

IMF Bz (nT)
o

- s
400-«««-—»—( "'W A 'WJ' e W'NWM

Vsw (km/s)
(&)
8

3004w
w 104 ¢)

S PRV SN
€ 2ol d)
e w M M;&%h ﬂw“

84 e)l

A I, ",

0 N
T -501 \\".\ N T tanl o
| -100 r
= J L
1 100 \/\/\'
) -2004 r

0 3 6 9 12151821 0 3 6 9 121518 21 0 3 6 9 12 1518 21 0 3 6 9 12 15 18 21 24

UT (hr)

Figure 1. Geomagnetic conditions during 24-27 August 2018: (a) interplanetary magnetic field Bz component, (b) velocity
and (c) dynamic pressure of the solar wind, (d) auroral electrojet indices AE and AO, (e) Kp index, and (f) symmetric H
component index.
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provisional hourly Dst index had a minimum value of —175 nT at that time. The AE index increased above 500 nT
after 18 UT on 25 August and the AE peaks exceeded 1,500-2,000 nT during 02-09 UT on 26 August 2018,
concurrently with the solar wind pressure increase. The solar wind speed increased from ~340 km/s at 00-03 UT
to ~450 km/s at 14 UT on 25 August, then fluctuated between ~410 and ~380 km/s during the main phase of the
storm and further gradually increased to ~540 km/s at 22 UT on 26 August. During the main phase of storm, the
geomagnetic three-hourly Kp index reached 7+ (Figure le), and the storm was classified as a strong, G3-level
storm in the NOAA Space Weather scale.

4. Results and Discussion

First, we analyzed an occurrence and development of the storm-induced ionospheric irregularities that were
identified through their impact on the received GNSS signals (here, phase scintillations) using the ground-based
GNSS ROTI observations. Figure 2 presents an overview of the ionospheric irregularities development in the
American longitudinal sector with the progression of the main phase of the storm. At 01:30 UT on 26 August
2018, analysis of the ROTI map (Figure 2) indicates the following: (a) an absence or very low intensity of iono-
spheric irregularities (small ROTI magnitudes marked by dark-blue color) at midlatitudes; (b) intense ionospheric
irregularities with high ROTI magnitudes (ROTI > 0.8—-1.0 TECU/min, yellow-red color) at high latitudes of
both hemispheres, and (c) an occurrence of the medium-intense irregularities at low latitudes, over the Western
coast of South America, after the sunset terminator passage. The AE index increased rapidly above 500 nT after
~18 UT on 25 August, and during the main phase of the storm it had steadily high values of ~1,000 nT with
peaks up to 1,500-2,000 nT. With such a high level of auroral activity till ~08 UT, the auroral zones with intense
ionospheric irregularities expanded further equatorward to ~50°N and ~65°S, that is, ~55° MLAT in both hemi-
spheres. In the post-sunset equatorial ionosphere of the American sector, the ionospheric irregularities developed
over the Western Coast region (60°-90°W) during 01-04 UT with a latitudinal extent of +15°MLAT from the
magnetic equator. We should note that August is a climatological low season for typical postsunset EPBs in the
South America region, especially during solar minimum conditions (Retterer & Gentile, 2009 [Figure 2a]; Xiong
et al., 2010 [Figure 6]). It is interesting that under the long-lasting, steady southward IMF Bz, the storm-induced
post-sunset EPBs occurred only over the Western South America region and they were not developed over East-
ern South America (30°-60°W), whereas the post-sunset EPBs were also detected over the Western African
region (15°W-5°E) during 22-02 UT (not shown here). Suddenly after ~04 UT, the northernmost part of the
equatorial ionospheric irregularities started stretching northward along the Western Coast of North America to-
ward high latitudes and the auroral irregularities zone. At ~05 UT, the narrow zone of the stretched ionospheric
irregularities reached ~40°N (45° MLAT). We have a very sparse coverage of the equatorial region over 80°—
120°W longitudinal span due to absence of the ground-based GNSS stations here. Thus, the ground-based GNSS
observations could not clarify what happened in the conjugate sector and equatorial zone of that region during
that particular time. After ~05 UT, the sunset terminator reached the Hawaii longitude zone (~150°W). The
GNSS ROTI observations from the ground-based stations located at several islands in the Pacific Ocean revealed
an occurrence of the storm-induced post-sunset irregularities over 160°~140°W longitudinal span (Figure 2). The
intense ionospheric irregularities were observed at both sides from the magnetic equator and their latitudinal ex-
tent was up to 25°-27° MLAT. Here, the signatures of the ionospheric irregularities persisted for many hours till
the morning. Thus, the analysis of the ROTI maps revealed two zones with the storm-induced EPBs generation
within the American/Pacific sector.

Figure 3 provides a satellite view on the storm-induced ionospheric irregularities development as detected by in
situ plasma density measurements onboard the Swarm and DMSP satellites that crossed the American/Pacific
sector on 26 August 2018. The Swarm B satellite flying at ~510 km altitude was the first one to encounter the
considered sector. The equatorial crossing local time was ~21.6 LT, that is, the very favorable time to detect the
fresh post-sunset EPBs, if they occur. During the overpasses #1-2 (Figure 3c), the satellite did not detect any
presence of the ionospheric irregularities reaching this topside altitude in the equatorial region over 40°-65°W
longitudinal span. This agreed well with the ground-based ROTI observations revealing that the storm-induced
postsunset plasma bubbles were not developed in the eastern or central regions of South America during the
main phase of the storm (Figure 2). The next pass #3 at 3.0-3.8 UT was near 88°W crossing near the western
coast of South America. Here, for the first time, the satellite detected a plasma depletion close to the magnetic
equator and two even deeper depletions located near 20°S (~10° MLAT) and 38°S (~28° MLAT) in the Southern
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Figure 2. Global Navigation Satellite System Rate of total electron content (TEC) Index change (ROTI) maps for specific times
on 26 August 2018. The thick black line marks the magnetic equator, thin lines—-magnetic field lines. The shaded area shows
nighttime. High ROTI values (intense red color) depict severe ionospheric irregularities occurrence at equatorial and auroral zones.

Hemisphere. The next pass (Figure 3c, pass #4) was near 112°W crossing mainly the Pacific Ocean and near the
western coast of North America. The satellite encountered the multiple plasma depletion structures at equatorial
and low latitudes, as well as a well-isolated depletion near 20°N (~28° MLAT) in the Northern Hemisphere,
close to the Gulf of California. The next overpasses #5-7 detected plasma bite-outs near the magnetic equator
and multiple deep plasma density depletions developed over a broad range of latitudes (+20°MLAT) at both sides
from the magnetic equator. The Swarm B overpasses #8—9 demonstrated an absence of the ionospheric irregular-
ities in the equatorial region over 129°-153°E, in the Western Pacific Ocean.
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Figure 3. Ionospheric irregularities as detected by in situ plasma density observations onboard Swarm and Defense
Meteorological Satellite Program (DMSP) F16 satellites during 26 August 2018. Global map with (a) Swarm A, B, and C
satellites passes and (b) DMSP F16 passes. Variation of in situ electron density Ne as a function of geographical latitude
along (c) Swarm B passes at ~510 km altitude, (d) Swarm A & Swarm C tandem passes at ~450 km altitude, and (e)
variation of in situ ion density Ni as a function of geographical longitude along DMSP F16 passes at ~860 km altitude.
Horizontal gray line marks the magnetic equator latitude. Graph captions show (top) the satellite pass number, UT interval,
and (bottom) geographic longitude of equatorial crossing for each pass.

The tandem of Swarm A and C satellites nearly repeated the Swarm B overpasses in the same region, but ~5 hr
later in time. The satellites operated at a lower altitude (~450 km) than the Swarm B. The equatorial crossing
local time for these satellites was ~2.5 LT, thus, the satellites could detect the EPBs either persisted from the
postsunset period or freshly generated in the post-midnight. The first passes #1-2 (Figure 3d) confirmed again the
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absence of the ionospheric irregularities over the eastern/central regions of South America. The next passes #3—7
demonstrated the occurrence of the intense ionospheric irregularities along the very same passes as Swarm B
did it earlier—the large-scale plasma structuring was observed during that night over the most part of the Pacific
Ocean from 85°W to 180°W. The ionospheric irregularities noticeably extended from the equatorial zone toward
low and middle latitudes in both hemispheres.

A couple of hours after the Swarm mission passage, the DMSP F16 spacecraft encountered the same region. It
had a polar orbit with an altitude of ~860 km, roughly 400 km higher than the Swarm tandem, and its orbit had a
lower inclination than those of Swarm. The equatorial crossing time was ~3.8 LT, thus, satellite could potentially
detect the EPBs that reached that high altitude and survived through the nighttime. First two passes of DMSP
F16 over the American sector (Figure 3e, passes #1-2) detected progressive deepening of the MIT at ~40°-45°
MLAT and sharp plasma density structuring poleward from the MIT location, but no signatures of the topside
ionospheric irregularities were found in the equatorial sector. Interestingly, that pass #2 intersected the equatorial
region of Western South America (~69°W), where signatures of the equatorial irregularities were detected by
ground-based GNSS ROTI observations earlier at time in the postsunset (~01-06 UT), but when DMSP F16
overpassed this region at ~8.5 UT, both ROTI and DMSP satellite observations did not reveal such signatures.
That means that either the apex altitude of the EPBs developed in this region did not reach the DMSP orbit alti-
tude, or EPBs have been already decayed at that time. The next pass #3 crossed the magnetic equator near 95°W
and detected signatures of the plasma depletions that located symmetrically at the both sides from the magnetic
equator with a latitudinal extension up to ~10°-15° MLAT, which corresponded to the EPB apex altitude of
~1,400 km. During the overpass #4 near 119° W longitude, DMSP F16 encountered the strongly disturbed
equatorial ionosphere with multiple large-scale structures that already reached this high altitude—two large-
scale deep plasma depletions located symmetrically at the both sides from the magnetic equator within +5-15°
MLAT provided evidence of the strong fountain effect that uplifted the equatorial ionosphere during the storm.
Several plasma density depletions were observed even more poleward from the major EPB structures reaching
as high as ~20-25°MLAT in both hemispheres. One of the most poleward depletions observed in the Northern
Hemisphere was located close to the Gulf of California, similar to the large depletion that was detected by the
Swarm B spacecraft ~7 hr ago (Figure 3c, pass #4). That means that this distant plasma depletion structure was
persisted for many hours and reached ~860 km altitude. The next pass #5 was near 143°W and it clearly detected
a large plasma bite-out near the magnetic equator and multiple plasma density depletions transported far away
from the equator by the enhanced fountain effect action. These structures moved as poleward as ~30° MLAT in
both hemispheres, rather close to the MIT position that shifted in the opposite, equatorward direction with the
storm development. The DMSP overpass #6 was over the central Pacific Ocean near 168°W and it also detected
a plasma bite-out near the magnetic equator and the strongest plasma density structuring extended over the large
range of latitudes from the equator toward midlatitudes for both hemispheres. In the Northern Hemisphere, plas-
ma density disturbances were observed up to ~40°N with multiple plasma density depletions within an area of
20-30°N, that is, in the vicinity of Hawaii islands. The ROTI maps revealed an occurrence of the storm-induced
ionospheric irregularities here starting from ~06 UT till at least 10 UT on 26 August 2018 (Figure 2); later in
time, Swarm B detected plasma density depletion in this region at ~08 UT (Figure 3c, pass #6) and the tandem
of Swarm A/C satellites near 13 UT (Figure 3d, pass #6). DMSP F16 detected clear signatures of intense ion-
ospheric irregularities in this region at ~15 UT—thus, these storm-induced irregularities persisted here for a
prolonged period from postsunset at least till ~04 LT in the morning. During the next passes #7-8, DMSP F16
still registered ionospheric plasma density perturbations but of much smaller intensity at low/middle latitudes of
both hemispheres, as well as signatures of the previous action of the enhanced fountain effect forming the EIA
crests and trough near the equator, these mainly daytime signatures of the EIA still persisted at such high altitudes
of the night-time equatorial ionosphere (~04 LT).

Thus, Figure 3 illustrates complex signatures of the topside ionospheric irregularities development as detected
independently by two different missions with in situ plasma density measurements (Swarm and DMSP) well
separated in time and altitude. We should emphasize that in situ plasma probe measurements represent 1-D hori-
zontal slices of ionospheric plasma and can detect ionospheric structures at satellite orbit altitude only.

Figure 4 compares two events of the ionospheric irregularities extension from equatorial toward higher latitudes
as detected rather close in space and in time in the Northen Hemisphere: (a) in the North America region near

CHERNIAK AND ZAKHARENKOVA 8 of 18



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Space Weather

10.1029/2021SW002891

Swarm-B Lon: ~112°W 4.8-5.3 UT
a) GNSS ROTI 0500 UT FAC
30
©
©
2 0
=
-
30w Ll -
_60° I S LT ;
180° -150° -120° -90° -60° 5 0 5
b Swarm-B Lon: ~159°W 7.9-8.4 UT
) GNSS ROTI 0810 UT Ne FAC
60° 60+t 60
307 301 30
© ]
©
2 0 0 04
E ]
-
-30° -304 i -304
60 | _ it R R— i
180° -150° -120° -90° -60° -30° 10° 108 5 0 5
Longitude (°) [el/cm3] [uA/m?]
ROTI
TECU/min
0.0 0.5 1.0

Figure 4. Two cases of the equatorial ionospheric irregularities expansion toward higher latitudes detected in (a) North
America and (b) Hawaii: ground-based Rate of total electron content (TEC) Index change maps showing an occurrence of
the ionospheric irregularities with the superimposed overpass of Swarm B satellite (black dashed lines), variation of in situ
electron density Ne and field aligned currents as a function of geographical latitude along the satellite pass; black line shows
measurement during the storm on 26 August, blue line—the reference for the prestorm observations on 25 August 2018. Gray
shading shows main ionospheric trough position in Swarm Ne observations. Black asterisks on the maps show digisondes
location closest to Swarm overpasses in North America and Hawaii.

California and (b) in the Pacific Ocean near Hawaii. In the first case (Figure 4a), the ground-based ROTI map
revealed a narrow, elongated area of the intense ionospheric irregularities that stretched along the western coast of
North America close to California and the Gulf of California toward the auroral irregularities zone. Thanks to the
favorable orbit configuration for that day, the Swarm B intersected part of this structure and detected a large-scale
plasma density depletion at ~20°N (~27° MLAT) near the Gulf of California (yellow shading in Figure 4a). This
depletion was rather isolated from the multiple depletions observed in the equatorial region of the Pacific Ocean,
but at the same time, it was well isolated from the MIT location (gray shading in Figure 4a). To support the MIT
localization, we also provided Swarm FAC observations along the tracks. The downward Region-2 FACs close
through the low ionospheric conductivity MIT region, thus, the FAC observations from Swarm satellite magnetic
field measurements could be complementary used to determine the MIT position. The provided results represent
small-scale FACs variations (no filter or smoothing applied to synthesize larger scale FACs) for a single-satellite
estimate. We can see that intensification in FAC observations coincided well with the MIT position determined
by the concurrent in situ Ne measurements. Comparison with the quiet-time conditions on the previous day (blue
lines) demonstrates a rather smooth Ne variation along the track without any plasma density depletions at equato-
rial and low latitude regions, as well as a single-peak enhancement near the magnetic equator that corresponds to
the typical quiet-time behavior of the EIA in the night-time. The background Ne level at low and middle latitudes
during the storm day was much higher than that of the quiet-time conditions under the action of the enhanced
fountain effect. For the second event (Figure 4b), we observe a similar signature of plasma density depletion
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Figure 5. North—south cross-sections (keograms) representing the spatio-temporal features of the storm-induced ionospheric
irregularities as detected in Global Navigation Satellite System Rate of total electron content (TEC) Index change along

(a) 115°W and (b) 160°W longitudes for a time interval of 15-24 UT on 25-26 August 2018. Vertical axes show (left)
geographic and (right) geomagnetic latitudes. White color depicts empty cells due to lack of actual observations.

(yellow shading) over Hawaii, but it had a slightly smaller magnitude in Swarm Ne density than that of the first
event over North America, and it was observed near 20°N (~20° MLAT), more close to the magnetic equator.

To illustrate temporal evolution of the storm-induced sirregularities for these two events, we plot the north—south
cross-sections (keograms) of the GNSS ROTI maps constructed along 115°W and 160°W longitudes during 25—
26 August 2018 (Figure 5). These keograms, plotted as a function of geographic latitude and UT time, show the
averaged values across a narrow longitudinal range (+3.5°) around the considered longitude. Figure 5a demon-
strates that in the North America sector, the ionospheric irregularities developed at high latitudes after ~18 UT on
25 August that coincided to the AE index increase up to ~500 nT. In the next hours, with the progression of the
main phase of the storm and further AE rise to ~1,000 nT, the zone with intense auroral irregularities expanded
equatorward and reached ~50°N (57° MLAT) at 02-03 UT on 26 August 2018. During ~04-06 UT, the signa-
tures of the ionospheric irregularities of moderate-to-intense magnitude were registered at low/mid latitudes of
the considered sector. These irregularities, well separated from the auroral ones, were observed over ~15°-35°N,
thus reaching ~35°-42° MLAT in the North America sector. Further into the Pacific Ocean sector near the longi-
tude of Hawaii (Figure 5b), the intense auroral irregularities expanded even greatly in the equatorward direction,
reached ~50°N (~48°-50° MLAT) during the main phase of the storm. After ~06 UT on 26 August, the intense
ionospheric irregularities started to develop at much lower latitudes ~10°-28°N (~10°-28°MLAT). We cannot
determine the upper boundary of this extent due to a large data gap at 28°—48°N. These irregularities were char-
acterized by a much longer duration in time—from ~06 till ~16 UT that covered the whole postsunset—nighttime
period of local time. Thus, we observed two types of ionospheric irregularities extensions toward low/middle
latitudes: (a) in the North American sector, these irregularities occurred in a burst-like mode during postsunset
period (20-23 LT), rapidly reaching higher latitudes (up to 42° MLAT), but they were observed rather short time,
roughly 2 hr from 04 UT till 06 UT; (b) in the Pacific Ocean sector near Hawaii, the ionospheric irregularities
occurred after local sunset (~19 LT) and persisted many hours for the entire night till sunrise; their latitudinal
extent reached at least ~28° MLAT.
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Figure 6. Vertical ionograms recorded by the Pt. Arguello digisonde (34.8°N; 120.5°W; 42.3° magnetic latitude) in California, USA, during 01-07 UT on 26 August
2018. The O-mode polarization is shown by red trace, the X-mode-by green trace, and diffuse echoes correspond to spread-F conditions.

Further, we examined signatures of the revealed storm-induced ionospheric irregularities in the records of the
ground-based stations vertically sounding the ionosphere. For the first case, the nearest station was the Pt. Arguel-
lo digisonde (34.8°N; 120.5°W; 42.3° MLAT) located in California, for the second one—the Lualualei digisonde
(21.4°N; 158.2°W; 20.0° MLAT) located in Hawaii. Geographical location of both digisondes was shown by
black asterisks in Figure 4. The digisondes provide digital ionogram records, which show variations of the virtual
height of reflection from the ionospheric layers as a function of the radio frequency, h’(f). Both digisonde stations
obtained one ionogram recording every 15 min Figure 6 presents series of the ionograms recorded by the Pt. Ar-
guello digisonde during 01-07 UT on 26 August 2018. First two rows of ionograms represent rather clear, stand-
ard ionograms with well-identified ordinary (O—mode polarization) and extraordinary (X—mode) traces. At 0300—
0315 UT (~19.5 LT), the F2 layer critical frequency (foF2) values were 5.0 and 5.5 MHz, respectively, to that
moment, it was gradually reduced from 7.5 MHz recorded at 0100 UT (17 LT). After 0330 UT, the foF2 values
started to increase again, a signature of the evening-time enhancement of the F2 layer ionization at midlatitudes
during the storm. At 0400 UT, the ionogram recorded an appearance of the additional traces close to the principle
traces and foF2 increased to 7 MHz. At 0430 UT, the ionogram shows an occurrence of the Frequency Spread-F
near the critical frequency seen in both O—-mode and X—mode traces. During 05-06 UT (~21-22 LT), the iono-
grams show diffuse reflections of the Mixed Spread—F type combining Frequency and Range Spread-F signatures
with broad reflections in both frequency and range. Such Spread-F conditions represent a very atypical phenom-
enon for the midlatitude ionosphere; potentially, it can occur during geomagnetic disturbances when the auro-
ral irregularities zone expanded greatly toward midlatitudes. At the considered location (~35°N, ~42° MLAT),
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Figure 7. Vertical ionograms recorded by the Lualualei digisonde (21.4°N; 158.2°W; 20.0° magnetic latitude) in Hawaii, USA, during 05-17 UT on 26 August 2018.
The O-mode polarization is shown by red trace, the X-mode-by green trace, and diffuse echoes correspond to spread-F conditions.

the Spread-F was registered during roughly 1 hr, and it coincided well in time and space with the streamed plas-
ma density irregularities from low latitudes toward an auroral zone along the western coast of North America as
observed in GNSS ROTI (Figures 2 and 5a).

Figure 7 presents series of the ionograms recorded by the Lualualei digisonde in Hawaii during 05-17 UT on 26 Au-
gust 2018. Here, the first ionograms correspond to the pre-sunset period and they show clear, sharply defined traces
with the foF2 values changing from 9.5 to 8.5 MHz. At 0615 UT (~20 LT), the ionogram shows the first occurrence
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Figure 8. Variation of electron content below and above orbit for (a) Jason-2 and (b) Jason-3 satellites for two consecutive
overpasses of the Pacific Ocean on 26 August 2018. Black line shows measurement during the storm day, blue line—the
reference for the prestorm observations on 25 August 2018.

of the Range Spread-F. Further, the Range and Mixed Spread-F signatures were observed at all ionograms till 1645
UT (~06 LT). Thus, in contrast to the first event where the Spread—F was observed only short amount of time (~1 hr)
and associated with the short-term passage of the streamed ionospheric irregularities overhead the digisonde; in
Hawaii (~21°N; 20° MLAT), the Spread-F conditions were associated with the post-sunset equatorial ionospheric
irregularities occurred at ~20 LT and persisted the entire night till ~06 LT. Aside from the fact that the August month
corresponds to a season with a very low occurrence probability for postsunset EPB in both Pacific and American
sectors, we should note that August 2018 was in the solar minimum conditions with F' ; near 70 sfu, thus, the EPBs
can occur with even smaller occurrence probability due to deficiency of strong prereversal enhancement upward
drifts (e.g., Fejer et al., 1999). The background density as well as the F layer height has also lower values in the solar
minimum, so, typical EPBs capable to reach rather limited apex altitudes below 500-600 km (e.g., Joshi et al., 2021).

Figure 8 presents variations of electron content (EC) derived below and above the orbits of Jason-2 and Ja-
son-3 satellites that overflied the Pacific Ocean nearly one after another during evening local time (~21 LT)
on 26 August 2018. The satellites provide observations of “ionospheric” EC (100-1,300 km altitudinal range)
from altimeter observations below the satellite orbit but only above the ocean surface and “plasmaspheric” EC
(1,300-20,000 km altitudinal range) from topside onboard GPS observations. For the previous, quiet-time day,
the down-looking EC was near 5-10 TECU, the up-looking EC associated with the plasmaspheric density popu-
lation increase gradually from ~1 TECU at higher latitudes to ~4 TECU above the equator. During the geomag-
netic storm, the pattern of the Jason-derived EC behavior dramatically changed. Most significant changes were
registered for down-looking, ionospheric EC observations and we should highlight a strong enhancement of ion-
ospheric EC at equatorial and subequatorial latitudes. The EC distribution modified into a broad minimum near
the magnetic equator and two widely spread crests centered near 20° MLAT in both the Northern and Southern
hemispheres. Within these enhancement zones, the ionospheric EC increased by ~3—4 times from ~5-7 TECU to
~20-25 TECU. These large enhancements of the evening EIA were observed by both satellites within a longitudi-
nal range of 180°W-130°W of the Pacific Ocean. The pass #2 was in the closest proximity to Hawaii; the results
indicated that this region was within the northern crest of the enhanced EIA. The accompanying feature was a
large-scale decrease of ionospheric EC just above the magnetic equator within +10° MLAT, where EC dropped
from ~10 to ~4 TECU as compared to the quiet-time conditions. Location of the trough-like zone with the de-
creased EC agreed well with the plasma bite-out locations detected by Swarm and DMSP satellites cross-sections
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(Figure 3). For the plasmaspheric EC, we found that storm-time values were below the quiet-time conditions
that can be explained by the vertical redistribution of the plasma density within the ionosphere-plasmasphere
system and plasmasphere contraction during the main phase of storm. Thus, the Jason observations confirmed
that during the prolonged southward IMF Bz conditions, the storm-time eastward PPEFs uplifted drastically the
equatorial ionosphere that led to the broad plasma density depletion near the magnetic equator and widely spread
EIA peaks separated by ~30°-40° in latitude—that are signatures of the “superfountain” effect (e.g., Tsurutani
et al., 2004, 2008). The postsunset EPBs developed in the destabilized equatorial F region, and they were able to
reach significantly larger apex altitudes. Thus, the ionospheric irregularities detected by ROTI maps and in situ
satellite observations were found to occur between the widely spread crests of the enhanced EIA. The Hawaii
region happened to be within the large EIA crest in the Northern Hemisphere, and storm-induced EPBs well
developed here, thus, reaching atypically large latitudes (20°-25° MLAT) for solar minimum conditions.

5. Conclusions

We analyzed the ionospheric response to the 25-26 August 2018 geomagnetic storm, which occurred at the back-
ground of very low solar activity. The prominent feature of this response was development of the storm-induced
ionospheric plasma density irregularities over broad latitudinal ranges from equatorial toward middle latitudes.
Development of these irregularities was supported by superimposing of PPEF event of long duration, strong
fountain effect that largely uplifted the equatorial ionosphere and led to the enhanced and widely spread EIA
peaks, and positive ionospheric storm, which was observed distinctly in the Jason-derived ionospheric EC and
ionosonde observations. We revealed two different patterns of the equatorial ionospheric irregularities expansion
toward middle latitudes during the geomagnetic storm: (a) storm-induced EPBs developed over a large latitudinal
extent, and (b) narrow channel of the ionospheric irregularities stretched in the northwestward direction from the
EPB location toward the MIT.

In the first case, perturbed electric fields in the dusk sector can initiate dramatic development of post-sunset EPBs
due to large uplift of the equatorial ionosphere to high altitudes and the EIA superfountain effect. Severe plasma
bite-outs can significantly enlarge a latitudinal extent of the storm-induced EPBs to both sides from the magnetic
equator; this latitudinal extent can exceed all climatological-based expectations. For the considered storm, such
EPBs were observed over Hawaii region, thus, reaching atypically large latitudes (20°-25° MLAT) for solar
minimum conditions.

The second type represents a rare case of further evolution of irregularities of the first type. Occasionally, part of
the storm-induced, largely extended EPBs can be involved into northwestward plasma transportation likely under
the action of enhanced westward drifts at midlatitudes. The northernmost part of the extended plasma depletion
started to stretch further northward, tilted away from the magnetic field lines direction, and moved further in
a poleward northwestward direction toward the MIT and auroral irregularities zone. Such channels of plasma
depletions moving poleward from low latitudes were observed in the North American sector for several other ge-
omagnetic storms, for example, ionospheric irregularities moved in quite the similar way along the western coast
of North America for the storm that occurred in June 2015 (Cherniak et al., 2019), or more close to the center and
eastern coast of North America for events in May 2017 and September 2017 (Aa et al., 2019; Mrak et al., 2020;
Zakharenkova & Cherniak, 2020). It also remains unclear if the same scenario with a poleward transportation of
EPBs from low-to mid-latitudes took place during other extreme events when plasma depletions were detected at
very high MLAT with anomalously high apex estimates of ~6,000-7,000 km (e.g., Huang et al., 2007; Martinis
et al., 2015).

The ionospheric irregularities of the first type can persist numerous hours from sunset till sunrise over an area of
their initial development with some westward drift. For the second type, the ionospheric irregularities can also
persist for many hours over their source area at equatorial latitudes, but their extended part moving poleward
through low/middle latitudes have shorter duration (minutes to 1-2 hr) varying for different locations along their
transportation way. The transportation pattern of the streamed plasma density depletion across North Ameri-
ca midlatitudes is difficult to predict. There can be some dependence on the EPBs source localization—if the
storm-induced EPBs developed over the Atlantic Ocean and eastern South America, there is more chance to ob-
serve and trace the streamed plasma depletions (if they occur) over the continental North America; in the cases if
the storm-induced EPBs developed only over the western South America and streamed plasma depletions would
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Figure 9. Defense Meteorological Satellite Program F16 observations of ion drifts along several night-time orbits in the Northern Hemisphere during 01-10 UT on 26
August 2018. Black line shows variations in horizontal (cross-track) ion drift (Vy), red line—vertical ion drift (Vz). Positive velocity values show westward direction for

Vy and upward for Vz.

occur and move in the northwestward direction, we have a rather limited coverage by the ground-based GNSS
stations, mainly western coast of North America and then a data gap in the Pacific, to detect its further evolution.
The physical mechanisms of such streamed plasma depletions remain unclear. It is supposed that they can occur
for geomagnetic storms under some particular combination of steady southward IMF, Sub Auroral Polarization
Stream (SAPS) electric fields, and enhanced westward drifts at midlatitudes, resulting in northwestward plasma
transportation equatorward of the SAPS region. There are multiple other factors to account for such as time of lo-
cal sunset, time and intensity of penetrating electric fields, ambient plasma density etc. We should also highlight
a prominent similarity in the northwestward transportation path between the observed streamed plasma density
depletions and storm-enhanced-density (SED) plumes that can be observed in the same North America region
during geomagnetic disturbances. The poleward transportation of the SED plumes from low latitudes toward
auroral region is usually attributed to a strong convection and SAPS electric fields (Foster & Rideout, 2007). In
the recent paper of Huang (2020), it was investigated importance of storm-induced westward drifts on plasma
transportation in the equatorial ionosphere and a new mechanism was proposed to explain how SAPS-associated
electric fields can penetrate the equatorial ionosphere, causing enhanced westward drifts here and at midlatitudes.
Such type of westward drift may also play a key role in transportation of plasma irregularities from extended
EPBs toward midlatitudes that we found in the North America sector.

On Figure 9, we presented variations of ion drifts along six consecutive night-time orbits of the DMSP F16
in the Northern Hemisphere during 01-10 UT on 26 August 2018. We observed very strong westward plasma
drifts (Vy) exceeding 2,000 m/s along all these orbits from the European to American sectors. With each orbit,
the zone of westward drifts moved further equatorward from ~72°N (68° MLAT) down to ~50°N (58° MLAT)
since the MIT moved rapidly equatorward during the main phase and period of the steady southward IMF. At the
equatorward edge of strong westward plasma drifts, the large upward velocities were also registered (Vz > 1,000—
2,000 m/s) indicating an enhanced ion upflow at the same region. Such ion drift behavior confirms the presence
of the westward plasma flows that can be associated with the SAPS development, sub-auroral convection en-
hancement and its expansion toward lower latitudes. The SuperDARN observations also registered the strong
sub-auroral westward convection with the flow velocities exceeding 800—1,000 m/s in the dusk-night sector of
the Northern Hemisphere during 01-04 UT on 26 August 2018 (not shown here; http://vt.superdarn.org/). Thus,
strong westward plasma drifts were registered prior an occurrence of the plasma density irregularities streamed
in the northwestward direction in North America.

Therefore, geomagnetic storms during low solar activity can trigger formation of extreme EPBs with unpredicted
extent, capable to affect low and middle latitudes. The unexpected development of ionospheric irregularities can
be dangerous for the normal operation of GNSS and other systems used trans-ionospheric radio waves propaga-
tion links. In particular, the ionospheric plasma irregularities with similar intensity developed at low and middle
latitudes during strong geomagnetic storms in 2015 and 2017 (when solar activity was higher than that of August
2018) have impacted the GNSS-based positioning performance for the ground-based stations and even for low
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