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Abstract The geomagnetic storm occurred on 25–26 August 2018 as a surprise to forecasters. The arrival
of a weak coronal mass ejection did not show a sudden impulse in the magnetic data; however, when the
Interplanetary magnetic field Bz turned southward, it intensified and further remained unchangeably
negative for the next 9 hr, causing a major storm with the minimum SYM‐H excursion of −205 nT. In this
work, we study the thermospheric, ionospheric, and electrodynamic behavior during this storm. We use a set
of space‐borne (the Swarm constellation, GUVI/TIMED) and ground‐based (GPS receivers, magnetometers,
SuperDARN) instruments. We particularly focus on storm effects in the American and East Pacific sectors,
where unprecedented hemispheric asymmetries occurred in the thermosphere and ionosphere during the
main and the recovery phases of the storm. At the beginning of the storm, a strong positive ionospheric storm
was observed in the Northern Hemisphere, while in the Southern Hemisphere, surprisingly, no storm
effect occurred. During the recovery phase, the thermospheric composition ratio O/N2 showed an extreme
expansion of the bulge into the opposite hemisphere. Our analysis shows that in each case the asymmetry was
produced by a unique combination of drivers that acted at particular moment of time and in particular
place. The seasonal asymmetry in the high‐latitude plasma and neutral mass density distributions along with
the asymmetries in the geomagnetic field and the timing of these impacts played the decisive role.

1. Introduction

Ionospheric response to geomagnetic storms, which is often referred to as an ionospheric storm, remains one
of the most complex subjects in the solar wind‐magnetosphere‐ionosphere‐thermosphere coupling system.
The main challenge lies in the fact that the storm‐time ionospheric behavior is controlled by several compet-
ing dynamic and electro‐dynamic processes (drivers). Storm‐time changes in the ionospheric plasma density
can be positive or negative with respect to the undisturbed values, and are traditionally referred to as “posi-
tive” and “negative” ionospheric storms, respectively.

A geomagnetic storm commences with the arrival of solar/interplanetary plasma at high velocity at Earth's
magnetopause. The most significant storms are caused by the plasma with southward‐directed Bz compo-
nent of the Interplanetary magnetic field (IMF). This sets up interconnection with Earth's magnetic field
lines and leads to a large amount of solar wind energy deposition into Earth's magnetosphere (Gonzalez
et al., 1994). This phenomenon leads to a series of storm‐time processes occurring throughout the globe that
greatly modify the dynamics of the thermosphere and ionosphere.

At high latitudes, particle precipitation, storm‐driven enhanced ionospheric currents, and rapid increase of
the convection significantly alter the thermosphere‐ionosphere system (e.g.,Fuller‐Rowell, 2011 ; Prölss,
1980). The ionization and the plasma drift speeds at high latitudes increase. The heated thermosphere
expands and produces global changes in the thermospheric circulation. The storm‐time winds blow from
high to low latitudes. Joule and particle heating at high latitudes causes upwelling which enhance the mole-
cular species in the upper thermosphere. This composition disturbance zone is further transported by the
neutral winds to middle and low latitudes.

High‐latitude convection electric fields penetrate into the low‐latitude ionosphere (a phenomenon known as
prompt penetration electric fields, PPEF) and play a significant role in the redistribution of the storm‐time
ionosphere. The PPEF have eastward polarity on the dayside and westward on the nightside (Huang
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Key Points:
• The 25–26 August 2018 storm

caused several significant
hemispheric asymmetries driven by
very particular combination (“a
game”) of drivers

• In the ionosphere, strong opposite
hemispheric asymmetries occurred
during the main phase and during
the recovery phases of the storm

• The asymmetry in the composition
was unprecedented, the bulge went
20° of latitude beyond the equator
into the opposite hemisphere
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et al., 2005; Kikuchi & Hashimoto, 2016; Bagiya et al., 2011, 2014). On the dayside and in the post‐sunset sec-
tor, the PPEF of eastward polarity reinforce the equatorial ionization anomaly (EIA) by producing plasma
density enhancements in the EIA crests and plasma depletion over the magnetic equator. The position of
the EIA crests can be shifted poleward from their undisturbed location by 5° to 15° of latitude. These
storm‐time changes are known as the super‐fountain effect (Tsurutani et al., 2004; Astafyeva, 2009;
Astafyeva et al., 2007; 2015a, 2016a; Venkatesh et al., 2019), and by that provoke the overall enhancement
of the low‐latitude electron density. On the nightside, the PPEF of westward polarity cause downward
plasma motion and a plasma depletion at low latitudes.

In addition to electric fields, the midlatitude and low‐latitude ionosphere alter in response to storm‐time
changes in the thermosphere. The storm‐driven neutral winds can raise or lower the F region electron den-
sity peak height, by pushing ions and electrons up or down along magnetic field lines, by that causing posi-
tive or negative ionospheric storms (e.g.,Astafyeva et al., 2016 ; Goncharenko et al., 2007 ; Lu et al., 2008 ;
Paznukhov et al., 2009). The disturbed thermospheric winds also drive meridional neutral winds that gen-
erate a westward/eastward electric field on the dayside/nightside, which opposes their quiet‐time patterns
(Blanc & Richmond, 1980). Contrary to the PPEF that act almost immediately, the disturbance dynamo
develops more slowly: it takes several hours to set up the disturbance winds and the associated dynamo elec-
tric fields, after which they can persist for many hours due to the neutral‐air inertia (Maruyama et al., 2005).

Finally, storm‐time changes in the thermospheric composition, a decrease/increase of the neutral density
ratio O/N2 may also lead to the occurrence of negative/positive ionospheric storms by
increasing/decreasing the ion loss rate (e.g., Prölss, 1976, 1980; Fuller‐Rowell et al., 1994; Crowley et al.,
2006; Astafyeva et al., 2016, 2018).

Therefore, the main drivers responsible for the storm‐time ionosphere redistribution are more or less
known. However, the ionospheric response to each storm is determined by a unique, complex, nonlinear,
and even chaotic interaction of drivers playing their roles at a particular moment of time and in particular
location. This presents major difficulty in the analysis of storm‐time effects and, consequently, in forecasting
the ionospheric behavior during geomagnetic storms even by using most comprehensive first‐principles
models (e.g.,Astafyeva et al., 2017 ; Borries et al., 2015 ; Huba et al., 2016). Therefore, further observations
are important as they can help to better understand such a complex phenomenon as the ionospheric storm.

The main aim of this work is to study the ionospheric response to the 25–26 August 2018 geomagnetic storm
in the American sector. We provide new observational evidence of a concurrent action of multiple drivers
and their influence on the development of the ionospheric storm.

2. Data

In our study, we analyze the following observational data:

1. Absolute vertical total electron content (VTEC) as derived from ground‐based GPS measurements.
It is known that from dual‐frequency GNSS measurements it is possible to calculate the VTEC from
phase and code measurements and by removing the satellite and receiver biases (e.g., Rideout &
Coster, 2006; Yasyukevich et al., 2015; Zakharenkova et al., 2016). In this work, we use VTEC data with
5‐min resolution that are available from the Massachusetts Institute of Technology Haystack
Observatory Madrigal database (Rideout & Coster, 2006). To better understand the storm‐time VTEC
alterations (dVTEC), we remove 7‐day averaged quiet‐time reference values from the storm‐time values.
As the quiet‐time reference, we took 7 least perturbed days in August–September 2018.

2. Horizontal (H‐) component of the geomagnetic field as measured by ground‐based magnetometers.
From H‐ observations made by a pair of magnetometers, located one at the dip equator, and the other at
~6–9° of magnetic latitude away from it, we estimate the difference dH proportional to the equatorial
electrojet (e.g., Anderson et al., 2002, 2006; Yizengaw et al., 2014, 2012; Astafyeva et al., 2018). In this
work, we use data from Jicamarca (76.8W; 11.9S) and Piura (80.6W; 5.2S) magnetic observatories that
belong to the Low‐Latitude Ionospheric Sensor Network (LISN, Valladares & Chau, 2012).

3. Cross‐polar cap potential (ΦPC) estimated from observations by the Super Dual Auroral Radar
Network (SuperDARN). The SuperDARN is a global high‐frequency radar network spread over the high
latitude and midlatitude regions to study the ionospheric variability over a large scale (Greenwald et al.,
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1995). The network consists of total 36 radars, 23 in the northern hemisphere and 13 in the southern
hemisphere (Nishitani et al., 2019). The radars measure the line of sight plasma velocity which
scrutinized further by fitting a model based on the spherical harmonic expansion to obtain the
convection patterns over the high latitudes (Ruohoniemi & Baker, 1998). The derived ionospheric
plasma convection maps provide initial measures of the electrodynamics at high latitudes, especially
during geomagnetic storms. The typical convection map could be seen in Figure 6. It could be seen
that the maps also contain the estimation of the cross‐polar cap potential obtained from the voltage
difference between the core of the dawn and dusk convection cells.

4. In situ electron density (Ne) observations performed by the Langmuir Probe onboard Swarm A space-
craft at ~460 km of altitude. The Ne is the Swarm Level 1b product. Swarm is a constellation of three iden-
tical satellites called A (Alpha), B (Bravo), and C (Charlie). Swarm A (SWA) and C are flying in a tandem
at averaged orbital altitude of 460 km. While Swarm B (SWB) is placed at ~520 km of altitude. During the
August 2018 storm, SWA crossed the equator around 14.4 LT and 2.4 LT, while SWB did it at ~21.6 LT
and ~9.6 LT.

5. Vertical electron content (VEC) above ~460 km of altitude estimated from observations by the GPS‐
receiver onboard the Swarm satellite. Similar to the ground‐based GPS‐receivers, the VEC can be calcu-
lated from phase and code measurements, and by removing satellite and receiver bias (e.g.,
Zakharenkova & Astafyeva, 2015). The VEC reflects the topside part of the VTEC.

6. Thermospheric neutral mass density (ρ) derived from the GPS‐receivers onboard Swarm satellites.
The thermospheric densities are calculated based on the estimation of accelerations, by separating non-
gravitational forces acting on the spacecraft (aerodynamic drag) from other forces that can be accurately
modeled (Astafyeva et al., 2017; March et al., 2019; van den IJssel, 2014; van den IJssel & Visser, 2007).
The neutral mass density is a Swarm Level‐2 product. The variance for these data may reach 30% from
models for neutral density (Swarm Data Handbook).

7. Thermospheric O/N2 composition measured by the Global Ultraviolet Imager (GUVI) on board the
Thermosphere, Ionosphere, Mesosphere Energetics and Dynamics (TIMED) satellite (Christensen
et al., 2003). The GUVI instrument measures a narrow swath below the satellite at 625 km altitude during
the dayside spacecraft passages. Overall, the satellite provides 14.9 daily orbits. During the two days of the
August 2018 storm, the time of the equatorial crossing was ~13.3–13.5 LT, i.e., about 1 hr ahead of SWA.

3. The Surprise Storm of 25–26 August 2018

A major geomagnetic storm occurred on 25–26 August 2018 as a surprise to forecasters. A minor coronal
mass ejection (CME), associated with a small filament eruption on 20 August 2018, arrived at Earth on 25
August 2018 (Vanlommel, 2018). The CME itself was too weak to be automatically detected by tools devel-
oped for that purpose. After additional manual analysis, the CME was estimated to have an Earth‐directed
component, however, its effects were expected to be minor. While the prediction that the CMEwould impact
Earth was correct, the strength of this slow moving interplanetary CME was quite a surprise.

The CME shock arrived at 2:45 UT on 25 August 2018 (Blagoveshchensky & Sergeeva, 2019) but did not
cause a sudden geomagnetic impulse (Figure 1d). The first shock was followed by the arrival of the CME
material at ~7:45 UT that compressed the magnetosphere and marked the beginning of the initial phase
of the storm (Figure 1). From ~17 UT, the IMF Bz turned southward and remained unchangeably negative
for the next 10 hr, causing a strong geomagnetic storm.

Solar wind speed data show three small increases of ~50 km/s occurred during the day of 25 August 2018, the
last one occurred ~3 hr before the storm began (Figure 1a). On 26 August, the speed was around 400 km/s
during the first half of the day but from ~12 UT it increased to the maximum of 566 km/s. The IMF Bz com-
ponent was northward during the first half of the day on 25 August. From ~17 UT, it turned southward and
intensified down to −17 nT (Figure 1b). The IMF Bz remained largely negative until ~10 UT of the next day,
when it returned to zero level for a brief moment of time. Between ~10 and 21 UT the IMF Bz showed several
large‐amplitude fluctuations. From ~10.1 UT, the IMF Bz became negative again. This latter event lasted
until ~13 UT. The IMF Bz further was southward again from ~14.2 to 18 UT. The last small negative fluctua-
tion was observed from 18.5 to 20.3 UT.
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The interplanetary electric field east‐west Ey component, that depends on
the IMF Bz and on the solar wind speed as −Vsw * Bz (King &
Papitashvili, 2005; https://omniweb.gsfc.nasa.gov/html/ow_data.html),
did not show strong fluctuations during this storm (Figure 1c). The inter-
planetary electric field Ey remained positive (eastward) during the main
phase of the storm and reached the maximum of only 7.6 mV/m at 2–6
UT on 26 August 2018.

The SYM‐H index started to gradually descend from ~17.5 UT (Figure 1d).
From ~20 to ~22.5 UT it remained at a “plateau” level of about−28–30 nT.
From ~23 UT, the SYM‐H began to drop faster and reached the minimum
of−207 nT at 5 UT on 26 August. From ~7UT, the SYM‐H index then con-
tinued to slowly grow up but remained below zero until 31 August 2018.
From the point of view of the minimum SYM‐H excursion, this storm
has become the third strongest in the 24th solar cycle, just below the St.
Patrick's Day storm of 17–18 March 2015 and the 22–23 June 2015 event.

The storm of 25–26 August was accompanied by enhanced substorm
activity. Variations of the auroral electrojet indices—AU (amplitude
upper) and AL (amplitude lower) and the auroral electrojet (AE)—are
shown in Figures 1f and 1g. It should be pointed out that those are preli-
minary data from the World Data Center for Geomagnetism in Kyoto
(WDC‐Kyoto, http://wdc.kugi.kyoto‐u.ac.jp/) and might contain some
errors. Unfortunately, the provisional data sets are not yet available
(Prof. S. Taguchi, private communication). The AU and AL indices char-
acterize themaximummagnetic effects of the eastward and westward aur-
oral electrojets, respectively. Figure 1f shows that both AU and AL started
to grow from 16 UT, and were symmetrically disturbed up to ±500 nT
until ~23 UT on 25 August. Starting from ~3.5 UT on 26 August, the AU
decreased down to ~50 nT while the AL increased in intensity and showed
fluctuations of −1,500–2,000 nT. The maximum disturbance in the AL
index was reached by 7.5–8.5 nT.

Such behavior of the AU and AL indices determined the behavior of the
AE index, which represents the difference between the AU and AE
indices. It started to grow gradually from 16 UT on 25 August and arose
up to 1,000 nT by 19.3–23 UT (Figure 1g). The maximum of ~2,200 nT
was reached at 7.5–8.5 UT on 26 August 2018, i.e., at the beginning of
the recovery phase of the storm.

4. Results

In this work, we focus on effects of the 25–26 August 2018 storm around
the American and East Pacific region only (i.e., between −180° and
−10° of longitude). A detailed global overview is a subject of our
future work.

4.1. Electrodynamic and Ionospheric Effects; Ground‐Based Observations

Figures 2a–2c show electrodynamic and ionospheric behavior as observed by ground‐based instruments.
The longitude chosen for the VTEC analysis is 77°W which is close to that of the magnetometers.

Before the storm commencement, the horizontal component of the magnetic field (dH) did not show any
notable deviations from the quiet‐time levels (Figure 2c). In the ionospheric VTEC, we observed only small
changes at low latitudes (Figures 2a and 2b).

At ~17 UT, the IMF Bz turned southward and the storm began. However, the dH data did not exhibit
immediate significant enhancements typical of the dayside PPEF effects during major geomagnetic storms.

Figure 1. Variations of interplanetary and geophysical parameters on 25–26
August 2018: (a) Solar wind speed (Vsw); (b) the north‐south (Bz) compo-
nent of the interplanetary magnetic field (IMF) in GSM coordinates; (c) the
east‐west (Ey) component of the Interplanetary Electric field (IEF) esti-
mated as Vsw * IMF Bz; (d) SYM‐H index; (e) vertical electron content
(VEC), the topside part of the VTEC calculated from data of GPS‐receivers
onboard SWA (magenta and black curves) above ~460 km and SWB (blue
and gray curves) above ~520 km; (f, g) AU/AL and AE/AO indices (WDC‐
Kyoto, 2018a, 2018b). Label “CME” indicates the time of the CME arrival at
2.75 UT. Labels”IP,” “MP,” and “RP” show the beginning of the initial (7.75
UT), main (17 UT), and recovery (7 UT) phases of the storm, respectively.
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Further, from ~18 to 22 UT, the IMF Bz remained steadily southward, but
the dH dropped slightly below the quiet‐time level (Figures 2c and 2e).

In the ionosphere, no remarkable storm‐time changes in the ionospheric
VTEC were observed at the beginning of the storm. In the Southern
Hemisphere (SH), there occurred a small increase at low latitudes similar
to prestorm conditions (Figure 2b). In the Northern Hemisphere (NH),
small dVTEC started to occur with the storm onset at low (~15°N) and
high latitudes (~60°N) simultaneously (Figure 2b). These two ionization
spots in the NH were, most likely, driven by different drivers: particle pre-
cipitation at high latitudes, and the EIA at low latitudes.

Note that at this stage of the storm the VEC above Swarm A and B space-
crafts only showed small gradual increase (Figure 1e). Therefore, we con-
clude that the PPEF were rather weak at the beginning of the storm,
which can be due to the unusual gradual beginning of this storm, and also
due to the slow rate of change of the SYM/H with time at the beginning of
the main phase of the storm.

From ~21 UT, the VTEC response became highly asymmetric (Figures 2a
and 2b). The enhancements in the NH continued to develop and moved
toward one another to form one big spot of ionization (Figure 2b). From
~21:30 UT, we observe significant enhancement at middle and low lati-
tudes of the NH, and a small depletion of −2–4 TECU at high latitudes
(~60°N). At midlatitudes, the positive VTEC variations continued to
intensify until ~1–2 UT. At low latitudes, the storm‐time dVTEC enhance-
ment lasted until ~4–5 UT and exceeded the quiet‐time levels by +14 + 16
TECU. By that time, the high‐latitude depletion descended to 30°N
(Figures 2a and 2b). The observed VTEC depletion had a latitudinal extent
of about 8°–10°. It is, most likely, related to the storm‐time expansion of
the auroral oval (e.g., Afraimovich et al., 2004). It is interesting to note that
we observed an enhancement of ~4–8 TECU on the north from this VTEC
depletion (Figure 2b).

From 2 to 4 UT one can see a dVTEC decrease at themagnetic equator and
an increase at low latitudes in both hemispheres. These features are the
signs of the development of the super‐fountain effect, which often takes
place at the evening LT hours (Astafyeva et al., 2015; Astafyeva et al.,
2015; Kikuchi & Hashimoto, 2016).

From 7 UT, the recovery phase began. During this period of time, the dH
showed remarkable deviations from the quiet‐time pattern (Figure 2c). At
11 UT (6 LT), the dH dropped by−20–40 nT instead of growing up, and by
13 UT (8 LT) it went above 0 nT. The dH turned again negative at 16
UT(11 LT), and then started to grow up from ~17.5 UT and reached 50
nT by 20 UT. It should be emphasized that these dH fluctuations only
partly coincide with the variations of the IMF Bz (Figure 2d).

The ionospheric effects in the American region during the recovery phase
are quite peculiar. The absolute VTEC shows only a moderate dayside
maximum of ~20–22 TECU within the equatorial region (Figure 2a). In
terms of storm‐to‐quiet residuals, the ionospheric effects are very asym-

metric. First, from 11 UT (6 LT), we notice a ~12–15 TECU increase at low latitudes in both hemispheres
and stronger ~18 TECU increase at middle latitudes in the SH (Figures 2a and 2b), while above 50°N a deple-
tion is observed.

Starting from ~16 UT, a dVTEC depletion occurred at low and partly middle latitudes of the NH. From 16 to
19.6 UT the VTEC went by−10 TECU below the quiet‐time value, and the depletion was even stronger (−16

Figure 2. (a, b) Variations of the ionospheric VTEC (a) and the
storm‐to‐quiet residuals dVTEC (b) during the 2 days of the storm at 77°W.
The corresponding color scales are shown on the right. Horizontal gray
dotted lines show the position of the magnetic dip equator as of 16 August
2018; (c) variations of the horizontal intensity of the geomagnetic field (dH)
proportional to the equatorial electrojet estimated from a pair of
magnetometers jica‐piur. Gray curve shows the quiet‐time reference
value; (d, e) the IMF Bz (d) and By (e) components in GSM coordinates;
(f) cross‐polar cap potential (ΦPC) on the North (blue) and South (red) poles
as derived from SuperDARN. The UT and LT are shown on the bottom. The
orange dotted lines show the moment of time when the IMF Bz turned
southward and the storm began, and the green dotted line denotes the
beginning of the recovery phase.
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TECU) from 21 to 24 UT on 26 August 2018. Whereas in the SH signatures of positive ionospheric storm
were observed (Figure 2c).

It should be noted that such storm‐time changes and the VTEC pattern are similar throughout all American
sector, from 180°W to 10°W (partly seen in Figures 3–5).

4.2. Ionospheric and Thermospheric Effects. Space‐Borne Observations.

During the 25–26 August 2018 geomagnetic disturbance, Swarm A and GUVI/TIMED flew several times
over the American Sector and brought additional evidence about the storm‐time behavior of the thermo-
sphere and ionosphere (Figures 3–5).

Figure 3 shows the beginning of the storm development, from ~18.5 to ~24 UT on 25 August, i.e., starting
from 1.5 hr after the IMF Bz turned negative. Note that these observations correspond to the daytime

Figure 3. Daytime ionospheric (VEC, Ne) and thermospheric (ρ, O/N2) observations by SWA (thickmagenta) and GUVI/
TIMED (thick green) during the main phase of the storm (from ~18.5 to ~24 UT on 25 August). Thin magenta and thin
dark green lines show the quiet‐time observations by SWA andGUVI, respectively. The times of the beginning and the end
of the satellite half‐orbits are indicated on the right marked by the respective colors. The left panels show the positions of
the satellite trajectories, and the dVTEC (in colored dots) for the UT of the SWA equatorial crossing. SWA crosses the
equator at ~14.4 LT, GUVI at ~13.5 LT. The dVTEC amplitude scale is shown in the bottom left corner.
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half‐orbits. At 18.53–19.31 UT (row A, Figure 3), both ionospheric para-
meters VEC (column SWA‐V) and Ne (column SWA‐N) showed a nega-
tive storm over low latitudes and no storm‐time changes at other
latitudes. Such behavior observed 1.5 hr after the storm onset could be
an indication of the occurrence of the westward equatorial electric fields
suppressing the EIA, an effect opposite to the super‐fountain effect (e.g.,
Astafyeva, 2009 ; Tsurutani et al., 2004). These observations are in line
with the electrodynamic observations as discussed in section 4.1.

During this period of time, the thermospheric neutral mass density
(SWA‐ρ) increased by 1–2 × 10−12 kg m−3 throughout all latitudes, and
reached the maximum of 3.2 × 10−12 kg m−3 at midlatitudes of the NH.
Whereas the thermospheric composition (column GUVI‐O/N2) did not
change (Figure 3, row A).

Starting from ~20 UT, the VEC and Ne started to increase at low latitudes
of the NH, and small positive storms (i.e., enhancements over the quiet‐
time levels) can be seen at middle latitudes (Figure 3, row B). Moreover,
one can see the occurrence of ~5 TECU positive storm in VEC at ~60–
65°N. This can be a signature of a travelling ionospheric disturbance
(TIDs) of the auroral origin (e.g., Zakharenkova et al., 2016) that often
occur during geomagnetic storms. Note that this enhancement is in line
with ground‐based VTEC results (GPS‐VTEC column).

During this period of time, the thermospheric composition (ratio O/N2)
showed a small decrease with respect to quiet‐time levels at high latitudes
(~60°N) in the NH (Figure 3, row B). By this time, the thermospheric neu-
tral mass density exhibits stronger storm‐time changes than the O/N2. The
ρ in the NH exceeds the quiet‐time level by ~1.5 times.

During the next daytime satellite passes, strong asymmetric effects were
observed in both ionospheric and thermospheric data (Figure 3, row C).
Both the VEC and Ne largely increased at low latitudes and at middle
and high latitudes in the NH. These space‐borne observations are in line
with ground‐based VTEC results.

In the thermospheric neutral mass density, we observe much stronger
effects in the NH, especially at midlatitudes where the ρ reaches 6 ×
10−12 kgm−3, which is more than 100%more than during the undisturbed
time. In the SH, storm‐time alterations at middle and high latitudes are
much less pronounced. The composition ratio O/N2 shows small devia-
tions at high latitudes, and the effect is stronger in the SH.

Similar effects were observed during the next overflies of the satellites
over the American region (Figure 3, row D). In both VEC and Ne data, we see the signatures of TIDs at
60°S. Also, the neutral mass density increased in the SH with respect to the previous observations.

The next passage of the SWA satellite over the American sector took place between ~4.6 and ~10.10 UT on 26
August (Figure 4). This period of time corresponds to the end of the main phase and beginning of the recov-
ery phase. Note that these observations were performed during local night hours (~2.4 LT), and GUVI data
were not available since the instrument only performs the measurements on the dayside. The night‐time
ionospheric observations by SWA showed signatures of a negative ionospheric storm (columns SWA‐V
and SWA‐N).

It is interesting to note that during this period of time the ground‐based VTEC showed the occurrence of the
extremely large‐scale VTEC enhancements occurring around 50°N along the whole territory of the United
States (Figure 4, column 1, GPS‐VTEC). This feature can, most likely, be interpreted as the large‐scale TIDs
(e.g.,Pradipta et al., 2016 ; Zakharenkova et al., 2016). These TIDs, however, were not observed in the space‐

Figure 4. Night‐time (~2.4 LT) ionospheric and thermospheric observations
made by SWA between ~4.6 and ~10 UT on 26 August. This period of time
corresponds to the end of the main phase and beginning of the recovery
phase. Thick and thin curves correspond to storm‐time and quiet‐time
observations. The times of the beginning and the end of the satellite half‐
orbits are indicated on the right. The left panels show the positions of the
satellite trajectories and the storm‐to‐quiet dVTEC (in colored dots) for the
UT when SWA crossed the equator. The dVTEC scale is shown in the left
bottom corner. The dVTEC amplitude scale is shown in the bottom left
corner.
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borne data, indicating that they occurred in the lower ionosphere, at least below the SWA altitude, i.e., below
460 km.

Contrary to the space‐borne ionospheric observations, the thermospheric night‐time storm signatures were
quite significant (column SWA‐ρ, Figure 4). The storm‐time features are similar during all four passes. As on
the dayside, the observed nightside ρ increase is hemispherically asymmetric with stronger effects in the NH.
This is related to the seasonal effect, when northern polar region is sunlit during most of the time, which
leads to higher neutral concentration even for the quiet‐time thermosphere (thin lines). This seasonal effect
was superposed by the storm‐time thermospheric response.

Note that the absolute values of the storm‐time deviations increase in amplitude quite rapidly with time.
Thus, during the first flyover, the SWA‐ρ reached 1.5–2 × 10−12 kg m−3 in the SH, which is ~150–200%more
than during the quiet time (row A). In the NH, the neutral mass density increased up to 4 × 10−12 kg m−3 at

Figure 5. Daytime ionospheric (VEC, Ne) and thermospheric (ρ, O/N2) observations by SWA (thick magenta) and
GUVI/TIMED (thick green) during the recovery phase of the storm (from ~16 and ~22 UT on 26 August 2018). Thin
magenta and dark green lines show the quiet‐time observations by SWA and GUVI, respectively. The times of the
beginning and the end of the satellite half‐orbits are indicated on the right. The left panels show the positions of
the satellite trajectories, and the dVTEC (in colored dots) for the UT of the SWA equatorial crossing. SWA crosses the
equator at ~14.4 LT, GUVI at ~13.5 LT. The dVTEC amplitude scale is shown in the bottom left corner.
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low latitudes and up to 5–6.5 × 10−12 kg m−3 at middle and high latitudes. These enhancements represent
~300–400% of the undisturbed value (shown by thin curves). Further, the thermospheric neutral mass
density continued to increase, and by 9.3–10.10 UT the storm‐time effect reached 300% at high latitudes
in the SH, 500% at low latitudes, and up to 600% at high latitudes in the NH (Figure 4, row D, rightmost
column of panels).

The next passages of the SWA and GUVI satellites over the American region occurred between ~16.3 and
~21.7 UT on 26 August. This period of time corresponds to the recovery phase of the storm, i.e., more than
23 hr after the storm onset, and 9 hr after the beginning of the recovery phase. The topside VEC and the in
situ observations by SWA are presented in Figure 5, columns 2 (SWA‐V) and 3 (SWA‐N), respectively. As
often observed during the recovery phase, the VTEC and Ne decreased as compared to the main phase,
i.e., we observe negative ionospheric storm. During the first two flyovers, from 16.3 to ~18.65 UT
(Figure 5, rows A and B), the storm‐time Ne at high and middle latitudes does not exceed the background
values, while the low‐latitude Ne changed quite drastically. The position of the Ne peak shifted southward,
but the amplitude of the peak's maximum remains around 3 × 105 m−3, i.e., at the same level as during the
quiet time. By the end of the day (19.4–22 UT) the maximum electron density dropped below the quiet time
values (Figure 5, rows C and D). This effect is more significant in the NH.

The behavior of the topside VEC is more complex (Column 2, Figure 5). At ~16.3–17.1 UT, the maximum
low‐latitude VEC does not exceed 11 TECU and was shifted southward by 20°–30° of latitudes. The position
of this storm‐time increase coincides with the position of the dVTEC enhancement (Column 1). During the
next SWA passage, the VEC shows a negative deviation from the reference level. By ~21 UT, both the VEC
and Ne experience negative deviation at low and middle latitudes.

Figure 6. Ionospheric convection patterns determined from SuperDARN radar observations for North polar region for
several moments of time on 25‐26 August 2018. The date and time are marked on the top of each panel.
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The observed southward displacement of the maximumVEC and Ne is due to the thermospheric impact, the
oscillations (i.e., increase and decrease) of the equatorial and low‐latitude VEC, most likely, occur in
response to the IMF Bz positive‐negative oscillations (Figure 1).

The thermospheric alterations during the recovery phase, in both the neutral density and the composition,
were quite significant. The disturbance in the thermospheric neutral mass density reached ~8–10 × 10−12 kg
× 10−3 at middle and low latitudes, which is 300–500% increase as compared to the quiet‐time level
(Figure 5, fourth column, rows A and B). At high latitudes, the storm‐time changes are smaller and reach
4.5–6 × 10−12 kg × 10−3, which represents 200–300% storm‐time enhancement. The storm‐time changes
are asymmetric, with stronger effects in the NH. From ~19.43 UT the ρ started to gradually decrease, but
came back to undisturbed values only several days later (not shown here).

The storm‐time effects in the thermospheric composition during the recovery phase of the August 2018
storm are unprecedented (Figure 5, the rightmost column). Thus, at ~16.15–16.89 UT, significant depletion
in the O/N2 ratio occurred at high, middle, and partly at low latitudes in the NH, as well as below ~50°S in
the SH. Whereas at latitudes between ~5°N and ~60°S the composition largely exceeded the reference level
(Figure 5, row A). The O/N2 showed similar asymmetric behavior during the next three flyovers by the
TIMED spacecraft (rows B, C and D). It should be noted that the occurrence of the composition disturbance
at high latitudes and its equatorward propagation due to the disturbed thermospheric winds is a commonly
observed storm‐time feature (e.g., Fuller‐Rowell et al., 1994). However, the hemispheric asymmetry in O/N2

observed during the August 2018 storm is unprecedented, since the depletion descended beyond the equator
and reached ~15–20°S (Figures 5). Analysis of the O/N2 ratio data for the whole period of observations by the
TIMED satellite mission since 2002 (data are available here: http://guvitimed.jhuapl.edu/guvi‐galleryl3on2)
showed that the depletion rarely went beyond the equator.

Interestingly, even the solstice day storm of 22–23 June 2015, when the asymmetry was supposed to be much
more pronounced due to the maximum seasonal impact, showed less asymmetric response (Astafyeva,
Zakharenkova, & Alken, 2016).

5. Discussion

As demonstrated above, the 25–26 August geomagnetic storm produced several strong hemispherically
asymmetric effects in the thermosphere and ionosphere over the American‐Pacific region.

The observed storm‐time variations of the thermospheric neutral mass density are rather “classic,” and are
in line with previous observations (e.g.,Astafyeva et al., 2017 ; Astafyeva, Zakharenkova, & Doornbos, 2015 ;
Bagiya et al., 2014 ; Balan et al., 2011 ; Liu et al., 2005 ; Liu & Lühr, 2005). Both dayside and nightside obser-
vations by Swarm A satellite showed stronger storm‐time increment of the neutral mass density in the NH
(summer), that can be attributed to seasonal effects (Fuller‐Rowell et al., 1996). The storm occurred 2
months after the June solstice and 1 month before the September equinox, i.e., the northern polar and aur-
oral regions still received more solar energy than the southern ones. The quiet‐time (background) thermo-
spheric circulation is driven by the solar heating. In the NH (summer) it is directed equatorward, while in
the SH (winter) hemisphere it is poleward. With the beginning of the main phase of the storm, the high‐
latitude heating drives global wind surges from both polar regions toward the equator. The (horizontal) neu-
tral wind at all thermospheric altitudes strengthen tremendously due to an increased ion‐neutral drag within
the highly intensified and vastly extended convection cells in the polar region. On the dayside, in the sum-
mer hemisphere the storm‐driven daytime circulation superposes to the background one, leading to easier
transport of the high‐latitude atmospheric disturbance to the opposite hemisphere. Meanwhile, in the winter
hemisphere the storm‐time circulation opposes the background circulation and hampers the propagation of
the high‐latitude perturbations toward low latitudes. The nightside thermospheric circulation is also affected
by the seasonal effects producing higher concentration in the summer hemisphere and a further increased
efficiency of the ion drag forcing, which was the case during the August 2018 storm.

The storm‐time changes in the neutral wind system could partly explain the observed alterations in the ther-
mospheric composition. The compositional disturbance (also known as “composition bulge”) is initially gen-
erated at high latitudes due to the energy injection at the storm onset. This composition disturbance is
further transported by the global thermospheric winds out of the heated auroral area (Prölss, 1980).
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However, as stated above, the asymmetry that occurred in the American and East Pacific region was unpre-
cedented, as the depletion travelled ~20° of latitude beyond the equator into the opposite hemisphere.
Therefore, we conclude that very particular conditions developed in the course of the storm's main phase
in the polar region of the NH in this longitudinal sector.

It is known that the magnitude of the compositional disturbance and its extension to lower latitudes are
determined by the distribution and strength of the primary energy and momentum source (i.e., particle pre-
cipitation, Joule heating, ion‐neutral drag), as well as by the dynamical response of the upper atmosphere
itself, that in turn depends on the UT start of the storm. The energy injection is controlled by the geomag-
netic field, so that the basic latitudinal variation in a geographic coordinate system should be that produced
by the varying displacement between magnetic and geographic latitude (Prölss, 1976). Consequently, the
composition changes should be the strongest in the North American and in the Australian sectors where
the magnetic latitude is the most displaced toward the equator. Indeed, these regions are often the most per-
turbed in terms of the storm‐time composition alterations.

In terms of the UT dependence, the expansion of the polar atmospheric disturbance toward middle lati-
tudes is essentially restricted to the midnight/early morning hours (Prölss, 1976, 1980; Fuller‐Rowell
et al., 1996). It is known that the energy injection maximizes along the auroral oval, which is not
symmetric in local time but is displaced toward the dark hemisphere (Prölss, 1980). In addition to these
driving forces, the enhanced substorm activity could strengthen the development of the composition
storm effects (Prölss, 1976). In the case of the August 2018 storm, the strongest asymmetry in the
composition was observed around 100–70°W (Figure 5), which is, indeed, close to the longitude of the
north geomagnetic pole. However, the main phase began at 17 UT, i.e., when the American‐Pacific
region was already on the dayside (11–13 LT). The main phase was preceded by weak substorm activity
starting from ~16 UT (Figure 1), however, we consider these prestorm changes to be too insignificant to
impact the storm development.

Analysis of the AU/AL indices variations (Figure 1) shows that the AL index increased remarkably during
the second half of the main phase. Thus, at ~04:30–06:30 UT on 26 August they reached ~1,500 nT.
Moreover, even stronger growth down to −2,000 nT was observed at the beginning of the recovery phase
at ~07:30–08:30 UT. It should be noted that during this period of time, the American region was in the early
morning hours, i.e., the region of the strongest impact on the composition expansion toward low latitudes.
Therefore, we consider that a combination of the factors of American region being along the longitude of the
largest offset between the geographic and magnetic poles, and the strong auroral impact during the local
early morning hours is responsible for producing the unprecedented hemispheric asymmetry in the thermo-
spheric composition ratio O/N2 observed during the recovery phase.

The ionospheric behavior during the August 2018 storm in the American/Pacific sector showed hemispheric
asymmetry as well. During the main phase of the storm, a strong positive ionospheric storm was observed in
the NH (summer), while no storm‐time deviation occurred in the SH (winter). During the recovery phase,
the NH experienced a strong negative storm, while in the SH only positive storm signatures were observed.
It should be noted that both of these asymmetries are of the magnitude stronger than the average statistical
storm‐time asymmetrical effects.

The striking hemispheric asymmetry during the main phase is very unusual and is difficult to explain. As in
the case of the composition changes, a very specific combination of drivers should have acted to produce
such an asymmetry.

In the NH, the huge storm‐time VTEC increase at middle and low latitudes seemed to be driven by a com-
bination of the forcing from high (ionization and thermospheric winds) and low latitudes (electric fields).
From Figure 3 it follows that during this period of time, the thermospheric neutral mass density was higher
in the NH than in the SH. Also, the Ne and VEC in the NH were more perturbed. These perturbations are
indications of the stronger forcing coming from the North polar region in terms of high‐latitude ionization
and increased storm‐time neutral winds.

In the SH (winter), very weak storm‐time changes were observed in the ionospheric parameters, even at low
latitudes. This is a very rare and the most puzzling observation, as quite often we observe positive storms in
the winter hemisphere, or at least the response at low latitudes is asymmetric.
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One of possible explanations is a combination of weak thermospheric winds in the SH and poor ionization in
the SH because of the seasonal features. As known, the meridional equatorward thermospheric winds can
produce positive ionospheric storms at middle and low latitudes by dragging the ions upward along the mag-
netic field lines. However, if the ionization is poor at high latitudes, then there is nothing to be transported
by the winds (e.g., Astafyeva, Zakharenkova, & Pineau, 2016).

The variations of the thermospheric neutral mass density during the beginning of themain phase showweak
perturbation coming from the polar regions in the SH, which is an indication of weak equatorward winds
coming from the SH polar region.

The hemispheric asymmetry in the high latitude could come from several phenomena as discussed before. In
addition, the natural North‐South asymmetries in the geomagnetic field introduce differences in the
magnetosphere‐ionosphere‐thermosphere coupling in the two hemispheres (Laundal et al., 2017). Indeed,
there are significant differences between the Earth's magnetic field in the Northern and Southern polar
regions. In addition, the longitudinal variation in magnetic flux density and field inclination are much larger
in the SH. Statistical studies showed that these asymmetries between the hemispheres, both in strength and
in orientation, lead to differences in the high‐latitude upper atmosphere in ionospheric plasma convection,
magnetic field perturbations and associated currents, thermospheric winds, plasma drifts, and ion‐neutral
momentum transfer (Coxon et al., 2016; Förster et al., 2011; Förster & Cnossen, 2013; Laundal et al.,
2017; Tulunay & Grebowsky, 1987).

To check possible difference between the NH and SH polar regions, we analyzed variations of the cross‐
polar cap potential (ΦPC), which is a good measure of the intensity of the high‐latitude electric field. The
cross‐polar cap potentials in the NH and SH as estimated from SuperDARN observations during 25–26
August 2018 are shown in Figure 2f. One can see that before 15 UT on 25 August, the ΦPC in both hemi-
spheres varied between 26 and 32 kV. From 15 UT, when the IMF Bz began to drop, the ΦPC started to
grow but showed similar intensity variations (Figure 2f). At ~21 UT on 25 August we observe significant
difference between the two hemispheres. In the SH, the ΦPC dropped to 55 kV, while in the NH it
exceeded 90 kV. The asymmetry continued until ~3.5 UT on 26 August. We note that this period of time
corresponds to the time when the strong hemispheric asymmetry in the VTEC was observed in the
American region (Figure 2b). However, it should be pointed out that the ΦPC value is largely impacted
by the SuperDARN radar coverage and by the latitudinal radar distribution (Nishitani et al., 2019). For
instance, Baker et al. (2007) showed that the ΦPC can increase because of more radars operating at mid-
latitudes in the NH. Figure 6 shows several examples of the ionospheric convection patterns determined
from SuperDARN radar observations during the period of the significant South‐North asymmetry in the
VTEC, i.e., 21 UT on 25 August to 3 UT on 26 August. One can see that during this period of time,
indeed, the convection zone in the NH extended beyond 50°N. Such an extension undoubtedly had an
effect on the large‐scale convection pattern, including the resulting cross‐polar cap potential between
the two main cells.

In addition to the above mentioned seasonal effect, local time dependence and the geomagnetic field asym-
metry, the IMF By (east‐west) can be responsible for the development of the hemispheric asymmetry (e.g.,
Crowley et al., 2010 ; Förster et al., 2011 ; Förster & Cnossen, 2013 ; Förster & Haaland, 2015 ; Laundal
et al., 2017 ; Lu et al., 1994 ; Mannucci et al., 2014 ; Pettigrew et al., 2010). The IMF By modifies the iono-
spheric convection pattern and leads to a hemispheric asymmetry in the Region 1 (the poleward region)
field‐aligned currents. When the IMF By component is positive, the upward field‐aligned currents on the
duskside of the SH are stronger. Under these conditions, the cross‐polar neutral wind flow is on average
stronger in the SH as compared to the NH under negative IMF Bz and positive IMF By conditions
(Förster et al., 2011).

Variations of the IMF By component during the 2 days of the August 2018 storm are presented in Figure 2e.
At the beginning of the main phase of the storm, the IMF By was largely negative (westward). Between ~22.5
and 4 UT the IMF By fluctuated around 0 nT and changed the polarity several times. From ~4 UT on 26
August, the IMF By turned positive (eastward) and reached +18 nT by 9 UT. It further remained positive
until ~20 UT. The IMF Bz was positive through the entire main phase (Figure 2d). We conclude that the
IMF By hardly played a role in the observed asymmetry during the August 2018 storm.
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Finally, the ionospheric distribution during the recovery phase was, most likely, driven by the background
seasonal effect in combination with the storm‐time changes in the thermospheric composition. It is known
that the composition has a drastic impact on the ionization (Fuller‐Rowell et al., 1994; Prölss, 1980). An
increase in the molecular species causes an increase in the ionization loss rate, and a decrease of atomic oxy-
gen causes a decrease of the ionization production rate; both these phenomena lead to the
ionization decrease.

6. Summary

The geomagnetic storm of 25–26 August 2018 was a very particular event. The storm occurred as a surprise to
forecasters. A weak CME was launched from the Sun on 20 August, and was too weak to be detected auto-
matically in coronographic images. The CME arrived at Earth on 25 August 2018, and caused a major gra-
dually commenced (Sg) geomagnetic storm. However, while generally Sg storms are known as less
intensive, the August 2018 storm has become the third strongest storm in the 24th solar cycle (minimum
SYM‐H of −205 nT), just below the 2015 St. Patrick's Day storm and the 22–23 June 2015 storm.

The August 2018 storm produced several unusual and strong effects in the electrodynamics, ionosphere, and
thermosphere that became apparent in particular in the American‐to‐East Pacific region:

1. During the first 2 hr of the main phase of the storm, the dayside PPEF were weaker as compared to other
storms of similar intensity. This is, most likely, because of the gradual commencement of the storm. In
addition, the enhanced substorm activity that preceded the main phase of the storm could have played
a role.

2. In the thermospheric neutral mass density, the storm produced 300–500% increase with respect to the
quiet‐time values. The storm‐time effects were stronger in the NH (summer).

3. In the thermospheric composition, a hemispheric asymmetry of unprecedented magnitude was observed
during the recovery phase of the storm. This asymmetry could be explained by a very particular combi-
nation of drivers. Most likely, the seasonal asymmetry in the high‐latitude plasma and neutral mass den-
sity distributions along with the asymmetries in the geomagnetic field have played the decisive role. The
different offsets of the invariant poles (by a factor of two) at the NH and SH, together with important dif-
ferences in themagnetic field strength within the polar caps of the NH and SH at ionospheric heights lead
to a preference of the NH in favor of larger ion drift velocities and, hence, the ion drag forcing of the
upper atmosphere (at least in the American‐Pacific sector).

4. In the ionosphere over the American and East Pacific region, during the main phase, a strong positive
ionospheric storm was observed in the NH (summer), while very weak storm‐time effects occurred in
the SH (winter). This is very unusual effect which occurred in the considered region due to the particular
timing situation of this storm's development with respect to the longitudinal range of the main storm
drivers.

5. During the recovery phase, a strong negative ionospheric storm occurred in the NH (summer) and a posi-
tive storm in the SH (winter). These changes are in line with previous observations and can be explained
by the seasonal impact amplified by the storm‐time alterations in the thermospheric composition.

Our study demonstrates, yet again, how chaotic and unpredictable can be the evolution of an ionospheric
storm, and how a very peculiar combination of drivers can lead to extraordinary effects in the thermosphere
and ionosphere.
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