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Abstract

We study the impact of an intense geomagnetic storm of 25-26 August 2018 on the equatorial and low latitude ionosphere
over Asia, Africa, and America. For this purpose, we have used storm-time observations from multi-site ground-based
Global Positioning System receivers and magnetic observatories located at equatorial and low latitudes along the three
longitudes. The storm-time variation of the electron density is assessed by the global, regional, and vertical total electron
content obtained from the GPS receiver data. Both positive phases of the storm and negative ones are observed in the three
longitudinal sectors during the main phase until the late recovery phases of the storm. A significant increase in the electron
density around the equatorial ionization anomaly crests is seen during the main phase of the storm. The storm-time response
of the thermosphere is characterized by the global N% maps provided by the Global Ultraviolet Spectrographic Imager
onboard the satellite Thermosphere Ionosphere Mesosphere Energetics and Dynamics. The expected hemispheric asymmetry
of the thermosphere can be associated with possible differences in heating and convection in the middle and lower latitudes.
Moreover, the unprecedented behavior of the neutrals over the East-African and Asian longitudes can be attributed to the
strong northward meridional wind circulations. Finally, the storm-induced disturbances of the horizontal component of the
Earth’s magnetic field and the ionospheric electric currents have been investigated by ground-based magnetometers data.
A large decrease in the horizontal component of the geomagnetic field is observed over the local dayside sector (Asian)
that is associated with the enhanced ring current effect. The wavelet analysis of the magnetic data indicates the existence of
short-term and diurnal oscillations during the storm period. These oscillations are associated with the prompt penetration and
the disturbance of dynamo-electric fields. It can be inferred that physical factors such as the ionospheric electrodynamics,
the thermosphere neutral composition, and the neutral wind circulations play an important role in the observed storm-time
response of the ionosphere.

Keywords Global electron content - Vertical total electron content - Prompt penetration electric field - Disturbance dynamo
electric field

1 Introduction quiet time ionosphere. The coronal mass ejections (CMEs)
with specific magnetic field structures emitted by the Sun
compress the magnetosphere by exerting a sudden dynamic
pressure on the Earth’s magnetosphere. As a result, a sharp

The Sun-Earth interaction mainly controls the Earth’s up-
per atmosphere that can be perturbed by the space weather
events, such as geomagnetic storms. A geomagnetic storm
is a temporary disturbance of the geomagnetic field caused
by an efficient exchange of energy from the solar wind into
the Earth’s magnetosphere. The deposition of this energy
at high latitudes results into significant disturbances in the

positive or negative impulse can be observed in the ground
currents as recorded by the magnetometers that is referred as
sudden storm commencement (SSC) by Curto et al. (2007).

During geomagnetic storms under the southward excur-
sion of the B, component of the interplanetary magnetic
field (IMF), the interplay between the solar wind and Earth’s
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magnetosphere can modify the poleward field aligned cur-
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itudes from the high-latitude electric fields. As a result, the
electric field from the high latitude instantaneously pene-
trates into the middle and the equatorial ionosphere. This
is known as the prompt penetration electric field (PPEF)
Kikuchi et al. (1978), Kelley et al. (1979). The reported ef-
fect of the PPEF at the equatorial ionosphere during sub-
storms is short, ca. 30 min, which is equivalent to the mag-
netospheric shielding time constant Nishida (1968), Spiro
et al. (1988), Fejer (1991). However, the effect of the PPEF
can exist for a longer time during an extended period of a
strong geomagnetic activity. An evidence of a long dura-
tion penetration of the interplanetary electric field (IEF) to
the low-latitude ionosphere without shielding is provided by
Huang et al. (2005). The high-latitude ionosphere electrody-
namics is strongly affected by this IEF, which further leads
to various electric fields, and also by the polar plasma con-
vection Gonzalez et al. (1994). It induced ionospheric elec-
tric fields, including the equatorial PPEF, the disturbance dy-
namo electric field (DDEF), the equatorial polarization, and
the sub-auroral polarization stream (SAPS) Nishida (1968),
Blanc and Richmond (1980), Balan and Bailey (1995). The
PPEFs observed in the equatorial latitudes can cause con-
vection of the ionosphere plasma upward in the dayside and
downward in the nightside.

During intense geomagnetic storms, the PPEFs are larger
than the fields associated with the normal fountain effect.
This can cause lifting of the dayside equatorial plasma to
higher altitudes and latitudes compared to its normal po-
sition, such that the crests of the equatorial ionospheric
anomaly (EIA) can reach the middle latitudes. It is called the
dayside ionospheric super fountain (DIS) effect Tsurutani
et al. (2004, 2008). At high latitudes, the precipitation of the
energetic particles into the thermosphere also enhances the
ionospheric conductivities that can generate the strong elec-
trical currents Buonsanto (1999). The dissipation of these
currents can cause heating and expansion of the auroral zone
due to the Joule effect that can modify the lower thermo-
spheric composition and can drive the large-scale neutral
winds Fuller-Rowell et al. (1994), Danilov (2001). There-
fore, the combination of these different interacting phys-
ical processes during major geomagnetic storms can lead
to a large-scale thermal plasma redistribution involving the
equatorial latitudes through the polar ones.

The storm-time response of the distinct ionospheric re-
gions is different as various physical mechanisms are in-
volved in the modification of the electron density in these
regions. For example, the D and E regions exhibit a signifi-
cant enhancement of electron density in the auroral zone due
to increased energetic particles’ precipitation Lastovicka
(1997). On contrary, the F2 region exhibits a very com-
plicated spatial and temporal behavior during geomagnetic
storms Danilov (2001). It shows both positive and negative
phases depending on different mechanisms associated with
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the ionospheric electrodynamics and the neutral composi-
tion variation. The positive phase of ionospheric storm refers
to a storm-time increase and the negative one to a decrease
in the electron density relative to the quiet-time level.

One of the tools for a better understanding of the spa-
tial and temporal ionospheric variability induced by geo-
magnetic storms is the Global Navigation Satellite System
(GNSS) receivers. For monitoring ionospheric total elec-
tron content (TEC) based on ground GNSS receivers the
International GNSS Service (IGS), consisting of four IGS
Tonospheric Associate Analysis Centers (IACCs), was es-
tablished in 1998. These are the Center for Orbit Determi-
nation in Europe (CODE), the Jet Propulsion Laboratory
(JPL), the European Space Agency (ESA), and the Poly-
technic University of Catalonia (UPC) Ren et al. (2016).
These centers use data from different IGS sites to produce
Global ionosphere maps (GIMs) of vertical total electrons
content (VTEC) that provide reliable information about the
ionosphere Hernandez-Pajares et al. (2009). Several studies
used GPS-TEC data to investigate the storm-time response
of the ionosphere due to the southward excursion of the IMF.
These studies show a significant increment in the equatorial
and mid-latitude TEC during geomagnetic storms Huang
et al. (2005), Mannucci et al. (2005), Astafyeva (2009). This
turns into an enhancement of the TEC in equatorial ioniza-
tion anomaly (EIA) that can be visualized in the GIMs Ap-
pleton (1946), McDonald et al. (2011).

Besides ground-based observations, the space-borne mea-
surements of the neutral composition can also be analyzed
to understand the physical processes responsible for the ob-
served storm effects. For this purpose, the Global Ultravi-
olet Imager (GUVI) onboard the TIMED spacecraft pro-
vides global measurements of the far ultraviolet dayglow
intensity Paxton et al. (2004). These measurements pro-
vide an estimate of the atmospheric N% concentration that
affects the ionization in the upper atmosphere. The phys-
ical mechanism of atmospheric upwelling is described by
Prolls (1995). During storms, the N% ratio tends to de-
crease at high latitudes Prdlls (1995), Meier et al. (2005),
Zhang et al. (2004). Moreover, the N% ratio can also alter
the thermosphere-ionosphere plasma density at mid and low
latitudes during geomagnetic storms. In this context, Ra-
tovsky et al. (2018) reported that the positive TEC distur-
bance in after-storm phases is associated with an increase
in the atomic oxygen due to its transport from equatorial to
middle latitudes. Ramsingh et al. (2015) and Ramsingh and
Sripathi (2017) analyzed data from ground-based Ionoson-
des and GPS receivers over India to investigate the equa-
torial and low latitude ionosphere response to the intense
geomagnetic storms of the solar cycle 24.

Recently, the ionospheric response to the 26 August 2018
geomagnetic storm based on the GPS-TEC observations
along 80° E and 120° E longitudes in the Asian sector
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Table 1 Geographic and

geomagnetic locations of the Station Country GLAT (MLAT) GLONG (MLONG)

GPS stations located in different

regions used in the analysis Karratha (KARR) Asia 20.98° S (38.35° S) 117.10° E (170.85° W)
Putrajaya (ANMG) Asia 2.79° N (16.03° S) 101.51° E (179.68° E)
Hanoi (JNAV) Asia 21.01° N (30.23° N) 105.89° E (172.23° W)
Windhoek (WIND) Africa 22.57° S (22.09° S) 17.09° E (86.00° E)
N’KOLTANG (NKLG) Africa 0.35° N (1.59° N) 09.67° E (82.67° E)
Dakr (DAKR) Africa 14.72° N (36.43° N) 17.44° W (94.94° E)
Iquique (IQQE) America 20.27° S (27.58° S) 70.13° W (1.18° E)
Quito (QUI) America 0.22° N (6.82° S) 78.45° W (1.30° E)
Observatorio America 20.01° N (14.19° N) 75.76° W (1.27° W)

Geodinamico-Centro
Nacional (SCUB)

was presented by Lissa et al. (2020). They observed a large
positive storm effect in the daytime TEC during the pe-
riod starting from the main phase until the late recovery
phase of the storm. However, the TEC response between
the two longitudes exhibits significant differences, partic-
ularly during the recovery phase of the storm that is also
confirmed by GIM-derived TEC. The equatorial ionization
anomaly (EIA) also shows a strong enhancement around the
anomaly crests during the main phase of the storm. In this
paper, we analyze the response of the equatorial and low lat-
itude ionosphere over three longitudes, which are American,
African, and Asian, to the geomagnetic storm of 26 August
2018. The storm effects are analyzed by the approach ap-
plied for the analysis of the geomagnetic storms of March
2015, June 2015, and September 2017 as presented by Nava
et al. (2016), Kashcheyev et al. (2018), Imtiaz et al. (2020).
We analyzed the response of diverse parameters using the
data from the ground-based instruments (Global Positing
System receivers and magnetometers) and from the instru-
ment (Global Ultra Violet Spectrographic Imager (GUVI))
onboard the satellite Thermosphere Ionosphere Mesosphere
Energetics and Dynamics (TIMED). On the basis of our
analysis, we also tried to explain the unprecedented hemi-
spheric asymmetries during ionospheric storm of 24-25 Au-
gust 2018 as mentioned by Astafyeva et al. (2020). The
manuscript is organized in the following manner: Sect. 2
contains the description of data sets used and their analysis
techniques; Sect. 3 describes the space weather event under
consideration; Sect. 4 presents the results and discussion;
and, finally, Sect. 5 summarizes our results.

2 Methodology

To study the impact of the space weather event of 25-26
August 2018 on the equatorial and low latitude ionosphere,
we analyzed multi instrument data, including the solar wind

parameters, the GPS-TEC, the thermosphere neutral com-
position, and the magnetometers over the three consecutive
longitudes, which are Asian, African, and American. Here,
we present these data sets and their analysis techniques.

2.1 Solar wind data

The solar wind parameters such as B, component of the
IMF, the solar wind speed (Vgy), the proton number den-
sity (np), and the electric field (Ey) have been obtained from
the OMNI database. The information about the geomagnetic
indices is provided by the world data center for Geomag-
netism (WDC); (http://wdc.kugi.kyoto-u.ac.jp). It includes
the 3-h Kp index, which depicts the disturbance in the hor-
izontal component of the geomagnetic field, and the high-
resolution SYM(H) index, which estimates the growth/de-
cay of the storm time ring current Rostoker (1972), Wan-
liss and Showalter (2006). The north and south polar cap
(PCN/PCS) indices represent the energy input into the mag-
netosphere and give a quantitative estimate of the geomag-
netic activity at the polar latitudes Stauning et al. (2008).

2.2 GPS data and global ionosphere maps (GIMs)

The storm-time ionospheric variability can be assessed by
the TEC data obtained from the GPS receiver stations lo-
cated from equatorial (0° : 10° N) to low latitude (10° :
30° N) in the three longitudes given as Asian (60° : 150° E),
African (30° W: 60° E), and the American (150 : 30° W).
The geographic and geomagnetic locations of the selected
stations are given in Table 1. The storm-time vTEC re-
sponse in the three sectors is analyzed by the 15-min time
resolution data extracted from the IGS Global Ionosphere
Map (GIM) data available in the IONEX format for the
entire globe (ftp://cddis.gsfc.nasa.gov/gps/products/ionex/
2018). The spatial resolution of each GIM is 2.5° in lati-
tude and 5° in longitude, respectively. Therefore, each iono-
sphere map contains 5,184 data points known as GIM cells.
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Table2 Geographic and ;

geomagnetic locations of the Station Country GLAT (MLAT) GLONG (MLONG)

Magnetometers used in the

analysis GUAM (GUA) Asia 13.59° N (5.87° N) 144.87° E (143.28° W)
TAMANRASSET (TAM) Africa 22.79° N (22.79° N) 5.53° W (58.16° E)
SAN JUAN (SJG) America 18.28° N (27.62° N) 66.6° W (6.95° E)

The GIMs are used to compute the global and regional to-
tal electron content (GEC/REC). The global electron con-
tent (GEC) represents the total number of electrons pre-
sented in the near-Earth space environment, and its unit is
1GECU = 10*? electrons. It is a useful parameter that can be
used to analyze the global features of the ionosphere during
the storm period. The storm time variation of the GEC can
be assessed by the tomographic kriging GIMs as provided
by the Technical University of Catalonia (UPC). From the
15-min time resolution data of the UPC-GIM, the GEC can
be obtained as given by Afraimovich et al. (2008),

GEC=) I;;.Sij.
ij

where I; ; is a cell containing the vTEC value, the §; ; is
corresponding cell area with i and j representing the lati-
tude and longitude of a certain GIM cell, respectively. As
mentioned earlier, the latitudinal and longitudinal extent of
the elementary GIM cell is 2.5° and 5°, respectively. The
regional electron content (REC) represents the number of
electrons presented over the specific region, such as Asia,
Africa, and America. It is used to analyze the relative con-
tribution of different regions to the GEC. In order to com-
pute the REC variations, the GEC can be subdivided into
the three longitudinal sectors. It is computed similarly to the
GEC with the summation being restricted to the GIM cells
of that particular region.

2.3 GUVI/TIMED data

The O/Nj ratio represents thermosphere neutral composi-
tion, which plays an important role in the production and
loss of the ionospheric F-region plasma. Therefore, it can
help to understand the storm-time ionospheric variability
Rishbeth (1998), Zhang et al. (2004), Lei et al. (2010), Cai
et al. (2020). We also analyzed the N% maps obtained from
TIMED/GUVI measurements to understand the contribu-
tion of the global thermospheric neutral compositions to the
ionospheric disturbances induced by the storm of 25-26 Au-
gust 2018.

2.4 Magnetometers data
The storm-related geomagnetic field variations are analyzed

by the quasi-definitive data obtained from the magnetic ob-
servatories located in the three selected longitudinal sectors.
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The data of these magnetic observatories are available at
http://www.intermagnet.org. The geographic and geomag-
netic coordinates of these observatories are given in Table 2.
The storm-related variation of the horizontal component H
of the geomagnetic field can be calculated as proposed by
Nava et al. (2016), Kashcheyev et al. (2018):

H=H, + Sg + Dy, + Diono,

where H,, depicts the magnetic field produced in the Earth’s
core and crust, SR represents the quiet daily variation of the
geomagnetic field given as Sq =< Sg >, Dy, is the distur-
bance related to the magnetospheric currents and Diono is
the magnetic field variations associated with the disturbed
ionospheric currents.

The Sq can be calculated from the average value of AH;
through the following expression:

1 & -

]

Sqi = - 2 l:AHi,
]j=

where j represents a day number, n is a total number of quiet
days, and AH is the variation of the horizontal component
(H) of the magnetic field, that is, AH; = H; — H,, H, repre-
sents the baseline value with i = 1 to 1440 min. The H, is an
average of the hourly values at midnight (LT) that is given
by:

j j J+l | il
_ Hy, + Hys + Hyy + Hy,
0 — .
4

The hourly amplitude of the S4, including the non-cyclic
variation, can be calculated as given by Matsushita and
Campbell (1967):

NS R
HOO — HOO
24

ANC =

The corrected hourly solar quiet variation Sq(H) can be ex-
pressed as:
iANC
60
where i = 1 to 1440 min.
The Dy, can be estimated by the following expression:

Sqi(H) = Sqi +

Dm =SYM(H) x cos¢,

where ¢ is the geomagnetic latitude.
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Therefore, the final expression for Diono becomes:
Diono = AH — S — SYM(H) x cos ¢,

where AH is the variation of the H component of the Earth’s
magnetic field, the SYM(H) index is the estimation of the
symmetric part of the ring current and ¢ represents the geo-
magnetic dip latitude. Diono account for the combine effects
of the disturbance polar no. 1 (DP1), the disturbance polar
no. 2 (DP2), the disturbance polar no. 3 (DP3), the distur-
bance polar no. 4 (DP4), and ionospheric disturbed dynamo
currents (Ddyn). At low and middle latitudes, the expres-
sion for dayside Diono is given by Kashcheyev et al. (2018),
Younas et al. (2020),

Diono = DP2 + Ddyn.

It can be noticed that the above expression for Diono does
not contain contribution from the polar disturbances DP1,
DP3 and DP4 because the effect of these disturbances
is ignorable on dayside low-to-middle latitude ionosphere
Amaechi et al. (2020). The storm-time variations in the H
component and Diono are computed from the data of indi-
vidual station.

3 Space weather event description

We consider the space weather event that caused a strong ge-
omagnetic storm of G3 class (Kp = 7) on 26 August 2018. A
brief description of this space weather event is given below.

On 20 August 2018, a slow CME with earthward trajec-
tory is emitted by the filament eruption that was observed on
the same day at 8:00 UT. Upon reaching the Earth, this CME
causes the onset of sudden storm commencement (SSC)
around 9:00 UT on 25 August 2018. The storm time varia-
tions in the interplanetary and geomagnetic parameters cor-
responding to this geomagnetic disturbance are shown in
Fig. 1 in the following order from top to bottom: the Bz
component of the IMF, the Ey component of the interplane-
tary electric field (IEF), the SYM(H) index, the solar wind
speed (Vyw), the proton number density (np), the Kp index,
and the north/south polar cap indices (PCN/PCS). The red
vertical line represents the CME reaching the Earth, which
lead to the SSC at 9:00 UT on 25 August 2018 as reported
by NOAA.

The main phase of the storm starts with the southward
turning of the IMF around 15:00 UT on 25 August 2018 and
lasts for 14 h. During the main phase, the Bz component
of the IMF turns southward and reaches a strongly negative
value of about —18.10 nT at 13:09 UT, and it remains south-
ward till the recovery of the storm phase starts on 26 August
2018. The recovery phase of this storm starts with the north-
ward turning of the Bz component of the IMF on 26 Au-
gust 2018 at 7:11 UT. During the storm recovery phase, the

Bz component of the IMF shows northward and southward
oscillations with the three positive peaks in the intervals
of 10:00-13:00 UT, 14:00-17:00 UT, and 19:00-20:00 UT.
Afterward, the Bz component decreases gradually, and it
remains around O nT from late 26 August till 31 August
2018. Figure 1b illustrates the storm-time variations in the
Ey component of the IEF, which is given as E = —V,, x B.
Clearly, it depends on the Bz component of the IMF and on
the x component of the V. During the main phase of the
storm, the southward IMF leads to the eastward IEF with
the peak value of +7.56 mV/m at 05:06 UT on 26 August
2018. During the recovery phase of the storm, the north-
ward IMF leads to the westward IEF and the IEF-Ey attains
the strong negative value of about —7 mV/m on 13:09 UT
26 August 2018. The IEF-Ey shows rapid fluctuation be-
tween —5 mV/m and 46 mV/m with the positive and nega-
tive excursion of the Bz component of the IMF till the end
of 26 August 2018. Afterward, the IEF-Ey comes back to
its quiet-time value. Figure 1c illustrates the storm-time be-
havior of the SYM(H) index. During the main phase of the
storm, the energization of the equatorial ring current leads
to the diminution of the geomagnetic field. This decrease in
the geomagnetic field is indicated by a drop of the SYM(H)
to a strong negative value of —206 nT around 07:11 UT on
26 August 2018. During the recovery phase, the decay of
the equatorial ring current leads to the enhancement of the
SYM(H) index. However, the slow decay of the ring cur-
rent causes the slow recovery of the SYM(H) index to the
pre-storm value that takes several days. It can be seen that
the value of V,, remains 400 km/s during the main phase of
the storm as illustrated in Fig. 1d. However, it increases dur-
ing the storm recovery phase and attains a maximum value
of 634 km/s at 17:34 UT on 27 August 2018. Afterward, it
shows the decreasing trend and attains its pre-storm value of
about 350 km/s on 31 August 2018. The proton number den-
sity shows its peak value of 34 m~3 at 8:17 UT on 26 August
2018. The Kp index attains a maximum value of about 7.3
at the time when SYM(H) index attains the minimum value
on 26 August 2018. The maximum value of the Kp index
categorized this geomagnetic disturbance as G3-class. The
PC index also shows a strong increase during the southward
excursion of the Bz component of the IMF that is the main
phase of the storm. The large value of the PC index indi-
cates the energy input from the solar wind into the magne-
tosphere during re-connection. It can be noticed that besides
the main episode of energy input during the main phase of
the storm, the PC index shows another episode of the en-
ergy input on late 27 August 2018. During the northward
excursion of the Bz component, when there is no magnetic
re-connection, the transfer of the solar wind energy into the
magnetosphere is prohibited. As a result, the value of the
PC index decreases and reaches its pre-storm value after 28
August 2018 as shown in Fig. If.
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Fig. 1 Solar wind and geomagnetic parameters characterizing the ge-
omagnetic storm during 22-30 August 2018. From a to d: the B, com-
ponent of the interplanetary magnetic field, the Ey component of the

4 Results and discussion

In this section, we analyze the impact of the intense ge-
omagnetic storm of 25-26 August 2018 on the equatorial
and low latitude Earth’s ionosphere by diverse parameters,
such as the global ionospheric maps of vertical total electron
content, data from the individual Global Navigation Satel-
lite System receivers, the data from ground-based magne-
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interplanetary electric field, the SYM(H) index, the solar wind veloc-
ity Vs in km/s, the proton number density n; in cm™3, the K, index
and the polar cap indices PCN/PCS, respectively

tometers, and the thermospheric neutral density maps from
the Global Ultraviolet Imager onboard GUVI/TIMED space
mission.

Figure 2 shows the variation of the AGEC (top) and the
AREC (bottom) during the period of 22-31 August 2018.
Both parameters are computed by subtracting the quiet-
time (Kp < 3) variation from the value itself. It can be seen
that the AGEC have two pronounced peaks of values of
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0.12 GECU and 0.16 GECU on 26 August 2018 at 0:00
UT and 07:00 UT, respectively. In order to elucidate the
occurrence of these two peaks in the AGEC, we plot the
AREC for the three consecutive longitudinal sectors, Asian,
African, and the American. The AREC shows significant
storm-time enhancement for each longitude that can be iden-
tified by the corresponding peak. However, the noticeable
feature of the AREC for each longitude is the difference in
the magnitude and occurrence time of the respective peak
during the storm period. Within the main phase of the storm,
the response to the large energy input is a strong positive
storm effect in the three longitudinal sectors, followed by a
small negative storm effect only in the American sector. On
the day after the storm, small positive storm effects observed
in the three longitudes can be attributed to the small energy
input as indicated by the PC index in Fig. 1f. Therefore, it
can be inferred that the first peak that appears in AGEC dur-
ing the main phase is due to the positive storm effect in the
American sector. The second larger peak is mainly due to the
strong positive storm effect in the Asian sector, with a partial
contribution that comes from the small positive storm effect
in the African sector.

25

26 27 28 29 30 31
Day of August 2018

2

Figure 3 illustrates the storm-time variation of the tem-
poral-latitudinal vTEC maps for Asia (first plot), Africa
(second plot), and America (third plot). These vVTEC maps
are obtained from the IGS GIM data that are available in
the IONEX format for the entire globe. For each longi-
tudinal sector, a VITEC map covering the latitudinal range
from —90° to +90° can be plotted independently. The cor-
responding longitudes considered to be 110° E for Asia,
—10° E for Africa and —100° E for the Americas. The
temporal-latitudinal vTEC maps for each sector shown in
Fig. 3 cover the period of 22-31 August 2018. These vTEC
maps exhibit the following features:

e The Asian sector is in the local midnight side (LT=UT+
7=2200) at the beginning of the main phase and comes
to the local dayside (LT=1400) at the end of the main
stage. The VTEC profile exhibits a regular pattern con-
sisting of well-defined northern and southern crests with
a clear latitudinal separation of the crests of the anomaly
except on the day of the storm. At the beginning of 26 Au-
gust 2018, a very large storm-time increase in the vTEC
can be seen both in the crests and in the trough of the
EIA. Also, the latitudinal extent of the EIA increased to
about 40°N latitude. This expansion in the EIA can cause
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Fig.3 The vTEC variations
over Asia, Africa, and America
during the period of 22-31
August 2018

Latitude [°]

22 23 24

Latitude [°]

22 23 24

Latitude [°]

22 23 24

the hemispheric asymmetric storm-time response that was
also observed by Astafyeva et al. (2020). During the re-
covery phase on 27 August 2018, the ionization (VTEC)
drops in the equatorial zone. However, a strong enhance-
ment can be observed in the northern/southern crests of
the EIA. Moreover, the latitudinal extent of the EIA also
drops on this day. After 28 August 2018, the ionization
return to the normal pattern as it was before the storm.
The observed positive storm effects in the daytime TEC
during the main phase over the Asian sector are consistent
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with the analysis of GPS-TEC in the equatorial and low
latitudes over 80° and 120° longitudes presented by Lissa
et al. (2020).

The African sector is the local dayside sector (LT=UT-
1=1400) at the beginning of the main phase and comes
to the morning side at the end of the main phase. In this
region, the vTEC pattern consists of one crest, which ex-
hibits the varying levels of ionization during the period
under consideration. On the day of the storm, an enhance-
ment in the VTEC can be clearly seen in the equatorial
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zone. Therefore, most of the VTEC is confined to the
equatorial zone in the African sector on 26 August 2018.
On the day after the storm, a significant increase in the
ionization level of the northern low latitudes can be ob-
served. However, the ionization decreases on the south
side of the magnetic equator. Therefore, most of the vTEC
is confined to the northern low-latitudes in the African
sector on 27 August 2018. After that, the ionization level
starts decreasing and returns to its pre-storm value after
28 August 2018.

e The American sector is the local morning sector (LT=UT-
5=1000), the vTEC pattern also consists of one crest of
ionization with varying levels of ionization during the
period under consideration. In contrast to the other two
sectors, the VTEC map of the American sector shows a
large increase in the VTEC on 25 August 2018 during the
main phase of the storm. The ionization level increases in
the equatorial zone up to the northern mid-latitudes. On
contrary, the southern latitudes show a small increase in
the VTEC. During the recovery phase on late 26 August
2018, a strong decrease in the ionization level (VTEC)
can be seen over the equatorial and in the northern low
latitudes. However, a relatively small increase in the ion-
ization level can be seen over the equatorial and low lati-
tudes on 27 August 2018. Afterward, the vTEC returns to
its prestorm pattern. Our analysis of American sector is
consistent with the observation in the American and East
Pacific sectors reported by Astafyeva et al. (2020).

Figure 4 illustrates the temporal variation in the vTEC
for the individual station of the three longitudinal sectors,
Asian, African, and American. In Fig. 4, the first three plots
represent the stations of the Asian sector (KARR, ANMG,
and JNAV), the middle three plots represent the African sec-
tor (WIND, NKLG, and DAKR), and the last three plots
represent the stations of the American sector (IQQE, QUI,
and SCUB). Each plot contains the storm-time variation of
the vTEC in the pink curve and the quiet-time daily varia-
tion computed by averaging the quiet-time data of the five
days prior to the storm (Kp < 3) in the blue curve. During
the storm period, the increase or decrease in the vVTEC com-
pared with its quiet-time value, also called positive or neg-
ative storm effects, can be observed over different stations.
The vTEC plot of each station exhibits the following fea-
tures:

e During the main phase, the positive storm effects with
more than 10% increase in the day time vTEC values
can be seen over all three stations in the Asian sector. It
can be noticed that the equatorial and the northern low
latitude stations (ANMG and JNAV) exhibit strong posi-
tive storm effect (about +33% and +57% increase in the
vTEC) on 26 August 2018. Moreover, both ANMG and
JNAV stations show VTEC enhancement till 28 August

2018. However, the southern low latitude station KARR
shows a relatively less positive VTEC increase on the day
of the storm.

e The three stations in the African sector show less varia-
tion in the vTEC during the storm period. For example,
the southern low latitude station (WIND) shows a small
positive storm effect (+30% increase in vTEC value) dur-
ing the main phase of the storm. The equatorial station
(NKLG) exhibits decrease of about —45% in the vTEC at
the beginning of the storm on late 25 August 2018. After
that, a small increase of about +20% in the vTEC can be
seen for this station on the other days. The northern low
latitude station (DAKR) shows a strong decrease of about
—60% in the vVTEC during the main phase of the storm on
26 August 2018. After that, an enhancement in the vIEC
can be observed till 29 August 2018.

e In the American sector, the VTEC over the northern low
latitude station SCUB shows an increase of about +60%
in the vTEC value at the beginning of the main phase of
the storm period. However, the other two stations show
a negligible variation in the vTEC at this time. On late
26 August 2018, the negative storm effects in the vTEC
can be observed in the equatorial (QUI) (about —35%
decrease in the VTEC value) and the northern low lati-
tude stations (SCUB) (about —50% decrease in the vTEC
value). Afterward, all three stations show a small increase
in the VTEC level till the end of the recovery phase.

e The storm-time response of the three sectors indicates
that the local dayside sector, American, responded earlier
than the local nightside sector, Asian. Also, the largest
increase in the VTEC can be observed in Asia, which is
on the nightside at the beginning of the storm. Moreover,
the strong negative storm effects can be only seen in the
summer hemisphere (Northern Hemisphere here) and the
positive storm effects in the winter hemisphere or South-
ern Hemisphere. These observations of the local time and
seasonal dependence of the VTEC agree with the results
by Fuller-Rowell et al. (1994) and also with the study on
comparison with the two major geomagnetic storms that
are: the St. Patrick’s day storm of March 2015 and of June
2015 reported by Kashcheyev et al. (2018).

e The highest absolute value of the vTEC observed in this
study is about 40 TECU, which is less than that of its
value observed during the St. Patrick’s day storm that oc-
curred in equinox.

The storm-time changes in the thermospheric neutral gas
composition and the neutral wind dynamics can also con-
tribute to the positive and negative ionospheric storm ef-
fects at low and equatorial latitudes. The large-scale ther-
mospheric circulation induced by the storm can transport
air enriched in atomic oxygen towards the lower latitudes.
This enhanced oxygen density affects both ionization pro-
duction and diffusion that leads to the positive storm effects
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Fig.4 The vTEC variations at
equatorial and low latitudes GPS
stations during the geomagnetic
storm of 22-30 August 2018.
Each plot illustrates the
disturbed vTEC (in the pink)
and its quiet value (in blue)
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Danilov et al. (1987), Fuller-Rowell et al. (1994). Also, a
small decrease in the Ny concentration can also reduce the
ionospheric loss rate, which can also increase the electron
density. Therefore, an increase in the NQ density ratio can in-
crease the electron density and hence, the vTEC Richmond
and Lu (2000), Mansilla (2006). In order to analyze the
storm-time variation of the thermospheric neutral compo-
sition, we present the N% density ratio maps of the four con-
secutive days from 25-28 August 2018 as shown in Fig. 5.
The following storm-time features of the N% ratio can be ob-
served on 26 August 2018:

e In the Asian sector (60° : 150° E), a strong enhancement
in the N% ratio occurs over the equatorial and northern

low latitudes. However, a severe depletion in the Ng ratio
can be seen over the southern low latitudes. The observed
behavior of the neutral density composition can be ex-
plained by the storm time meridional wind. According to
Horizontal Wind Model (HWM), a stronger south-north
meridional wind moves neutrals faster to the Northern
Hemisphere. This, in turn, leads to an enhanced N% ratio
in the northern low latitudes.

e The African sector is divided into two parts that are the
West Africa (—30° : 0° E) and the East Africa-Middle
East region (0° : 60° E). The thermospheric neutral com-
position shows storm-time depletion in northern low lat-
itudes and enhancement in southern ones over the West
Africa that agrees with Fuller-Rowell et al. (1996). On
contrary, a storm-time increase in the N% ratio can be
seen in the northern low latitudes and decrease in southern
ones over the East Africa and the Middle East region.

e In the American sector (—150° : —30° E), the N% ratio
decreases in the northern low latitudes and increases sig-
nificantly over the southern low latitudes. The equatorial
zone exhibits a relatively small increase in the neutral
density on the day of the storm. The storm-time increase
in the N% ratio in the southern (winter) hemisphere is con-
sistent with the predictions by Fuller-Rowell et al. (1996).
It is due to a combined effect of the storm-time disturbed
atmospheric motion and background solstice circulations,
which lead to the confinement of the neutral mass in the
Southern Hemisphere or in the winter hemisphere.

e The thermospheric neutral density composition returns to
its pre-storm profile after the recovery of the storm.

Figure 6 represents the storm-time variations in the geo-
magnetic field at the low latitude magnetic observatories
located in the three longitudinal sectors of Asia (GUA),
Africa (TAM), and America (SJG). Each plot shows the
three curves corresponding to the variation in the horizontal
component of the geomagnetic field (H) (in black), the quiet
daily variation (Sq) (in blue) and the ionospheric distur-
bances (Diono) (in the pink). Initially at the time of SSC, an
increase in the H component during the compression of the
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Fig. 5 N% variations over America, Africa, middle East and Asia dur-

ing four consecutive days on 25-28 August 2018

magnetosphere is related to the Chapman-Ferraro current
in Chapman and Ferraro (1931). During the main phase, a
strong decrease in the H component is recorded by the three
observatories. This decreasing trend of the H component is
related to the diamagnetic behavior of the ring current. The
magnetospheric ring current generates the magnetic field op-
posite to the geomagnetic field. As a result, the H compo-
nent of the geomagnetic field decreases. During the recovery
phase, the ring current decays and the H component returns
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Fig.6 Magnetic field variations
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to its pre-storm value. On 26 August 2018, the strongest de-
crease in the H component of the magnetic field is observed
for GUA (—258.82 nT) as compared to the other two sta-
tions, e.g., TAM (—152.44 nT) and SJG (—132.78 nT). The
following features of the ionospheric electric current distur-
bance (Diono) can be seen over the three stations:

e During the main phase, the Diono shows the peak val-
ues such that 104.38 nT for TAM, 101.54 nT for SJG and
37.44 nT for GUA at different local times. Clearly, the
largest value of the Diono is observed for TAM and the
smallest for the GUA station.

e Both TAM and SJG show anti-Sq behavior. Also, the
Diono oscillations at these two stations persist till 30 Au-
gust 2018. However, the small oscillations of Diono at
GUA decay two days earlier than the other two stations.

Finally, the wavelet transformation has been applied to the
Diono and the wavelet power spectrum (WPS) at Asian,
African and American sectors as displayed in Fig. 7. Fol-
lowing features can be observed:

e The first and the most prominent feature is the change
in the intensity of the power spectrum over the three sta-
tions. During the main phase of the storm, an increase in
the power of periods between 16-28 h occur over GUA.
The African and American stations show enhancement in
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the power of periods between 8-28 h and 12-28 h, respec-
tively.

e The second observable feature is the existence of longer
oscillations after the day of the storm that is 26 August.
For example, the longer oscillations of period of 32 h can
last over GUA till 28 August and over SJG and TAM till
29 and 30 August.

e The third feature is the presence of the short oscillations
of period of about 2—4 h during the period under consider-
ation. These short period oscillations can be related to the
DP2 fluctuations during PPEF and can be obtained by ap-
plying high-pass filter as reported by Younas et al. (2020).
These perturbations follow the behavior of the Bz oscilla-
tions and can penetrate simultaneously at all longitudes.
Moreover, the short period oscillations that are not simul-
taneous can be attributed to the local noise at that station
Kikuchi et al. (1996), Khomutov et al. (2017).

5 Summary/conclusion

The impact of an intense geomagnetic storm of 25-26 Au-
gust 2018 on the equatorial and low-latitude ionosphere over
Asian, African and American sectors is presented here. We
analyzed diverse parameters including the global, regional,
and vertical total electron content derived from the GPS
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Fig. 7 Wavelet analysis of Diono for Asia(GUA), Africa (TAM), and
America (SJG) during the geomagnetic storm of 25 August 2018

data, the geomagnetic field measured at the ground magnetic
observatories, and the thermospheric neutral composition
obtained from the TIMED/GUVI instrument. Positive and
negative storm effects in the vVTEC are observed in the lo-
cal nightside and dayside sectors. The Asian sector exhibits
the strongest positive storm time effects in the REC and in
the vTEC. However, the American and African sectors show
comparatively less storm-time increase in the REC and in
the vTEC. Moreover, the temporal response of the three sec-
tors shows that the positive storm effects observed first in the

American sector, followed by the Asian and African sectors.
The positive storm effects in the N% are observed in the equa-
torial zone and northern low latitudes over the East African
and Asian sectors. However, the southern low latitudes show
negative storm effects. This unprecedented behavior of the
N% ratio over East African-Asian longitudes is due to a dom-
inant role of the meridional wind component over these lon-
gitudes. The positive storm effects in the NQ are observed
in the southern low latitudes over West African and Amer-
ican sectors. However, the equatorial zone and the northern
low latitudes show negative storm effects over the West lon-
gitudes. During the main phase of the storm, the largest dis-
turbance in the amplitude of the horizontal component of the
geomagnetic field is observed in Asia (dayside) as compared
to that in Africa and America. The wavelet power spectrum
of the magnetic field computed for the three sectors indicates
the diurnal and short-time oscillations. The diurnal fluctua-
tions last for about four days over the Asian sector and for
about six days over the African and American sectors. The
short-time oscillations are observed simultaneously over the
three sectors on the day of the storm. It can be inferred that
these shorter and longer duration oscillations are due to the
PPEF and DDEF, respectively.
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